THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 39, pp. 26803-26815, September 25, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Inhibition of NF-kB-dependent Transcription by MKP-1
TRANSCRIPTIONAL REPRESSION BY GLUCOCORTICOIDS OCCURRING VIA p38 MAPK*®
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Acting via the glucocorticoid receptor (GR), glucocorti-
coids exert potent anti-inflammatory effects partly by re-
pressing inflammatory gene transcription occurring via fac-
tors such as NF-kB. In the present study, the synthetic
glucocorticoid, dexamethasone, induces expression of MKP-1
(mitogen-activated protein kinase (MAPK) phosphatase-1) in
human bronchial epithelial (BEAS-2B) and pulmonary (A549)
cells. This correlates with reduced TNFa-stimulated p38 MAPK
phosphorylation. Since NF-kB-dependent transcription and
IL-8 protein, mRNA, and unspliced RNA (a surrogate of tran-
scription rate) are sensitive to p38 MAPK inhibitors (SB203580
and SB239063), we explored the role of MKP-1 in repression of
these outputs. Repression of TNFa-induced p38 MAPK phos-
phorylation, NF-kB-dependent transcription, and IL-8 expres-
sion by dexamethasone are sensitive to transcriptional or trans-
lational inhibitors. This indicates a role for de novo gene
synthesis. Adenoviral expression of MKP-1 profoundly reduces
p38 MAPK phosphorylation and IL-8 expression. Similarly,
NF-kB-dependent transcription is significantly reduced to lev-
els consistent with maximal p38 MAPK inhibition. Thus,
MKP-1 attenuates TNFa-dependent activation of p38 MAPK,
induction of IL-8 expression, and NF-kB-dependent transcrip-
tion. Small interfering RNA knockdown of dexamethasone-in-
duced MKP-1 expression partially reverses the repression of
TNFa-activated p38 MAPK, demonstrating that MKP-1 partic-
ipates in the dexamethasone-dependent repression of this path-
way. In the presence of MKK6 (MAPK kinase 6), a p38 MAPK
activator, dexamethasone dramatically represses TNFa-in-
duced NF-kB-dependent transcription, and this is significantly
reversed by MKP-1-targeting small interfering RNA. This
reveals an important and novel role for transcriptional activa-
tion (transactivation) of MKP-1 in the repression of NF-kB-de-
pendent transcription by glucocorticoids. We conclude that GR
transactivation is essential to the anti-inflammatory properties
of GR ligands.
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Glucocorticoids are the most effective treatment for chronic
inflammatory diseases, such as asthma (1). Their potent anti-
inflammatory actions are primarily due to the ability to inhibit
the expression of numerous proinflammatory mediators, in-
cluding cytokines, chemotactic mediators, adhesion molecules,
and other inflammatory proteins (1). These wide ranging
effects on gene expression lead, in turn, to reduced inflamma-
tory responses (e.g. by reducing the number of inflammatory
cells that infiltrate the airways) (1).

At the molecular level, the suppressive effects of glucocor-
ticoids are classically attributed to the repression of proin-
flammatory transcription factors, such as nuclear factor kB
(NF-kB)?and activator protein (AP)-1 (2). Under resting con-
ditions, heterodimers of NF-«B, typically p50 (NFKB1) and p65
(RelA), are held in the cytoplasm by inhibitor of kB (IkB) pro-
teins (3). Upon cell stimulation, for example by the inflamma-
tory cytokines tumor necrosis factor a (TNFa) or interleukin
(IL)-1B, signal transduction cascades lead to the phosphoryla-
tion and activation of the IkB kinase complex. This phospho-
rylates the IkB protein, typically IkBa at serines 32 and 36, to
promote ubiquitination and subsequent degradation. NF-«B
then translocates to the nucleus to bind kB response elements
and activate the transcription of numerous inflammatory genes
(4). One such gene is the neutrophil chemoattractant, IL-8
(CXCL8), which is strongly NF-kB-dependent in airway epithe-
lial cells (5, 6), and may contribute to the (often neutrophilic)
response that is observed in severe asthma (1).

The mechanism(s) by which glucocorticoids inhibit tran-
scriptional activation of NF-«B is still the subject of consider-
able research activity and, indeed, debate (7, 8). Notwithstand-
ing this, the effect is generally stated to occur via the binding of
ligand-bound glucocorticoid receptor (GR) with a transcription
factor, such as NF-«B, to directly inhibit transcriptional activity
via a process that is referred to as “transrepression” (2, 9, 10). In
this model, GR does not directly contact the DNA but binds
indirectly, via the targeted transcription factor, to produce a
tethering negative GRE (2). The recruitment of transcriptional
repressors, such as histone deacetylases, exerts repression via
the tethering negative GRE (11, 12). However, findings that

2 The abbreviations used are: NF-kB, nuclear factor kB; AP, activator protein; Ad5,
adenovirus serotype 5; GR, glucocorticoid receptor; I«B, inhibitor of «B; IL,
interleukin; MAPK, mitogen-activated protein kinase; MOI, multiplicity of
infection; TNF, tumor necrosis factor; GRE, glucocorticoid receptor element;
CREB, cCAMP-response element-binding protein; DMEM, Dulbecco’s modified
Eagle’s medium; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
ELISA, enzyme-linked immunosorbent assay; ANOVA, analysis of variance; nlL-
8A, unspliced nuclear IL-8; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxym-
ethyl)propane-1,3-diol; 6FAM, 6-carboxyfluorescein; TAMRA, 5-carboxytetra-
methylrhodamine; MGB, minor groove binder.
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implicate various inflammatory signal transduction cascades in
the transcriptional activation of either NF-kB or AP-1 provide
alternative, possibly parallel, mechanisms, to explain the
repression that is exerted by glucocorticoids (7).

In addition to the classical I«B kinase-IkBa pathway, which
allows NF-kB translocation and DNA binding, the transcrip-
tional activation of NF-«B is also regulated by events that spe-
cifically impact on transactivation (13). Thus, small molecule
inhibitors of protein kinase C and the p38 mitogen-activated
protein kinase (MAPK) reduce NF-kB-dependent transcrip-
tion yet do not affect NF-«B translocation or DNA binding (14,
15). In this context, inflammatory stimuli, including TNFa and
IL-13, initiate signaling via small GTPases to turn on MKK3
and -6 (MAPK kinases 3 and 6) and thereby activate p38 MAPK
(16). Subsequently, p38 MAPK may contribute to p65-depend-
ent transactivation (17), possibly by phosphorylating down-
stream substrates that contribute to transcriptional activation
by NF-«B (18, 19). Thus, MSK1 (mitogen- and stress-activated
kinase 1), a downstream target of p38 MAPK, phosphorylates
p65 at serine 276, and this enhances transcriptional activation
(20). Furthermore, the phosphorylation of p65 by MSK1 can
control binding of the coactivator, CREB-binding protein, and
transcription of the inflammatory gene, stem cell factor (21).
Likewise, p38 MAPK is implicated in the phosphorylation of
the co-activator, p300, leading to potentiation of its activity and
an increased association with NF-kB (22, 23). In addition to the
direct phosphorylation of NF-«B or co-activator molecules, the
phosphorylation of histone H3 at serine 10 increases binding of
p65 to specific promoters, and a p38-dependent mechanism is
proposed (24). Similarly, the p38 MAPK has been implicated in
the phosphorylation of the TATA-binding protein as a mecha-
nism by which NF-«kB-dependent transactivation may be
enhanced (25).

Since MAPK pathways are potent activators of inflammatory
responses, strict control mechanisms exist to prevent pro-
longed or inappropriate activation. In the case of p38 MAPK,
negative feedback can occur via the dual specificity phospha-
tase, MKP-1 (MAPK phosphatase-1), which is also referred to
as DUSP1 (dual specificity phosphatase 1) (26). However, in
many cell types, MKP-1 is also profoundly up-regulated by glu-
cocorticoids, and this contributes to the anti-inflammatory
effects of these drugs by reducing the activation of MAPKs (26 —
28). Thus, cells that do not express (gene knock-out) or have
reduced expression of MKP-1 (by siRNA silencing) have par-
tially impaired responses to the glucocorticoid, dexamethasone
(28 -30).

