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Abstract

Mitogen- activated protein kinases (MAPKS) are key signaling molecules that respond to mitogenic
stimulation or environmental stress, resulting in the expression of target proteins. c-Jun N-terminal

kinase (JNK) and p38 MAPKS are activated by inflammatory cytokines or environmental stress.
Specific p38 MAPK inhibitors, such as SB202190 or SB203580, are widely used to dissect p38
MAPK-related signal transduction mechanisms. While Using SB202190 to inhibit p38 MAPK-
related signaling, we observed that SB202190 treatment could activate JNK. Further experiments
showed that treatingment of cells with SB202190 could phosphorylate JNK and activating
transcription factor 2 (ATF-2), and increased AP-1 DNA binding. Using multiple cell lines and
primary endothelial cells, we demonstrated that specific p38 MAPK inhibitors SB202190 or
SB203580 induces the activation of the JINK pathway. Further, using with RNA interference and
kinase-inactive expression of intermediates of the JNK pathway, we demonstrated SB202190- or
SB203580-induced JNK activation is dependsent on the MLK-3-MKK4/MKK?7 -dependent signal

transduction pathway. Finally, we demonstrate that treatment of cells with SB202190 or SB203580

induces the phosphorylation and activation of MLK3.

Introduction

The Mitogen-activated protein kinases (MAPKS) are key signaling molecules that transduce a
plethora of cellular signals to the effector molecules [1,2]. They are also key targets of
therapeutic interventions for inflammatory diseases. There are three major forms of MAPK
modules, such as including extracellular signal-regulating kinases (ERKS), ); the stress-
activated protein kinase (SAPK), also known as or c-Jun N-terminal kinase (JNK), ); and the
p38 MAPK. The ERKSs are activated by mitogens, whereas the INKs and p38 MAPKSs are
activated by environmental stress, ultraviolet light, osmotic shock, and inflammatory cytokines

[3].

A large body of evidence indicates a crucial role for p38 MAPK in inflammation [3,4]. Several
groups have reported that specific, selective p38a/b MAPK inhibitors block the production of
interleukin 1 (IL-1), tumor necrosis factor a, TNFa and IL-6 in vitro and in vivo. In addition,
the p38 MAPK pathway is involved in the induction of several other inflammatory molecules,
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such as cyclooxygenase-2 and inducible nitric oxide synthase. Therefore, p38 MAPK inhibitors
are promising candidates for the treatment of inflammatory diseases.

An initial series of pyridinyl imidazole anti-inflammatory agents served as tools to elucidate
the role of p38 in inflammation [4,5]. The bicyclic imidazole SKF-86002 was first reported to
inhibit lipopolysaccharide-stimulated cytokine production [1]. Subsequently, SB203580 [4-
(4-fluorophenyl)-2-(4-methylsulfinyl phenyl)-5-(4-pyridyl) 1H-imidazole] and other 2,4,5-
triaryl imidazoles were prepared to be used as tools to search for molecular targets involved
in cytokine regulation. SB202190 [4-(4-Fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)
1H-imidazole] and SB203580 are widely used as p38 MAPK inhibitors [1].

JNK (or SAPK) is activated by the cellular stress response and is distinctly different from p38
MAPK. IJNK has three isoforms (JNK1, INK2, and JNK3), of which JNK1 and JNK2 are
ubiquitously expressed. The JNK signaling cascade functions by activating an initiating kinase,
such as MAPK kinase kinase 1 (MEKKZ1), which in turn phosphorylates a MAPK kinase, such
as MKK4/JINKK1 or MKK7/JINKK2, which then activates JNK by phosphorylation on Thr
183 and Tyr 185 residues [2,6]. Activated JINK phosphorylates the transcription factors c-Jun,
ATF-2, Elk-1, p53, and c-Myc [7], as well as non-transcription factors, such as members of
the Bcl2 family (Bcl2, BelxL, Bim, and BAD) [7]. In addition to MEKKZ1, mixed lineage
kinase-3 (MLK3), a MAP2K, has also been shown to activate JINK or p38 MAPK via activation
of MKK7 or MKKG&.