Whereas many studies provide convincing evidence that the
induction of MKP-1 by glucocorticoids contributes to repres-
sion via post-transcriptional mechanisms (28 —30), the knowl-
edge that p38 MAPK plays a role in transcriptional activation by
NE-kB presents a possible mechanism of action occurring at
the level of transcriptional control. As such, a number of studies
show a role for MKP-1 in the regulation of proinflammatory
genes (30 —32), many of which are NF-kB-dependent. However,
a possible role for MKP-1 in mediating transcriptional repres-
sion was not addressed in these studies. In pulmonary cells, the
ability of dexamethasone to repress the expression of IL-8
mRNA involves both transcriptional and post-transcriptional
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processes, and this effect is prevented by transcriptional block-
ade (33). Since IL-8 expression is also NF-kB-dependent (5, 6)
(see supplemental Fig. S1), we have selected pulmonary (A549)
and bronchial airway epithelial (BEAS-2B) cells to examine
whether glucocorticoid-induced MKP-1 expression can medi-
ate the repression of NF-kB-dependent transcription and IL-8
expression.

EXPERIMENTAL PROCEDURES

Cell Culture—A549 and BEAS-2B cells were grown to conflu-
ence in Dulbecco’s modified Eagle’s medium (DMEM) (Invitro-
gen) or DMEM/Ham’s F-12 medium (Invitrogen), respectively,
both supplemented with 10% fetal calf serum (Invitrogen).
Prior to experimentation, cells were incubated overnight in
serum-free medium and then changed to fresh serum-free
medium containing cytokine and drugs. TNFa (R&D Systems,
Hornby, Canada) was dissolved in phosphate-buffered saline
(Sigma) plus 0.1% bovine serum albumin (Sigma), dexametha-
sone (Sigma) was dissolved in Hanks’ balanced salt solution
(Sigma), cycloheximide (Sigma) was dissolved in sterile water,
and actinomycin D, SB203580, SB239063, and SB202474 (EMD
Biosciences, San Diego, CA) were dissolved in DMSO. Final
concentrations of DMSO were <0.1%.

NF-kB-dependent Reporters and Luciferase Assay—The
adenoviral NF-«B reporter, Ad5-NF-«B-luc, containing five
copies of the classical NF-«B motif, as previously described (6),
was introduced to preconfluent A549 and BEAS-2B cells at an
MOI of 1 for 24 h in DMEM or DMEM/F-12 plus 10% fetal calf
serum medium. BEAS-2B cells stably harboring the previously
described and validated NF-«B-dependent luciferase reporter,
pGL3.neo. TATA.3kBu (3xBu-luc) (34), were grown until con-
fluent in DMEM plus 10% fetal calf serum medium containing
0.1 mg/ml G-418 (Promega, Madison, WTI). All cells were incu-
bated in serum-free medium overnight prior to changing to
fresh serum-free medium containing experimental drugs and
cytokine. At 6 h post-stimulation, cells were harvested in 1X
reporter lysis buffer (Promega), and luminescence was meas-
ured using a BD Monolight Luminometer (BD Biosciences).

Western Blotting—Cells were lysed in 1X reporter lysis
buffer (Promega) plus 1X complete protease inhibitor mix-
ture (Roche Laval, Quebec, Canada) and phosphatase inhib-
itors (Sigma). Total cellular lysates were size-fractionated on
4-12% gradient NuPage® BisTris acrylamide gels (Invitro-
gen) and then electroblotted to Hybond-ECL membranes (GE
Healthcare). Membranes were incubated with the following
antisera according to the manufacturers’ instructions: anti-
MKP-1 (M-18) (catalog number sc-1102) and anti-IkB-a/
MAD-3 (C-21) (catalog number sc-371) (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA); anti-phospho-p38 (catalog
number 9211), anti-phospho-hsp27 (catalog number 2401),
and anti-phospho-IkB-«a (catalog number 9241) (Cell Signal-
ing, Danvers, MA); glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) (catalog number 4699-9555(ST)) (AbD Serotec,
Raleigh, NC). After washing, membranes were incubated with
anti-rabbit or anti-mouse horseradish peroxidase-linked im-
munoglobulins (Dako, Mississauga, Canada). Immune com-
plexes were detected using ECL (GE Healthcare) and visualized
by autoradiography.
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RNA Isolation, cDNA Synthesis, and TagMan or SYBR Green
Real Time PCR—Total RNA was extracted using an RNeasy
minikit (Qiagen, Mississauga, Canada), and reverse transcrip-
tion reactions were prepared using 0.5 ug of RNA to obtain
c¢DNA as previously described (33). The resulting cDNA was
diluted 1:5 with RNase-free water and stored at 4 °C. An ABI
7900HT instrument (Applied Biosystems Inc., Foster City, CA)
was utilized to carry out real time PCR analysis on 2.5 ul of
c¢DNA using TagMan Mastermix (Applied Biosystems) or
SYBR GreenER Mastermix (Invitrogen) in a 20-ul reaction vol-
ume. Relative concentrations of cDNA were obtained using a
c¢DNA standard curve of serial dilutions of a TNFa-stimulated
sample. Amplification conditions were as follows: 50 °C for 2
min, 95 °C for 10 min, and then 40 or 44 cycles of 95 °C for 15 s,
60 °C for 45 s. For TagMan analysis, primer pairs and probe
specific to the following genes were as follows: GAPDH (NM_
002046) (4326317E; Applied Biosystems) and IL-8 (NM_
000584) cytoplasmic (forward, 5'-CTG GCC GTG GCT CTC
TTG-3'; reverse, 3'-TTA GCA CTC CTT GGC AAA ACT
G-5'; probe, 5'-6FAM-CCT TCC TGA TTT CTG CAG CTC
TGT GTG AA-TAMRA-3'). For SYBR green analysis, primer
pairs specific to the following gene were as follows: Luciferase
(M15077.1) (forward, 5'-CGC TGG AGA GCA ACT GCA
TA-3'; reverse, 3'-CCA GGA ACC AGG GCG TAT CT-5').
Specificity of primers for SYBR green analysis was determined
by analysis of the dissociation (melt) curves: 95 °C for 15, 60 °C
for 20 s, 95 °C for 15 s with ramping to 95 °C over 20 min with
primer specificity indicated by a single peak in the rate of
change of fluorescence with temperature.

Real Time PCR Analysis of Unspliced Nuclear IL-8 RNAs—
Since unspliced nuclear RNA accumulates transiently in the
nucleus following transcriptional activation, this may be
measured as a surrogate index of transcription rate (33, 35).
To analyze unspliced nuclear RNA, probe and primer sets
were designed that crossed an intron/exon junction (see sup-
plemental Fig. S2 for a diagram). Unspliced IL-8 RNA was nor-
malized to U6, an RNA polymerase III-dependent gene as
GAPDH nuclear unspliced RNA was regulated in response to
TNFa (data not shown). Since these probe and primer sets
detect both unspliced RNA and genomic DNA, it was critical to
assess the potential contribution by contaminating genomic
DNA in each sample. Therefore, following total RNA extrac-
tion as described above, every RNA sample was subject to
reverse transcription in the presence and absence of reverse
transcriptase enzyme. Any amplification product in the reverse
transcription-negative samples was attributed to genomic
DNA contamination, and samples with greater than 10%
genomic contamination were excluded from further analysis.
RNA extraction, cDNA synthesis, and TagMan real time PCR
were carried out as described above. Probe and primer
sequences were as follows: unspliced nuclear IL-8 (nIL-8A)
(forward, 5'-CTC TTG GCA GCC TTC CTG AT-3'; reverse,
3'-CTG TTT CTG AAT AAA AAG GAT GTT TGT TAC-5;
probe, 5'-6FAM-TGA AGG TAA GCA CAT CTT TCT GAC
CTA CAG CG-MGB-3') and U6 (NR_004394) (forward,
5'-AAT TGG AAC GAT ACA GAG AAG ATT AGC-3;
reverse, 3'-GGA ACG CTT CAC GAA TTT GC-5'; probe,
5'-6FAM-TGG CCC CTG CGC AA-MGB-3').
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Enzyme-linked Immunosorbent Assay (ELISA)—Following
stimulation of cells, supernatants were harvested, and ELISA
for IL-8 was performed using a DuoSet ELISA kit (R&D Sys-
tems) according to the manufacturer’s instructions.

Adenoviral Infection—A549 and BEAS-2B cells were grown
to preconfluence (~70%) and incubated for 24 h in DMEM or
DMEM/F-12 plus 10% fetal calf serum containing the indicated
MOI of the following adenoviral (Ad5) expression vectors:
Ad5-MKP-1, containing a mouse MKP-1 ¢cDNA expression
cassette (36) (Seven Hills Bioreagents, Cincinnati, OH); Ad5-
MKKGS, containing a human cDNA expression cassette for acti-
vated MKK6 with the mutation S207E/S211E (37) (Seven Hills
Bioreagents); Ad5-NF-«kB-luc (see “NF-kB-dependent Report-
ers and Luciferase Assay”); or an empty Ad5 vector (null). In all
cases, cells were then incubated overnight in serum-free
medium before treatment with cytokine or drugs.