MLK3 is a widely expressed mammalian serine/threonine kinase that functions as a mitogen
activated protein kinase kinase kinase (MAPKKK) and can activate multiple MAPK pathways
[8]. MLK3-induced JNK activation, through dual phosphorylation of MKK4 and/or MKK?7 is
implicated in apoptosis in neuronal cells [9,10]. Targeted gene disruption of mIk3 decreases
tumor necrosis factor a (TNFa)-induced JNK activation [11]. In addition to its catalytic domain
MLK3 contains several other regions important for its regulation, including N-terminal Src
homology 3 domain, and a centrally located sipper followed by a Cdc42/Rac-interactive
binding motif [12]. Activated forms of small GTPases such as Cdc42 and Rac can bind to
MLK3 and increase MLKS3 catalytic activity and potentiate its signaling to JNK [13,14]. Recent
studies have shown that Cdc42 promotes phosphorylation of Thr277 and ser281 within the
activation domain of MLK3, leading to increased MLK3 activity [14].

Because there are many common inducers of JNK and p38 MAPK, inhibitors specific for p38
MAPK, such as SB202190 or SB203580, or inhibitors specific for INK, such as SP600125,
have been used to inhibit respective MAPKSs [15,16]. These inhibitors are widely used to dissect
the signaling mechanisms involved in MAPK activation. While evaluating the inhibition of
p38 MAPK activation by SB202190 and SB203580, we observed that these inhibitors inhibited
p38 MAPK, but activated JNK. Further probing of this unexpected finding demonstrated that
SB202190 could activate AP-1 and initiate ATF-2 phosphorylation, some of the downstream
consequences of JNK activation.

Materials and Methods

Chemicals and reagents

The AP-1 consensus oligonucleotide (5 CGC TTG ATG AGT CAG CCG GAA 3') was
obtained from Promega Corp. (Madison, WI). SB202190 and SB203580 were purchased from
Sigma Chemical Co. (St. Louis, MO). SP600125 was purchased from Tocaris, UK. All other
reagents were of ultrapure grade or ACS grade. Buffers were made in water purified with the
Milli-Q system (Millipore Corp., Billerica, MA).
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Cell culture and transfection and RNA interference

A549 human lung alveolar epithelial cells and MCF-7 human breast adenocarcinoma cell line
were obtained from ATCC, and were cultured in Kaigan's modified F-12K and Dolbeco’s
modified medium (DMEM, Mediatech Co., Herndon, VA), respectively. Human
microvascular endothelial cells (HMVEC) were obtained from Clonetics (San Diego, CA) and
propagated in endothelial medium (Clonetics). MLK-3 and p38 MAPK siRNA were purchased
from Dharmacon RNA Technologies (Lafayette, CO). For transfection, A549 cells were seeded
in 6-well plates to obtain 30% confluence at the time of transfection. Xtreme siRNA
transfection reagent (Roche Applied Science, Indianapolis, IN) was used to transfect SIRNA
to a final concentration of 100 nM. Inhibition of gene expression by siRNA was determined
after 48 hours by Western analysis. Cells were harvested, and the nuclear extract or total cell
lysate was assayed for AP-1 DNA binding or Western blotting, respectively. HEK293T cells
were cultured in complete DMEM. We obtained pcDNA4TO-MLK3 from Dr Means (Duke
University Medical Center [8], and cloned the MLK3 cDNA into phCMV2 expression vector
(GTS Technologies, CA). phCMV2-HA-MLK3 was transfected into HEK293T cells using
genejammer transfection reagent (Contech, CA) using manufacturer’s instructions. After 48
hours, cells were either untreated or treated with 5 or 10 uM SB202190 or SB203580 for 4
hours. Following treatment cell lysates were prepared using lysis buffer (50 mM Tris-HCI at
pH 7.5, 5 mM EDTA, 150 mM NacCl, 1% Triton X-100, 50 mM NaF, 10 mM sodium
pyrophosphate, 25 mM - glycerophosphate, 1 mM PMSF, 30 pL/mL aprotinin [Sigma
Chemical Company, St. Louis, MO], and 1 mM NazVQ,). 500 pg of total protein was
immunoprecipitated with anti-HA-agarose conjugate. Phospho-MLK3 (Thr277/Ser281) was
detected in western blotting using phosphospecific antibodies from Cell Signaling
Technologies (Beverly, MA). PcDNA3-Flag-MKK?7 was obtained form Dr. Roger Davis
(University of Massachusetts, Worcester, MA). The expression vector was transfected into
HEK?293T cells using Genejammer as stated earlier. After 48 hours, cell lysates was prepared
and Flag-MKK?7 was immunoprecipitated using anti-Flag-agarose conjugate (Sigma Chemical
Co). The Flag-MKK7 was used as a substrate for MLK3 kinase assay.