SiRNA-mediated Gene Silencing—Cells were grown to ~60 —
70% confluence in 12-well plates. Cells were washed with
serum-free medium and then incubated with siRNA containing
serum-free medium at 37 °C for 24 h prior to the addition of
cytokine and drugs. Transfections were prepared as follows.
siRNA (25 nm) was mixed with Lipofectamine™ 2000 (1 ul of 1
pg/ul) (Invitrogen) in 100 ul of serum-free DMEM/F-12 and
incubated at room temperature for 30 min before the addition
to cells. The sequences for siRNA targeting were as follows:
MKP-1 siRNA 1 (S100374801; 5'-TAG CGT CAA GAC ATT
TGC TGA-3'); MKP-1 siRNA 2 (S100374808; 5'-CTG TAC
TAT CCT GTA AAT ATA-3’') (all from Qiagen); green fluo-
rescent protein siRNA (control siRNA) (P-002048-03-20;
5'-GGC AAG CTG ACC CTG AAG TTC-3') (Dharmacon,
Chicago, IL).

Data Presentation and Statistical Analysis—All graphical
data are presented as mean * S.E. Statistical analysis between
groups was performed using one-way analysis of variance
(ANOVA) with Bonferroni’s or Dunnett’s post-test or a paired
t test as indicated. Significance between groups was assumed as
follows. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

RESULTS

Effect of Dexamethasone and TNFo on MKP-1 Expression
and Phosphorylation of p38 MAPK—To examine the expres-
sion of MKP-1, BEAS-2B and A549 cells were treated with max-
imally effective concentrations of dexamethasone, TNFq, or
dexamethasone plus TNFa for various times. In response to
dexamethasone alone, expression of MKP-1 protein was first
detected at 0.5 h (BEAS-2B) or 1 h (A549), and expression
peaked at 1 h (BEAS-2B) or 6 h (A549). In each case, MKP-1
expression had returned to basal levels by 18 h (Fig. 1A4). Treat-
ment with TNFa also revealed induction of MKP-1 protein.
This was detectable at 0.5 h for both BEAS-2B and A549 cells,
reached a peak at 1 h, and had returned to basal levels by 2 h
(A549) or 6 h (BEAS-2B) (Fig. 1A). In combination, dexameth-
asone plus TNF« potentiated the expression of MKP-1 protein
at 0.5 h (A549) or 1 h (A549 and BEAS-2B) and 2 h (BEAS-2B)
when compared with either treatment alone (Fig. 1A4). In addi-
tion to MKP-1, our Western blot analyses revealed an immu-
noreactive band of slightly higher molecular weight. Since this
was not induced by dexamethasone, and the manufacturer’s
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FIGURE 1. Expression of MKP-1 and phospho-p38 in BEAS-2B and A549 cells. A, BEAS-2B and A549 cells
were either not stimulated or stimulated with dexamethasone (1 um), TNFa (10 ng/ml), or a combination of
both. Cells were harvested for protein after 0.25,0.5, 1, 2, 6, or 18 h, and cell lysates were subject to Western blot
analysis for MKP-1 and GAPDH. B, BEAS-2B and A549 cells were treated with various concentrations of dexa-
methasone as indicated. After 1 h (BEAS-2B) or 6 h (A549), cells were harvested for Western blot analysis of
MKP-1 and GAPDH. Following densitometric analysis, data (n = 3-4), normalized to GAPDH were expressed as
a percentage of maximum concentration of dexamethasone and plotted as means = S.E. C, cells treated as in
A were harvested for Western blot analysis of phospho-p38 MAPK (P-p38) and GAPDH. In all cases, blots

representative of 3—4 such experiments are shown.

data sheets (Santa Cruz Biotechnology) suggest this to be
MKP-2, we do not comment further on this band (Fig. 14).

Subsequently, the times at which MKP-1 expression was
maximal (1 h for BEAS-2B, 6 h for A549) were selected to exam-
ine the effect of dexamethasone concentration on MKP-1
expression. In each case, concentration-dependent increases in
MKP-1 protein expression, with ECy, values of 6.2 X 10~ ° and
5.0 X 10~7 m for BEAS-2B and A549 cells, respectively, were
observed up to the maximally effective concentration of 1 um
(Fig. 1B).

Western blot analysis for the Thr'®°/Tyr'®2-phosphoryla-
ted (i.e. activated) form of p38 MAPK revealed maximal acti-
vation by TNFa at 15 min in both BEAS-2B and A549 cells
(Fig. 1C). In BEAS-2B cells, this response generally returned
to basal levels by 1 h before reappearing, to a lesser extent, at
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S$B239063 but not the inactive com-
pound, SB202474, caused a con-
centration-dependent inhibition of
hsp27 phosphorylation (Fig. 2A).
This finding confirms the inhibition
of p38 MAPK by SB203580 and
SB239063 in BEAS-2B and A549
cells and thus validates the use of
these compounds in the current study.

To examine NF-kB-dependent transcription, we utilized
BEAS-2B cells stably harboring the NF-«B-dependent lucifer-
ase reporter, 3kBu-luc, that we had previously validated as
being NF-kB-dependent (34). Likewise, the adenovirus-deliv-
ered reporter, Ad5-NF-«B-luc, is validated as NF-«kB-depend-
ent in both A549 and BEAS-2B cells (5, 38). In BEAS-2B and
A549 cells infected with Ad5-NF-kB-luc, TNFa induced lucif-
erase activity 211 = 29- and 193 = 37-fold respectively. In the
BEAS-2B 3kBu-luc reporter cells, luciferase was induced 111 =
31-fold by TNFa. In all three cases, the response was inhibited
by increasing concentrations of SB203580 and SB239063 with
maximal inhibition achieved between 1 and 30 uM (Table 1; see
supplemental Fig. S3A). The potency of these effects (Table 1) is
consistent with previously published values and agrees with the

VOLUME 284 -NUMBER 39-SEPTEMBER 25, 2009


http://www.jbc.org/cgi/content/full/M109.028381/DC1

A Compound (log M)

TNFo. - + + + + + + + +

Inhibition of NF-kB by Glucocorticoid-induced MKP-1

SB230580 and SB239063 did not
affect this phosphorylation event
(see supplemental Fig. S4B). These

Compound (log M)

) QoW
NNSGBYY

3l o RN 3l o T data suggest that p38 dependence of
3 P-hsp27» 3 P-hsp27> NE-kB occurs downstream of path-
% GAPDH P |smeer e el % GAPDHP|—-=—— .. = | way activation and DNA binding.
i3] ™ 0 To explore the role of the p38
N = - — — . < - L e — —
@ g|~"” gl glP hspa7e MAPK pathway in IL-8 expres-
u ?@) GAPDH » < % GAPDH »[== = | sion, the effects of SB203580 and
2 p-hsp27> [T n SB23?063 on thfe release of IL-8
S N protein that was induced by TNFa«
2| GAPDH » ——— % were tested. In untreated BEAS-2B

cells, IL-8 release was 4.5 = 1.5

IL-8/GAPDH

TNFa
SB203580 (log M)
SB239063 (log M)

-+ + 4+ o+ o+t
-7-6-5
-8-7-6-5

FIGURE 2. Effect of the p38 MAPK inhibitors, SB203580 and SB239063, on NF-«xB-dependent transcrip-
tion and IL-8 expression. A, BEAS-2B and A549 cells were incubated with various concentrations of SB203580,
SB239063, or SB202474 as indicated for 30 min prior to stimulation with TNFa (10 ng/ml) for 15 min. Cells were
harvested for protein, and cell lysates were subjected to Western blot analysis for phospho-hsp27 (P-hsp27)
and GAPDH. Blots representative of at least three such experiments are shown. B, BEAS-2B cells were incubated
for 30 min with various concentrations of SB203580 or SB239063 before stimulation for 1 h with TNFa (10
ng/ml). Cells were harvested for RNA, and TagMan real time PCR was carried out using probes and primers
specific to either IL-8 and GAPDH mRNA or unspliced nuclear IL-8 transcript (IL-8A) and U6 nuclear RNA. Data
(n = 7-8), normalized to GAPDH (IL-8) or U6 (IL-8A), were expressed as percentage of TNFa-stimulated cells
and plotted as means * S.E. Significance, relative to TNFa, using ANOVA with a Bonferroni post-test is indi-

cated; ¥, p < 0.05; **, p < 0.01.

TABLE 1

Effect of p38 inhibitors, SB203580 and SB239063, on
NF-kB-dependent transcription

BEAS-2B cells stably harboring the NF-«B-dependent reporter, 3kBu-luc, and
BEAS-2B and A549 cells infected with the NF-«B-dependent reporter Ad5-NF-kB-
luc were incubated with various concentrations of SB203580, SB239063, or
SB202474 as in Fig. 2A. Cells were then stimulated for 6 h with TNF-a (10 ng/ml)
before harvesting for luciferase activity determination. EC, and maximal inhibition
values were determined for each drug in each reporter. Maximal inhibition is
expressed as means * S.E. See the legend to Fig. 2 for further details.

Reporter system Treatment EC,, Maximal inhibition
M %
BEAS-2B Ad5-NF-kB-luc  SB203580 2.5 X 107 35+ 15
SB239063 7.7 X 1078 41 +7.2
BEAS-2B 3kBu.BG-luc SB203580 3.5X 10°° 65 * 3.9
SB239063 3.8 X 10°® 59 +3.1
A549 Ad5-NF-kB-luc SB203580 7.2 X 1077 59 +75
SB239063 1.5 X 10 28 *= 33

inhibition of phosphorylated hsp27 (Fig. 2A4) (39, 40). However,
in each case, the maximal inhibition by SB203580 and
SB239063 is 28 —65% (Table 1; see supplemental Fig. S3A). The
control compound, SB202474, only affected luciferase activity
at high concentrations, and this is attributed to off-target
effects (supplemental Fig. S3A). Therefore, these data demon-
strate that NF-kB-dependent transcription in these models is
partly dependent on the p38 MAPK. Analysis of NF-kB DNA
binding using EMSA revealed that inhibition of NF-«kB-
dependent transcription by SB203580 and SB239063 did not
occur via inhibition of DNA binding (see supplemental Fig.
S4A). In addition, the effect of SB203580 and SB239063 on
phosphorylation of IkBa was examined, and this revealed that
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pg/ml, and in the presence of TNFq,
this was increased to 835 * 161
x pg/ml at 6 h. Prior incubation with
SB203580 or SB239063 produced a
concentration-dependent decrease
in IL-8 release (EC,, = 4.8 X 1078
and 6.6 X 10~ M, respectively) with
maximal inhibitions to 39 and 24%
(respectively) of the TNFa-simu-
lated response being achieved at
3-30 uMm (supplemental Fig. S3B).
Again, SB202474 revealed only
modest effects at higher concentra-
tions (supplemental Fig. S3B). Anal-
ysis of IL-8 mRNA and nIL-8A as a
surrogate of transcription rate (see
Ref. 33 and references therein) by
real time PCR revealed significant dose-dependent inhibition of
TNFa-induced IL-8 RNA expression by SB203580 and
SB239063 (Fig. 2B). These data provide compelling evidence
that the induction of IL-8 expression at the level of protein,
mRNA, and transcription by TNF« is dependent on p38 MAPK
in BEAS-2B cells. Analysis of the effect of SB203580 and
SB239063 on IL-8 release in A549 cells revealed that this
response was not unambiguously p38 MAPK-dependent,
and therefore IL-8 expression in A549 cells was not exam-
ined further.

TNFa-induced p38 Phosphorylation, NF-kB-dependent
Transcription, and IL-8 Expression Are Inhibited by Dexam-
ethasone Pretreatment—The finding that dexamethasone-de-
pendent inhibition of p38 MAPK phosphorylation became
more robust at later times prompted an examination of the
effect of dexamethasone pretreatment on TNFa-stimulated
p38 phosphorylation (Fig. 3A4). In BEAS-2B cells, the inhibition
of p38 MAPK phosphorylation by dexamethasone was maximal
with 1- and 2-h pretreatments, and this declined with longer
pretreatment times (Fig. 3A). In contrast, p38 MAPK phospho-
rylation in A549 cells was completely prevented by all of the
dexamethasone pretreatments (Fig. 34). In both cell types, the
simultaneous addition of dexamethasone with TNFa was least
effective at inhibiting p38 MAPK phosphorylation, and the
magnitude of this effect was highly variable.

The effect of dexamethasone pretreatment on NF-«B-de-
pendent transcription was also assessed. In BEAS-2B cells,
luciferase activity from the Ad5-NF-kB-luc reporter was

-8-7-6-5
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FIGURE 3. Effect of dexamethasone pretreatment on p38 phosphorylation, NF-«xB-dependent transcrip-
tion, and IL-8 expression. A, BEAS-2B and A549 cells were pretreated with dexamethasone (1 um) for 18, 6, 4,
2,1,0r0h before stimulation with TNFa (10 ng/ml). After 15 min, cells were harvested for protein and subjected
to Western blot for phospho-p38 MAPK (P-p38) and GAPDH. Blots representative of at least three such exper-
iments are shown. B, BEAS-2B and A549 cells infected with the Ad5-NF-«kB-luc reporter and BEAS-2B cells stably
harboring the reporter 3kB-luc were pretreated with dexamethasone and stimulated with TNFa as in A. After
6 h, cells were harvested for luciferase activity determination. Data (n = 6, left and middle; n = 10, right)
expressed as a percentage of TNFa are plotted as means = S.E. Significance, relative to TNFa-stimulated
samples, using ANOVA with Dunnett’s post-test is indicated; *, p < 0.05; **, p < 0.01; ns, not significant.
C,BEAS-2B and A549 cells infected with the Ad5-NF-«B-luc reporter (left and right, respectively) and BEAS-2B cells
stably harboring the reporter 3kBu-luc (middle) were incubated with various concentrations of dexametha-
sone as indicated for 1 (A549) or 2 h (BEAS-2B). Cells were then stimulated with TNFa (10 ng/ml) for 6 h prior to
harvesting for luciferase activity determination. Data (n = 4 (left), n = 9 (middle), and n = 6 (right)) expressed as
percentage of TNFa stimulated samples were plotted as means =+ S.E. D, BEAS-2B cells were incubated with
various concentrations of dexamethasone, as indicated, for 1 h prior to stimulation with TNF« (10 ng/ml) for
6 h. Supernatants were harvested, and IL-8 release was measured by ELISA. Data (n = 4) expressed as IL-8
release in pg/ml are plotted as means = S.E. Significance, relative to TNFa-stimulated cells, using ANOVA with
Dunnett’s post-test is indicated; *, p < 0.05; **, p < 0.01. E, BEAS-2B cells were pretreated with dexamethasone
(1 um) for the indicated times before being stimulated with TNFa (10 ng/ml) for 1 h. Cells were then harvested
for RNA, and real time PCR was carried out using IL-8 and GAPDH-specific probe and primer sets. Data (n = 5),
normalized to GAPDH and expressed as a percentage of TNFa-stimulated samples, are plotted as means =+ S.E.
Significance, relative to TNFa-stimulated cells, using ANOVA with Dunnett’s post-test is indicated; **, p < 0.01.
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reduced by all of the dexamethasone
pretreatments with maximal inhibi-
tion, to 56-57% of TNFa-stimu-
lated cells, again occurring follow-
ing 1-2-h pretreatments (Fig. 3B,
middle). In A549 cells infected with
the Ad5-NF-kB-luc reporter, lucif-
erase activity was induced 269 =+
41-fold by TNFe, and dexametha-
sone maximally inhibited this to
69 * 2.7% of the response in TNFa-
stimulated cells. This occurred at
6 h (Fig. 3B, right), and a similar level
of repression, to 74% of TNFa-stim-
ulated cells, was observed at 1 h (Fig.
3B, right). Treatment of these
reporters with increasing concen-
trations of dexamethasone revealed
concentration-dependent  inhibi-
tion of the TNFa-induced luciferase
13 = 10% (BEAS-2B Ad5-NF-«B-
luc), 55 = 7.4% (BEAS-2B 3kBu-luc),
and 44 * 6.3% (A549 Ad5-NF-
kB-luc) of the response in TNFa-
stimulated cells (Fig. 3C). In each
case, maximal inhibition occurred
at ~1 puM and ECg, values were
8.9 X 10~° M (BEAS-2B and Ad5-
NEF-«B-luc), 1.2 X 10~ 8 M (BEAS-2B
and 3ku-luc), and 4.6 X 107° M
(A549 and Ad5-NF-kB-luc). As
with the p38 inhibitors, the effects
of dexamethasone on the NF-«B
DNA binding and signaling path-
way were examined. These data
revealed that dexamethasone did
not inhibit NF-kB DNA binding or
phosphorylation of IkBa (see sup-
plemental Fig. S4), suggesting that
inhibition by dexamethasone oc-
curs downstream of NF-«B pathway
activation and DNA binding.