Nuclear extract preparation and EMSA

Nuclear extracts were prepared as described earlier [17]. For the EMSA, the consensus AP-1
binding sequence 5’ CGC TTG ATG AGT CAG CCG GAA 3’ was obtained from Promega
Corporation (Madison, WI). The EMSA was performed as described earlier [18].

Western blotting

Protein lysates were prepared using radio immunoprecipitation assay (RIPA) buffer containing
5% sodium deoxycholate, 1% SDS, and 1% Igepal in PBS with protease inhibitors; protein
concentration was determined using Biorad protein assay reagent (Biorad). Equal amounts of
protein were resolved on 10% SDS-polyacrylamide gel electrophoresis, and transferred onto
nitrocellulose membrane (Hybond-ECL, Amersham Pharmacia Biotech). The blot was treated
with appropriate dilutions of primary antibody and visualized using either Lumiglo (Cell
Signaling Technology, Beverly, MA) or ECL plus system (Amersham Pharmacia Biotech,
Piscataway, New Jersey), with appropriate HRP-conjugated secondary antibody.

JNK kinase assay

Activation of INK was performed by a non-radioactive assay kit as per the manufacturer's
protocol (New England Biolabs, Beverly, MA). Briefly, SAPK/INK was precipitated from the
cell lysate by c-Jun fusion protein bound to glutathione sepharose beads. c-Jun contains a high
affinity-binding site for SAPK/INK, N-terminal to the two phosphorylation sites, Ser63 and
Ser 73. After selectively pulling down JNK using c-jun fusion protein beads, the beads were
extensively washed and the kinase reaction was carried out in the presence of cold ATP in a
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final volume of 25pl. The reaction was stopped with 25 pl of 2X SDS sample buffer and loaded
onto a 10% polyacrylamide gel. Protein was transferred to nitrocellulose by electroblotting,
and c-jun phosphorylation was selectively measured using phospho-c-Jun antibody. This
antibody specifically measures JNK-induced phosphorylation of c-Jun at Ser63, a site
important for the c-Jun-dependent transcriptional activity (20).

MLK3 Kinase Assay

Results

HA-MLK3 was immunoprecipitated from the cell lysates of HEK293T that were untreated or
treated with 5 or 10 uM SB202190 or SB203580. Immunoprecipitated HA-MLK3 (10 to 15ul/
reaction) was incubated with Flag-MKK?7 in the kinase reaction buffer [25 mM Tris (pH 7.5),
5 mM B-glycerophosphate, 2 mM DTT, 0.1 mM Sodium orthovanadate (NagVOyg), 10 mM
MgCl,, 1 mM ATP]. The reaction mixture was incubated for 30 min at 30°C. The reaction was
stopped by adding 3X SDS sample buffer (30 pl) to the reaction. Samples (10 to 15 pL) was
loaded onto SDS-polyacrylamide gel, and subsequently transferred to nitrocellulose
membrane. Phospho-MKK7-ser271/Thr275 was detected by phospho-specific antibodies that
was obtained from Cell Signaling Technologies (Beverly, MA). The blot was stripped and
probed for unphosphorylated MKK?7 or B-actin. In some cases a new western analysis was
performed using similar amounts of Flag-MKK?7 to confirm that the stripping did not unevenly
removed proteins from the membrane.

P38 MAPK inhibitors SB202190 and SB203580 induces phosphorylation of JNK in a dose-
and time-dependent manner

While evaluating the effect of p38 MAPK and JNK on gene expression, we unexpectedly
observed activation of INK in SB202190-treated cells. Therefore, we further analyzed the
effect of specific p38 MAPK inhibitors, SB202190 or SB203580, on JNK phosphorylation. A
dose—response study in A549 cells demonstrated that JINK is indeed phosphorylated due to
treatment of cells with SB202190 (Fig. 1A and 1B). The response was dose-dependent up to
about 6 M. A similar response was also observed in response to SB203580 treatment (Fig.
1C). A time-course analysis revealed that INK activation occurs as early as 10 minutes in
response to SB202190 (Fig. 2A) or SB203580 (Fig. 2C), and remains until about 4 hours in
response to SB202190 (Fig. 2B) or 6 hours with SB203580 (Fig. 2D); further incubation with
SB202190 beyond 4 hours did not increase JNK phosphorylation (Fig. 2B). However, INK
remain activated in cells treated with SB203580 beyond 6 hours (Fig. 2D). There was no
increase in the levels of p38 MAPK protein in response to either SB202190 or SB203580. In
addition, there was no phosphorylation of p38 MAPK in response to SB202190 or SB203580
(data not shown). Additionally, the levels of unphosphorylated JNK remained unchanged in
response to the treatment of cells with these inhibitors.

To further evaluate whether data obtained with A549 adenocarcinoma cells could be
reproduced in a primary cell culture, we treated HMVEC cells with 10 puM SB202190 and
examined the time-course of JNK activation by detecting JNK phosphorylation. As
demonstrated in Fig. 3A, strong phosphorylation of JINK was observed after 30 minutes and
JNK remain phosphorylated for 3—4 hours. We also evaluated the effect of SB202190 on INK
activation in MCF-7 cells to evaluate whether data obtained with A549 cells also apply to
another cancer cell line. As demonstrated in Figure 3B, JNK was maximally phosphorylated
after 1 hour of treatment with SB202190. This activation of JINK could be abrogated by
SP600126, a specific JINK inhibitor. The level of unphosphorylated JNK in these experiments
remained unaffected due to treatment with SB202190, indicating that the increased
phosphorylation of JINK was not due to an increase in JNK protein, but was due to activation
of INK. Similar results were obtained with SB203580, another p38MAPK inhibitor very
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similar in structure to that of SB202190 (data not shown). These data demonstrate that the
specific p38 MAPK inhibitors SB202190 or SB203580 can indeed activate INK.

SB202190 induces phosphorylation of ATF-2 transcription factor

ATF-2 is a ubiquitously expressed member of the basic region-leucine zipper transcription
factor family that regulates the expression of genes in response to various stress signals, and
is a target for INK and p38 MAPK pathways [19-21]. Cellular stress activates ATF-2 by
phosphorylation on Thr69 and Thr71 residues. ATF-2 can form heterodimeric complexes with
AP-1 DNA binding proteins such as c-Jun, resulting in the expression of various genes in
response to cellular stress signals [19-21]. If INK is phosphorylated and activated due to
treatment of cells with SB202190, then it should also result in the phosphorylation of ATF-2.
To examine this possibility, we treated A549 cells with indicated concentrations of SB202190
and evaluated phosphorylation of Thr71 using phospho-specific antibodies (Cell Signaling,
MA). As demonstrated in Figure 4A (upper panel), ATF-2 was dose-dependently
phosphorylated by treatment of cells with SB202190 in the nuclear extract of cells. However,
the level of unphosphorylated ATF-2 (lower panel) remained unchanged. To evaluate whether
this increase in ATF-2 phosphorylation was due to JNK activation, we treated cells with
specific JINK inhibitor SP600125 in combination with SB202190 and evaluated ATF-2
phosphorylation. As demonstrated in Figure 4A, treatment of cells with SB202190 and
SP600125 in combination did not phosphorylate ATF-2. This experiment demonstrated that
SB202190 specifically induces activation of JINK, which phosphorylates ATF-2. We also
demonstrated that a positive control anisomycin that activates both JNK and p38 MAPK also
induces ATF-2 phosphorylation.

Increased JNK kinase activity in response to SB202190 or SB203580

Phosphorylation of c-Jun is a major effect of INK activation. JINK-dependent phosphorylation
of c-Jun activates AP-1 transcription factor, and has been implicated in several cellular stress
responses. Therefore, we sought to determine whether treatment of cells with SB202190 or
SB203580 could also activate INK kinase activity. We used c-Jun as a substrate for determining
JNK kinase activity in response to SB202190 or SB203580. As demonstrated in Figure 4B,
treatment of cells with either SB202190 or SB203580 phosphorylated c-Jun, which suggests
that JNK is activated due to treatment of cells with SB202190 or SB203580.