To examine the effect of dexam-
ethasone treatment on IL-8 expres-
sion, BEAS-2B cells were treated
with various concentrations of dex-
amethasone prior to stimulation
with TNFa. Release of IL-8 protein
was 160 = 51 pg/ml in untreated
cells, and this was induced by TNFa
to 1300 = 270 pg/ml. This induction

induced 230 = 38-fold by TNFa« (Fig. 3B, left). This response
was significantly inhibited by all of the dexamethasone pre-
treatments, with maximum reductions to ~32% of the response
in TNFa-stimulated cells being achieved with 1-2-h pretreat-
ment times (Fig. 3B, left). In BEAS-2B cells stably harboring the
reporter 3kBu-luc, TNFa induced luciferase activity by 36 =
2.9-fold (Fig. 3B, middle). Luciferase activity was significantly
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was concentration-dependently inhibited by dexamethasone
(ECyo = 7.2 X 10~ ° M) with maximal inhibition to 15 = 5.1% of
the level produced by TNFa-stimulated cells (Fig. 3D).
BEAS-2B cells were also pretreated with dexamethasone for the
times indicated prior to stimulation with TNFa and subsequent
analysis of IL-8 mRNA at 1 h. TNFa resulted in a 2200 = 480-
fold induction in IL-8 mRNA. Simultaneous treatment with
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dexamethasone or pretreatments for up to 6 h significantly
inhibited this repression. Maximal inhibition, to 25 * 1.7% of
the response in TNFa-stimulated cells, was observed following
a 1-h preincubation of dexamethasone (Fig. 3E).

Taken together, these data indicate that the maximal
repression by dexamethasone of p38 phosphorylation, NF-
kB-dependent transcription, and IL-8 expression by dexa-
methasone generally occurs with a pretreatment time of 1-2
h. Thus, inhibition by dexamethasone is time-dependent.

Inhibitors of Transcription and Translation Reverse the Inhi-
bition of p38 Phosphorylation, NF-kB-dependent Transcription,
and IL-8 mRNA Expression by Dexamethasone—To investigate
the potential requirement for new gene synthesis in the repres-
sion of the above responses by dexamethasone, the ability to
exert repression was tested in the presence or absence of the
transcriptional inhibitor, actinomycin D, or the translational
inhibitor, cycloheximide. Initially, BEAS-2B and A549 cells
were pretreated with dexamethasone for various times in the
absence or presence of actinomycin D or cycloheximide. Cells
were then stimulated with TNFa prior to the analysis of phos-
phorylated p38 MAPK. As described above, p38 MAPK phos-
phorylation was induced by TNF«, and this was repressed by all
of the dexamethasone treatments (Fig. 44). In the presence of
either actinomycin D or cycloheximide, the dexamethasone-
dependent repression of p38 MAPK phosphorylation was pre-
vented. Importantly, this effect coincided with the loss of dexa-
methasone-induced MKP-1 expression, and this also confirms
the efficacy of the actinomycin D and cycloheximide treat-
ments (Fig. 4A4). In the presence of actinomycin D or cyclohex-
imide, TNFa showed enhanced phosphorylation of p38 MAPK.
Likewise, cycloheximide also tended to increase basal levels of
phosphorylated p38 MAPK. In each case, we attribute this
effect to the inhibition of negative feedback processes (41).

In order to test for the role of new gene synthesis in the
dexamethasone-dependent repression of NF-kB-dependent
transcription, the luciferase reporter cells were treated with
dexamethasone (1 um) in the absence or presence of the trans-
lational inhibitor, cycloheximide, to block the expression of any
genes that might be induced by dexamethasone. Following
treatment with TNFa for 1 h, the cells were harvested for RNA,
and luciferase mRNA was analyzed using real time reverse tran-
scription-PCR. Using this approach, TNF« induced luciferase
mRNA expression from the Ad5-NF-«B-luc reporter 29 * 11-
and 250 = 110-fold in BEAS-2B or A549 cells, respectively (Fig.
4B, top left and right). In the presence of dexamethasone, this
induction was only 42 + 12% (BEAS-2B) or 65 = 9.8% (A549) of
the response to TNFa alone. By contrast, in BEAS-2B cells, the
presence of cycloheximide significantly reduced the magnitude
of repression elicited by dexamethasone to 78.95 * 22.79% of
the response to TNFa (in the presence of cycloheximide) (Fig.
4B, top left and bottom left). Similarly, in A549 cells in the pres-
ence of cycloheximide, dexamethasone led to a response that
was 128.89 * 14.32% of the response to TNF« in the presence
of cycloheximide (Fig. 4B, top right and bottom right). This indi-
cates a complete block of the repressive ability of dexametha-
sone at the level of NF-«kB-dependent transcription.

Likewise, in BEAS-2B cells stably harboring the reporter
3kBu-luc, TNFa induced luciferase mRNA 3.7 * 0.18-fold (Fig.
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4B, top middle), and this was repressed by dexamethasone to
66 * 4.6% of control (Fig. 4B, top and bottom middle). However,
as with the viral reporter, repression by dexamethasone was
significantly reduced in the presence of cycloheximide to 85 =
6.8% of control values (Fig. 4B, bottom middle).

Analysis of IL-8 mRNA and nIL-8A by real time PCR
revealed a pattern of expression similar to that of the luciferase
mRNA. IL-8 and nIL-8A RNA were induced 520 = 110- and
170 = 32-fold, respectively, by TNFe. In the presence of dexa-
methasone, this induction was inhibited to 15 * 1.8% (IL-8) and
41 * 6.6% (nIL-8A) of control (Fig. 4C). However, in the pres-
ence of cycloheximide, this was significantly reversed to 59 *
5.7 and 62 * 5.7% of control (Fig. 4C, left). Taken together,
these data all suggest that new gene synthesis is required for the
repression of p38 phosphorylation, NF-«kB-dependent tran-
scription, and IL-8 expression by dexamethasone.

Effect of MKP-1 Overexpression on p38 Phosphorylation, IL-8
Expression, and NF-kB-dependent Transcription—To investi-
gate whether MKP-1 expression can elicit repression of the p38
MAPK pathway, BEAS-2B cells were infected with increasing
MOIs of Ad5-MKP-1. Cells were then stimulated with TNFa
for 15 min, and the expression of MKP-1, phospho-p38, and the
downstream target, phospho-hsp-27, was analyzed by Western
blot (Fig. 5A4). Expression of MKP-1 protein was increased with
increasing MOI of virus, and this correlated with the inhibi-
tion of TNFa-induced p38 and hsp-27 phosphorylation (Fig.
5A). These data validate the effectiveness of adenovirus-me-
diated overexpression at preventing activation of the p38
MAPK pathway.

Following this, BEAS-2B cells were infected with increasing
MOIs of Ad5-MKP-1 or with an empty adenoviral vector (null)
and stimulated with TNFa for 6 h prior to the analysis of IL-8
protein release by ELISA. IL-8 release was 71 * 21 pg/ml in
unstimulated cells, and this was induced to 1800 * 280 pg/ml
by TNFa. This induction was dose-dependently inhibited by
increasing concentrations of Ad5-MKP-1 to a maximum of
6.2 = 2.6% of TNFa-stimulated cells at MOI 300 (Fig. 5B).
Importantly, the null virus had little effect on IL-8 release. In
parallel experiments, IL-8 mRNA and nuclear RNA were
induced 790 * 190- and 270 * 88-fold, respectively, by TNFa.
Again, this induction was dose-dependently inhibited by
increasing MOI of Ad5-MKP-1, to a maximum of 1.1 = 0.22%
(IL-8) and 0.85 * 0.11% (nIL-8A) of TNFa-stimulated cells,
whereas the null virus was without effect.

Since maximal inhibition of p38 and hsp-27 phosphorylation
by Ad5-MKP-1 occurred at MOI 30, this MOI was used to treat
BEAS-2B cells previously infected with the Ad5-NF-kB-luc
reporter or stably harboring the 3kBu-luc reporter. Luciferase
activity was induced 43 * 6.9-fold (Ad5-NF-«B-luc) and 88 =
23-fold (3kBu-luc) by TNFe«, and this induction was signifi-
cantly inhibited to 62 * 0.85% (Ad5-NF-«B-luc) and 58 * 4.1%
(3kBu-luc) of TNFa-stimulated cells (Fig. 5D). Again, the
empty virus had no effect on luciferase activity (Fig. 5D).