SB202190 induces activation of AP-1 DNA binding in a dose-dependent manner

Activator protein-1 (AP-1) is a sequence-specific transcription factor composed of either
homo-or heterodimers between members within the ¢-Jun (c-Jun, JunB, and JunD) and c-Fos
(c-Fos, FosB, Fral, and Fra2) families [22]. Activated INK phosphorylates c-Jun, which can
form an AP-1 complex by homodimerization or heterodimerization. Therefore, if p38 MAPK
inhibitor SB202190 induces activation of JNK, then we would expect AP-1 DNA binding due
to phosphorylation and homo- or heteromerization of c-Jun proteins. In response to SB202190,
Ab549 cells showed increased AP-1 DNA binding treatment that followed a dose—response
pattern, as demonstrated in Figure 5A. The increase in AP-1 DNA binding due to SB202190
treatment was abrogated by simultaneous treatment of cells with the specific INK inhibitor
SP600125 (Fig. 5A, lane). In addition, we also used MCF-7 cells to evaluate whether the data
obtained with A549 cells could be reproduced in another cell type. As demonstrated in Figure
5B, MCF-7 cells also demonstrated increased AP-1 DNA binding in response to SB202190
treatment. These experiments show that SB202190 can induce the activation of AP-1 DNA
binding due to JNK activation.
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Decreased levels of p38 MAPK do not induce JNK activation due to SB202190 or SB203580

treatment

Because both JNK and p38 MAPK are activated simultaneously by many stimuli, it is possible
that inhibition of p38 MAPK by SB202190 or SB203580 induces JNK as a compensatory
mechanism in response to stress. Therefore, we sought to determine the effect of p38
downregulation by RNA interference on SB202190- or SB203580-dependent JNK activation.
As demonstrated in Figure 6A (lower panel), treatment of A549 cells with siRNA effectively
downregulated the level of p38 MAPK. However, treatment of these cells alone or with either
SB202190 or SB203580 did not increase the level of INK phosphorylation (Fig. 6A, upper
panel). These data suggest that decreased p38 level or activation is not responsible for increased
JNK activation due to treatment of cells with SB202190 or SB203580.

MKK4/MKK7-dependent activation of INK due to treatment of cells with SB202190 or

SB203580

To determine the activation mechanism of JNK due to treatment of cells with SB202190 or
SB203580, we first analyzed the effect of either overexpression of wildtype MKK4/MKK?7 or
kinase-inactive MKK4/MKK?7 expression on SB202190- or SB203580-induced JNK
activation. As demonstrated in Figure 6B, transfection of cells with wildtype MKK4 or MKK7
followed by treatment of cells with SB202190 or SB203580, increased the level of INK
phosphorylation compared to vector-only transfected cells. In addition, transfection of
wildtype MKK4 or MKK?7 alone could phosphorylate INK, as expected. However, the level
of unphosphorylated JNK remained unchanged.

In converse experiments, we over-expressed kinase-inactive MKK4 or MKK7 and treated these
cells with SB202190 or SB203580. As demonstrated in Figure 6C, cells transfected with vector
control and treated with SB202190 or SB203580 showed increased JNK phosphorylation.
However, cells either transfected with MKK4 (Kd) or MKK?7 (Kd) demonstrated lower levels
of INK phosphorylation in response to SB202190 or SB203580 treatment (Fig. 6C). These
studies suggest that SB202190 or SB203580 induces JNK in a MKK4/MKK7-dependent
manner.

SB202190 or SB203580 induces activation of JINK in a MLK-3 -dependent manner

Kinases MEKKZ1, apoptosis signal regulating kinase 1(ASK1), or MLK-3 could each activate
MKK4/MKK?7, resulting in activation of JNK [4,13,23]. Because SB202190- or SB203580-
induced JNK activation was dependent on MKK4/MKK?7 activation, we analyzed for the
possible upstream activator of MKK4/MKK?7 in response to SB202190 or SB203580. First,
we overexpressed the level of wild-type MEKKZ1 using an over-expression construct and then
treated these cells with SB202190 or SB203580. As demonstrated in Figure 7A, SB202190-
or SB203580-induced JNK activation did not result in over-expression of wild-type MEKK1.
In converse experiments, we also used a kinase-inactive MEKK1 construct to over-express
kinase-inactive MEKKZ1 in a dominant-negative manner. As shown in Figure 7A, there was
no effect on the level of JINK phosphorylation induced by treatment of cells with either
SB202190 or SB203580. These data indicate that MEKK1 does not play a role in the activation
of MKK4/MKK?7 induced in response to SB202190 or SB203580.