In addition, A549 cells were infected as in Fig. 54, and West-
ern blot analysis revealed increasing expression of MKP-1 with
increasing MOI of Ad5-MKP-1 (Fig. 5E). This correlated with
the inhibition of p38 phosphorylation, and maximal effect was
observed at MOI 30 (Fig. 5E). As in Fig. 5D, A549 cells infected
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FIGURE 4. Effect of actinomycin D and cycloheximide on the dexamethasone-dependent repression of p38 MAPK phosphorylation, NF-«B activity,
and IL-8 mRNA expression. A, BEAS-2B and A549 cells were incubated with dexamethasone (1 um) for the indicated times in the absence or presence of
actinomycin D (10 ug/ml) or cycloheximide (10 wg/ml) before being stimulated with TNFa (10 ng/ml) for 15 min. Cells were then harvested for protein and
subjected to Western blot analysis for phospho-p38 MAPK, MKP-1, and GAPDH. Blots representative of at least three such experiments are shown. B, BEAS-2B
and A549 cells infected with the Ad5-NF-«B-luc reporter and BEAS-2B cells stably harboring the reporter 3kBu-luc were pretreated with dexamethasone (1 um)
for 1 hin the absence or presence of cycloheximide (10 wg/ml) prior to stimulation with TNFa (10 ng/ml) for 1 h. RNA was harvested, and real time PCR was
performed for luciferase and GAPDH. Top, data (n = 6 (left), n = 10 (middle), and n = 8 (right)), normalized to GAPDH and expressed as a percentage of
TNFa-stimulated cells, are plotted as means = S.E. Significance, using ANOVA with Bonferroni’s post-test, is indicated; *, p < 0.05; **, p < 0.01; ***, p < 0.001;
ns, not significant. Lower panels, data, as above, were reanalyzed, and dexamethasone repression was expressed as a percentage of control (either TNFa or
TNFa + cycloheximide) and plotted as means = S.E. Significance, relative to TNFa + dexamethasone, using a paired t testis indicated; ¥, p < 0.05. C, using cDNA
generated from the experiments in B, real time PCR was performed for IL-8, nIL-8A, and U6. Left two graphs, data (n = 12-14), normalized to GAPDH (IL-8) or U6
(nIL-8A) and expressed as a percentage of TNFa-stimulated cells, are plotted as means *+ S.E. Significance, using ANOVA with Bonferroni’s post-test, is
indicated; *, p < 0.05; **, p < 0.01; ***, p < 0.001. Right two graphs, data, as above, were reanalyzed, and dexamethasone repression was expressed as a
percentage of control (either TNFa or TNFa + cycloheximide) and plotted as means =+ S.E. Significance, relative to TNFa + dexamethasone, using a paired t test
is indicated; **, p < 0.01; ***, p < 0.001.

with the Ad5-NF-«B-luc reporter were infected with MOI 30 of
Ad5-MKP-1. Luciferase activity was induced 140 * 12-fold by
TNFa, and this was repressed by Ad5-MKP-1 to 76 = 3.5% of
TNFa-stimulated cells (Fig. 5F). The empty virus had no signif-
icant effect on luciferase activity (Fig. 5F). These data clearly
show that MKP-1 can inhibit the p38 phosphorylation, NF-kB-
dependent transcription, and both IL-8 protein and RNA
expression that is induced by TNFa.

Effect of siRNA-mediated Knockdown of MKP-1 on Dexa-
methasone-dependent Repression of p38 Phosphorylation, NF-

26810 JOURNAL OF BIOLOGICAL CHEMISTRY

kB-dependent Transcription, and IL-8 Expression—To explore
the relationship between MKP-1 and dexamethasone-medi-
ated repression of the above outputs, BEAS-2B cells were ini-
tially incubated with MKP-1-specific or control siRNA for 24 h
prior to stimulation with dexamethasone for 1 h. MKP-1
expression was induced by dexamethasone, and this was
reduced to 33 * 4.5 and 34 * 8.1% by MKP-1 siRNA 1 and
MKP-1 siRNA 2, respectively (Fig. 6A4). These data confirmed
that the upper, nonspecific immunoreactive band believed to
be MKP-2 is not MKP-1. The control siRNA had no significant
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FIGURE 5. Effect of MKP-1 overexpression on p38 MAPK phosphorylation, NF-kB-dependent transcrip-
tion, and IL-8 expression. A, BEAS-2B cells were infected with increasing MOls (1, 3, 10, 30, 100, and 300) of
Ad5-MKP-1 for 36 h before being stimulated with TNFa (10 ng/ml) for 15 min. Cells were then harvested for
protein and subjected to Western blot analysis for MKP-1, phospho-p38 (P-p38), phospho-hsp27 (P-hsp27), and
GAPDH. Blots representative of three such experiments are shown. B, BEAS-2B cells were infected with Ad5-
MKP-1 as in A or with empty Ad5 vector (null) and then stimulated with TNFa (10 ng/ml) for 6 h prior to
supernatants being harvested for analysis of IL-8 release by ELISA. Data (n = 6-9), expressed as IL-8 release in
pg/ml, are plotted as means = S.E. Significance, using a paired t test, relative to the appropriate concentrations
of null virus is indicated; *, p < 0.05; **, p < 0.01. C, BEAS-2B cells were infected with Ad5-MKP-1 and null virus
as in B (using only MOls 3, 10, 30, 100, and 300) and then stimulated with TNFa (10 ng/ml). After 1 h, total RNA
was extracted for real time PCR analysis of IL-8 and GAPDH mRNA or nuclear nIL-8A and U6 RNA. Data (n = 10),
normalized to GAPDH (IL-8) or U6 (nIL-8A) and expressed as a percentage of TNFa-stimulated cells, are plotted
as means = S.E. Significance, relative to the appropriate concentration of null virus, using a paired t test is
indicated; ***, p < 0.001. D, BEAS-2B cells infected with the Ad5-NF-«kB-luc reporter or stably harboring the
3kBu-luc reporter were infected with MOI 30 of Ad5-MKP-1, null virus, or no virus for 36 h prior to stimulation
with TNFa (10 ng/ml) for 6 h. Cells were then harvested for luciferase activity determination. Data (n = 4 (left)
and n = 6 (right)), expressed as a percentage of TNFa-stimulated cells, are plotted as means =+ S.E. Significance,
using ANOVA with Bonferroni’s post-test, is indicated; *, p < 0.05; **,p < 0.01; ***, p < 0.001; ns, not significant.
E, A549 cells were treated as in A and then subjected to Western blot analysis for MKP-1, phospho-p38, and
GAPDH. Blots are representative of three such experiments. F, A549 cells infected with the Ad5-NF-kB-luc
reporter were treated as in D and harvested for luciferase activity determination. Data (n = 6), expressed as a
percentage of TNFa-stimulated cells, are plotted as means * S.E. Significance, using an ANOVA with Bonfer-
roni’s post-test is indicated; **, p < 0.01; ***, p < 0.001; ns, not significant.

believe the lack of effect by the
siRNA is likely to be due to redun-
dancy. To address this, BEAS-2B
cells were infected with both the
Ad5-NF-kB-luc reporter and Ad5-
MKK6 as a mechanism to maxi-
mally activate the p38 MAPK and
potentially enhance the sensitivity
of the system to inhibition by
MKP-1. As expected, MKK6 over-
expression induced the phospho-
rylation of p38 MAPK (Fig. 7A)
and also enhanced NF-kB-de-
pendent transcription from the
BEAS-2B NF-kB-luc reporter by
25 = 5.1% (data not shown).
BEAS-2B cells infected with the
Ad5-NF-kB-luc reporter, in the
presence of Ad5-MKK®6, were pre-
treated with dexamethasone and
stimulated with TNFa (Fig. 7B).
As before, TNFa + Ad5-MKK6
robustly induced luciferase activ-
ity, and dexamethasone signifi-
cantly repressed (p < 0.01) this
induction to 29 *= 1.6% of the
response achieved in TNFa + Ad5-
MKKe6-stimulated cells (Fig. 7B).
This level of inhibition was unaf-
fected in the presence of control
siRNA (Fig. 7B). However, both the
MKP-1-specific siRNAs, siRNA 1
and 2, significantly reversed the
ability of dexamethasone to inhibit

effect on dexamethasone-induced MKP-1 expression (Fig. 6A4).
Following this analysis, BEAS-2B cells were incubated with
siRNA prior to treatment with dexamethasone for 1, 2, 6, or
18 h and then stimulated with TNFa for 15 min. Analysis of p38
phosphorylation by Western blot revealed that TNFa stimu-
lated phosphorylation of p38, and this was repressed by dexa-
methasone at each pretreatment time (Fig. 6B8). However, in the
presence of MKP-1-specific siRNAs, the ability of dexametha-
sone to repress phospho-p38 was reduced, thereby confirming
a role for MKP-1 in this response (Fig. 6B).

To examine the effect of dexamethasone-induced MKP-1
on NF-«kB-dependent transcription, BEAS-2B cells infected
with the Ad5-NF-«kB-luc reporter were incubated with con-
trol or MKP-1 specific siRNAs for 24 h. The cells were then
pretreated with dexamethasone for 1 h before stimulation
with TNFa« for 6 h. Analysis of luciferase activity revealed
that the presence of MKP-1-specific siRNAs did not prevent
the ability of dexamethasone to repress NF-kB-dependent
transcription (data not shown). Two major possibilities may
account for these data: 1) there may be no role for MKP-1 in
this repression, or 2) there is redundancy in the pathways by
which glucocorticoids down-regulate NF-kB-dependent
transcription. Since NF-«kB-dependent transcription is both
p38-dependent (Fig. 2) and inhibited by MKP-1 (Fig. 5), we
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NF-«kB-dependent transcription to 37 = 1.5% (siRNA 1) and
36 + 2.2% (siRNA 2) of TNFa + Ad5-MKK6-stimulated cells
(Fig. 7B). This shows that the endogenously expressed MKP-1
that is induced by dexamethasone does inhibit NF-«B-depend-
ent transcription.

In parallel experiments, BEAS-2B cells were incubated with
control or MKP-1-specific siRNAs for 24 h prior to pretreat-
ment with dexamethasone for 1 h and stimulation with TNF«
for 1 h. Analysis of IL-8 and nIL-8A expression revealed that the
presence of MKP-1-specific siRNAs had no significant effect on
the ability of dexamethasone to repress IL-8 or nIL-8A expres-
sion (data not shown). Cells were then infected with Ad5-
MKK®6 prior to incubation with siRNAs and stimulated as
above. IL-8 mRNA expression was induced 220 = 31-fold by
TNFa + Ad5-MKK6, and nIL-8A was induced 210 * 1.4-fold.
This induction of IL-8 and nIL-8A was repressed by dexameth-
asone to 9.6 = 1.9 and 9.2 £ 1.4% of TNFa + Ad5-MKK6-
stimulated cells, respectively. However, in the presence of
MKP-1-specific siRNAs, there was again no significant effect
on the dexamethasone-mediated repression (Fig. 7C). This
effect is likely to be due to a greater degree of redundancy as the
number of pathways leading to a response becomes greater and
more complex.
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of cell types (26). In the current
study, MKP-1 protein expression
was strongly induced by dexameth-
asone in both BEAS-2B and A549
cells, and this effect correlated with
the repression of p38 MAPK phos-
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FIGURE 6. Effect of MKP-1 targeting siRNA on dexamethasone-dependent repression of p38 MAPK phos-
phorylation. A, BEAS-2B cells were incubated with control or MKP-1-specific siRNAs for 24 h prior to stimula-
tion with dexamethasone for 1 h. Cells were then harvested for protein and subjected to Western blot analysis
for MKP-1 and GAPDH. Blots representative of 10 such experiments are shown. Following densitometric anal-
ysis, data (n = 10), normalized to GAPDH, were expressed as a percentage of dexamethasone-stimulated cells
and plotted as means = S.E. B, BEAS-2B cells were incubated with siRNAs as in A and then pretreated with
dexamethasone for the times indicated prior to stimulation with TNFa (10 ng/ml) for 15 min. Cells were then
harvested and subjected to Western blot analysis for phospho-p38 (P-p38) and GAPDH. Blots representative of

six such experiments are shown.
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FIGURE 7. Effect of MKP-1 targeting siRNA on dexamethasone-dependent
repression of NF-«kB-dependent transcription and IL-8 expression. A, BEAS-
2B cells were infected with Ad5-MKK6 for 36 h prior to harvesting for Western blot
analysis of phospho-p38, MKK6, and GAPDH. Blots representative of four such
experiments are shown. B, BEAS-2B cells were infected with the Ad5-NF-«B-luc
reporter and Ad5-MKK6 for 24 h prior to incubation with control or MKP-1-spe-
cific siRNAs for 24 h. Cells were then pretreated with dexamethasone for 1 h prior
to stimulation with TNFa for 6 h and harvesting for luciferase activity determina-
tion. Data (n = 7) are expressed as percentage of TNFa + MKK6-stimulated cells
and plotted as means = S.E. Significance, using an ANOVA with Bonferroni’s post-
test, is indicated; **, p < 0.01; ***, p < 0.001; ns, not significant. C, BEAS-2B cells
were infected with Ad5-MKK6 and incubated with siRNAs as in B. Cells were then
pretreated with dexamethasone for 1 h and stimulated with TNFa for 1 h. Total
RNA was extracted and converted to cDNA, and real time PCR was carried out for
IL-8, GAPDH, nlIL-8A, and U6. Data (n = 7) normalized to GAPDH (IL-8) or U6
(nIL-8A) were expressed as percentage of TNFa + MKK6-stimulated cells and
plotted as means = S.E. Significance, using ANOVA with Bonferroni's post-test is
indicated; ns, not significant.

DISCUSSION

An increasing body of data now indicates that the anti-in-
flammatory properties of glucocorticoids are due not only to
direct transrepression of inflammatory transcription factors
but also to the up-regulation of multiple anti-inflammatory
genes (7, 8, 26, 35). Induction of one such gene, MKP-1, by
glucocorticoids has previously been characterized in a number
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COX-2andIL-8,aswellasfor NF-«kB-
dependent transcription, in both
A549 and BEAS-2B cells (33, 42, 43)
(and the current study). Conse-
quently, MKP-1 is a pharmacolo-
gically plausible, but previously
untested, candidate for mediating
these repressive effects of dexam-
ethasone. This view is strengthened
by our demonstration that NF-«B-dependent transcription in
BEAS-2B and A549 cells and IL-8 expression in BEAS-2B cells
are at least partially dependent on the p38 MAPK pathway.

Previous studies have shown that the inhibition of COX-2
and IL-8 mRNA expression by dexamethasone is both time-de-
pendent and sensitive to inhibition by transcriptional and
translational blockade (33, 43). Since these genes are highly
NE-kB-dependent in these cells and the repression by dexa-
methasone is partly mediated at a transcriptional level, we
sought to investigate the role of p38 MAPK inhibition by
MKP-1 in these responses. Examination of the p38 MAPK
phosphorylation that is induced by TNF« revealed that the
repression exerted by dexamethasone became increasingly
robust with pretreatment with dexamethasone. This is consist-
ent with observations made at the level of both COX-2 and IL-8
transcription and mRNA expression and suggests that time-de-
pendent events (e.g. the induction of new gene expression) are
necessary for full repression by dexamethasone (33, 43). The
fact that actinomycin D and cycloheximide blocked dexameth-
asone-dependent repression of p38 MAPK phosphorylation
supports this concept and is in concordance with previously
published data (28). Likewise, the observation that cyclohexi-
mide reduced, but did not totally prevent, the ability of dexa-
methasone to repress NF-«kB-dependent transcription and IL-8
RNA synthesis is also consistent with a role for dexamethasone-
induced gene expression. Conversely, since the repression
exerted by dexamethasone was not completely reversed by
cycloheximide, these data also support the existence of repres-
sive mechanisms that do not require new gene synthesis. Thus,
a component of the overall repression is clearly consistent with
existing models of transrepression in which inflammatory tran-
scription is directly targeted by GR and the recruitment of his-
tone deacetylases (8, 11).

In the current study, overexpression of MKP-1 profoundly
repressed the p38 MAPK phosphorylation and IL-8 expression
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that was induced by TNFa. By contrast, maximally effective
concentrations of MKP-1 adenovirus vector affected NF-«B-
dependent transcription to a lesser degree, and this is consist-
ent with the reduced efficacy of both the pharmacological
inhibitors of p38 MAPK and indeed dexamethasone on this
response. In both these cases, the repression of NF-«B is pri-
marily exerted at a point downstream of IkBa phosphorylation
and DNA binding (44 —46) (the current study). Thus, a com-
mon point (or points) of control appears to be likely. In terms of
regulation by p38 MAPK kinase, a number of potential targets,
including TATA-binding protein (25), CREB-binding protein
(21), histones (24), MSK1 (47), and many others are suggested,
and it will be of considerable interest to examine the effect of
dexamethasone on these regulatory steps.