Finally, we examined the role of MLK-3 in JNK activation using siRNA approach. Cells were
transfected with MLK-3 siRNA as described in the Methods section, followed by treatment of
these cells with SB202190 or SB203580. As shown in Figure 7B (third panel from the top),
MLK-3 siRNA transfection downregulated the level of MKL-3, but transfection of non-
targeting (NT) siRNA did not downregulate MLK-3. Treatment of cells with SB202190 or
SB203580 resulted in higher expression of phosphorylated INK in NT siRNA-transfected cells,
but lower levels of phosphorylated INK in MLK-3 siRNA-treated cells. These data suggest
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that SB202190- or SB203580-induced MKK4/MKK7-JNK activation could involve an
MLK-3-dependent pathway.

Downregulation of MLK-3 by RNA interference decreases the expression of phospho-cJun,
AP-1 and phospho-ATF2 in response to SB202190 or SB203580

If SB202190 or SB203580 induces MLK-3-dependent JNK activation then inhibition of
MLK-3 protein expression by RNA interference should demonstrate decreased INK-dependent
effects such as phosphorylation of cJun, phosphorylation of ATF-2 or activation of AP-1 DNA
binding. Therefore, we determined the expression of phospho-cJun, phospho-ATF2 or AP-1
DNA binding in MLK-3 siRNA transfected cells treated with SB202190 or SB203580. As
demonstrated in Fig 8A, downregulation of MLK-3 protein almost abolished the expression
of phospho-cJun in response to SB202190 or SB203580. However, there was no significant
change in the levels of unphosphorylated cJun in MLK-3 siRNA treated cells compared to non-
targeting siRNA treated cells. Similarly, the DNA binding of AP-1 was also decreased in cells
transfected with MLK-3 siRNA and treated with SB202190 or SB203580 (Fig 8B upper panel).
Additionally, the phosphorylation of ATF2 also followed a similar pattern suggesting that
MLK-3 mediates cJun phosphorylation, ATF2 phosphorylation and AP-1 DNA binding in
response to SB202190 or SB203580.

Phosphorylation and activation of MLK3 by SB202190 or SB203580

MLK3 is known to be activated by phosphorylation on Thr277/ser281 [13]. Therefore, we
sought to determine whether MLK3 phosphorylation is induced by SB202190 or SB203580.
As shown in Fig 9A & B, HEK293T cells treated with SB202190 or SB203580 show enhanced
phosphorylation of transiently overexpressed MLK3 on ser277/ser281. This data shows that
MLKS3 is phosphorylated in intact cells by treatment of SB202190 or SB203580. Further, we
sought to determine whether activated MLK3 immunoprecipitated from SB202190 or
SB203580 treated cells could phosphorylated its substrate MKK?7 in a kinase assay. When
MLK3 and MKK?7 are included in a kinase assay, MLK3 immunoprecipitated from SB202190
or SB203580 treated cells phosphorylated MKK?7, but MLK3 immunoprecipitated from
untreated cells did not phosphorylate MKK7. These results indicate that MLK3 is activated by
treatment of cells with SB202190 or SB203580. However, the inhibitors could either directly
stimulate the kinase activity of MLK3 or could activate upstream G-Protein coupled receptors
such as Cdc42 or Rac that in turn can activate MLK3. Thus, the inhibitors could directly induce
phosphorylation of MLKS3 or they could indirectly activate cdc42/Rac resulting in
phosphorylation and activation of MLK3. Therefore, we performed MLKS3 activation using
purified MLK3 and using MKK?7 as substrate as described in the methods. Flag-MKK7 was
not phosphorylated in presence of HAMLK3 and SB202190 or SB203580 in the kinase
reaction, therefore, we could not detect phospho-MKK?7 in the kinase reaction (data not shown).
These data demonstrate that MLK3 is not phosphorylated in vitro by either SB202190 or
SB203580. Therefore, our data demonstrate that cellular factors are essential for activation of
MLK3 in response to SB202190 or SB203580.

Discussion

The discovery of selective and potent inhibitors of p38 MAPK has aided our understanding of
the role of p38 MAPK in signal transduction and regulation of inflammatory cellular responses
[1]. It is also widely anticipated that p38 MAPK inhibitors will have efficacy in arthritic and
inflammatory diseases, and some compounds have reached phase | and phase 11 clinical trials
[1]. Our study provides compelling evidence that a specific p38 MAPK inhibitor, SB202190,
activates JNK, phosphorylates ATF-2, and increases AP-1 DNA binding. The data obtained

with multiple cell lines and primary endothelial cells suggest that SB202190 and SB203580

activate JNK. Because SB202190 and related p38 MAPK inhibitors are widely used to dissect
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the INK/p38MAPK signaling pathways, and conclusions are made based on the inhibition of
p38 MAPK by SB202190, our study provides an important piece of information in the
examination of whether the effects observed are due to the use of SB202190 or SB203580, or
are consequences of p38 MAPK inhibition or INK activation.