The above data clearly show that MKP-1 can inhibit p38
phosphorylation, NF-kB-dependent transcription, and IL-8
expression. To investigate the role of dexamethasone-induced
MKP-1, we used siRNA to selectively silence the MKP-1
expression that was induced by dexamethasone. In these stud-
ies, we were able to achieve 66 —67% knockdown of dexameth-
asone-induced MKP-1, and as expected, this resulted in a par-
tial reversal of dexamethasone-mediated repression of the p38
MAPK phosphorylation that was induced by TNFa. These data
agree with previous studies indicating p38 to be a major target
of MKP-1 (26). However, when examining the effect of MKP-1
knockdown on the dexamethasone-dependent repression of
NE-kB-dependent transcription, we initially saw no effect of
MKP-1 silencing. Reasons for this result may include insuffi-
ciency of knockdown. Certainly, this is a potential issue, since
the very high level of inducibility of MKP-1 expression by dexa-
methasone appears to result in lower levels of knockdown than
we can routinely achieve with constantly expressed genes. In
addition, the knockdown of MKP-1 may result in a compensa-
tory up-regulation of another regulatory protein; however, evi-
dence either for or against this mechanism is not currently
available. An alternative explanation is that MKP-1 is not
involved in the repressive effect exerted by dexamethasone on
NF-kB-dependent transcription. However, given that 1)
MKP-1 is induced by dexamethasone over a concentration
range and time that is consistent with the inhibition of NF-«B,
2) MKP-1 overexpression inhibits p38 phosphorylation and
NEF-kB-dependent transcription, 3) MKP-1 actually does play a
role in the repression of p38 MAPK by dexamethasone, and
finally 4) NF-«B-dependent transcription is partly p38 MAPK
dependent, we believe that dexamethasone-induced MKP-1
does play a role in the repression of NF-«B-dependent tran-
scription. Since there are numerous pathways, including the
IkB kinase, p38 MAPK, protein kinase C, and many other sig-
naling cascades, that are required for activation of NF-kB-de-
pendent transcription (13-15, 17), a likely explanation for our
observation is that there is redundancy in the repression of
NEF-kB-dependent transcription by dexamethasone. This point
is amply illustrated by the finding that the simple activation of
the p38 MAPK pathway, by MKKG, is not sufficient to induce
NF-kB-dependent transcription (data not shown). Thus in
addition to the effects due to MKP-1, repression of NF-kB-de-
pendent transcription by dexamethasone may occur via classi-
cal transrepression as well as via the induction of a variety of
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other glucocorticoid-inducible genes, including I«kBa (7). For
example, glucocorticoid-inducible leucine zipper is profoundly
induced by dexamethasone in both A549 and BEAS-2B cells
(33, 48). This protein has previously been shown to profoundly
repress NF-kB-dependent transcription (49), including in
BEAS-2B cells, in response to dexamethasone (50).

In order to address this issue, we overexpressed MKK6 to
chronically activate p38 MAPK and increase the sensitivity of
NE-kB-dependent transcription to inhibition by MKP-1 (as
opposed to other glucocorticoid effector processes). As
expected, this manipulation produced an up-regulation of p38
MAPK phosphorylation and also enhanced the NF-«B-depend-
ent transcription that was induced by TNFe. In this system,
siRNA-mediated knockdown of MKP-1 partially reversed the
repressive effect of dexamethasone on NF-kB-dependent tran-
scription. These data confirm, for the first time, that the induc-
tion of MPK-1 expression by dexamethasone exerts a repressive
effect on NF-kB-dependent transcription. In the current study,
parallel analysis of IL-8 expression showed that knockdown of
dexamethasone-induced MKP-1 did not affect the ability of
dexamethasone to repress IL-8 mRNA or nuclear RNA, even in
the presence of MKK6 overexpression. This result was despite
IL-8 protein, mRNA, and unspliced nuclear RNA all being
highly dependent on the p38 MAPK pathway and being pro-
foundly inhibited by overexpression of MKP-1. However, acti-
vation of IL-8 expression obviously involves a greater number
of signal transduction pathways than the activation of either
p38 MAPK- or NF-«B-dependent transcription. Thus, with
each step downstream from, in this case, the TNFa receptor
toward the final release of IL-8, there is an increased likelihood
of redundancy between the various mechanisms of repression
that may be exerted by dexamethasone (7). Therefore, although
MKP-1 can inhibit p38 MAPK phosphorylation, NF-kB-
dependent transcription, and IL-8 expression, the knockdown
of dexamethasone-induced MKP-1 expression is only sufficient
to partially reverse the repressive effects of dexamethasone on
p38 phosphorylation and NF-«B-dependent transcription but
not IL-8 expression.

The finding that induction of MKP-1 expression contributes
to the repression that is exerted by glucocorticoids has impor-
tant consequences with respect to the screening strategies that
are now routinely used to identify new anti-inflammatory
ligands of GR that may show reduced side effect profiles (51).
Many of the side effects of glucocorticoids have been widely
attributed to the induction of metabolic genes, including tyro-
sine aminotransferase or phosphoenolpyruvate carboxykinase,
whereas repression of factors such as NF-kB or AP-1 was attrib-
uted to classical transrepression. This has led to considerable
interest in developing ligands of GR that show reduced trans-
activation yet maintain transrepression activity (51). However,
a complete loss of GR transactivation would impair the ability
to induce MKP-1, and this would impact not only on the repres-
sion of NF-«B (current study) but also on AP-1 (52) and on the
expression of various inflammatory genes, including cyclooxy-
genase-2, GRO« (growth-regulated oncogene «), and IL-6 (31,
32, 53). Somewhat paradoxically, most screens for transrepres-
sion make use of standard reporter gene assays for NF-kB,
AP-1, or parts of the promoter regions of relevant inflammatory
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genes, such as E-selectin (7). In this situation, our data predict
that repression exerted by glucocorticoids or, indeed, novel GR
ligands will represent a composite response involving a compo-
nent that is attributed to MKP-1 and other components that are
due to further glucocorticoid-inducible genes as well as classi-
cal transrepressive mechanisms. Thus, it is not surprising that
the prototypical dissociated glucocorticoid, RU24858 (54),
which shows dissociated characteristics in terms of inability to
transactivate simple GRE-dependent transcription and ability
to transrepress both AP-1 and NF-«B, also induces MKP-1
expression (33). This idea finds support from data in which the
dimerization-defective GR mutant (A458T) (GR?") was defec-
tive at inducing simple GRE-dependent transcription (55) yet
caused transrepression of inflammatory genes and also induced
MKP-1 (29, 56). Thus, prior models have not previously
excluded the contribution that MKP-1 may exert toward the
“apparent transrepression” of inflammatory gene expression by
glucocorticoids. Since MKP-1 has recently been implicated in
the repressive activity of glucocorticoids acting on AP-1-de-
pendent transcription (52), we strongly suggest the need to crit-
ically reevaluate previous data with respect to transrepression
by GR in the light of a possible role for proteins such as MKP-1.
In this context, we specifically urge against the use of the term
“transrepression,” unless a role for transactivation has been
specifically excluded. In this context, it is commonly noted that
“transrepression” by glucocorticoids acting via GR occurs at a
lower concentration of glucocorticoid than that needed to
achieve transactivation from simple GRE-dependent reporters
(57). Thus, in A549 cells, simple GRE-dependent transcription
showed an EC;, of 54.5 nM for dexamethasone, whereas both
repression of NF-kB and inflammatory gene expression pro-
duced EC,, values in the low nanomolar range (33, 42) (and the
current study). Likewise, in BEAS-2B cells, the induction of
simple GRE-dependent transcription by dexamethasone
occurred with an EC,, of 19 nm (48), yet repression of NF-«kB-
dependent transcription and IL-8 expression occurred at EC,,
values in the 5-10 nm range (the current study), and this is
consistent with the induction of MKP-1 by dexamethasone.
Thus, the induction of MKP-1 occurs at a lower concentration
of glucocorticoid than for the induction of simple GRE-
dependent transcription, and this effect may help explain this
longstanding discrepancy. Importantly, these data mean that a
given glucocorticoid may show differential potencies with
respect to each different effector response. In the context of
G-protein-coupled receptors, the idea that the receptor shows
differential coupling efficiency is not new; however, this idea is
still relatively underdeveloped in the field of nuclear hormone
receptors (58).

In summary, we show in human BEAS-2B and A549 epi-
thelial cells that dexamethasone profoundly induces MKP-1
expression to exert repression of the p38 MAPK pathway.
This leads to repression of the NF-kB-dependent transcrip-
tion that is induced by TNFa. Therefore, we describe MKP-1
as an effector protein that is induced by glucocorticoids and
plays a novel role in the repression of NF-kB-dependent
inflammatory gene transcription. This effect represents
transcriptional repression occurring via transactivation and
must be carefully distinguished from mechanisms of transre-
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pression. We conclude that in generating new anti-inflam-
matory ligands of GR, a complete loss of transactivation abil-
ity would lead to a loss of MKP-1 expression, and this may
result in reduced anti-inflammatory potential. We therefore
advocate the selection of improved GR ligands on the basis of
differential gene expression profiles rather than on transre-
pression and transactivation.
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