The phosphorylation of JNK induced by SB202190 or SB203580 could be observed as early
as 10 minutes and remained for 4—6 hours in A549 cells, and for more than 6 hours in endothelial
cells. Additionally, these data demonstrate that the duration of activation could be cell-type
specific. An optimal concentration of 3 uM of SB202190 or SB203580 was sufficient to induce
strong JNK phosphorylation (Fig. 1A and 1C). These data suggest that treating cells with a
specific p38 MAPK inhibitor can induce JNK activation. Activation of INK by SB202190 or
SB203580 was not limited to A549 cells, but was also observed in primary endothelial cells
and in MCF-7 breast cancer cells. Both JNK and p38 MAPK have been shown to phosphorylate
ATF-2 on Thr71 [19, 20]. When cells were treated with SB202190, we observed a dose-
dependent increase in ATF-2 phosphorylation that could be abrogated by treating cells with
JNK inhibitor SP600125 and p38 MAPK inhibitor SB202190. These data demonstrate that the
phosphorylation of ATF-2 by SB202190 is specifically mediated by activated JNK. In addition,
SB202190 or SB203580 can also induce JNK kinase activity as determined by c-Jun
phosphorylation. Although 1 uM of SB202190 seems to be optimal in inducing JNK, a
nanomolar range of SB202190 can strongly induce AP-1 DNA binding activity (Fig. 5A and
B). These data indicate that physiological effects of SB202190 treatment can take place at
much lower levels of SB202190.

Because JNK and p38 MAPK are induced simultaneously by many stress signals, and one of
the upstream activators of JINK and p38 MAPK is MKK4, we reasoned that inhibition of p38
MAPK could induce JNK activation due to a compensatory mechanism. Therefore, we
downregulated the expression of endogenous p38 MAPK by RNA interference and evaluated
its effect on JNK activation; additionally, we evaluated JNK activation in response to
SB202190 or SB203580 in these p38 MAPK-down-regulated cells. As demonstrated in Figure
6A, downregulation of the p38 MAPK level did not induce JNK activation. In addition, there
was no effect of p38 downregulation on SB202190- or SB203580-induced JNK activation.
Therefore, inhibition of p38 MAPK activation does not induce JNK activation. Thus,
SB202190- or SB203580-induced JNK activation is a specific property of these inhibitors.

Because JNK is activated by its upstream activator MKK4/MKK?7, we sought to determine the
role of MKK4/MKK?7 on JNK activation by treating the cells with SB202190 or SB203580.
As demonstrated in Figures 6B and 6C, SB202190- or SB203580-induced JNK activation was
dependent on MKK4/MKK?7 activation. MKK4/MKK?7 was activated by the activation of
MEKK1, ASK1, or MLK-3. Therefore, we determined the role of each of these upstream
kinases on the activation of JINK by SB202190 or SB203580. Our data indicate that MLK-3,
but not MEKK1 or ASK1, mediates SB202190- or SB203580-induced JNK activation. A
recent report has also indicated that treatment of cells with SB203580 enhances
phosphorylation of MLK3[24]. Additionally, our study is further strengthened by the fact that
the levels of phosphocJun, phospho-ATF2 or AP-1 DNA binding was decreased or abrogated
in MLK-3 downregulated cells treated with SB202190 or SB203580. These studies show that
MLK-3 mediates the downstream events of JNK activation in response to SB202190 or
SB203580.

Activated form of small GTPases, Cdc42 and Rac can bind to MLK3 and has been shown to
promote phosphorylation of MLKS3 on serine 277/281 residues [10,13]. This phosphorylation
increases the catalytic activity of MLK3, and potentiate its signaling to JNK [10,13]. Therefore,
we evaluated the phosphorylation of MLK3 in response to SB202190 or SB203580. Our data
demonstrate that MLK3 is phosphorylated in response to SB202190 or SB203580. Further, we
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also observed that MLK3 immunoprecipited from SB202190 or SB203580 treated cells could
phosphorylate MKK7, used as a substrate in the kinase reaction, demonstrating that MLK3 is
activated by SB202190 or SB203580. However, we did not observe phosphorylation of MKK7

in

akinase assay using HA-MLK3 from unstimulated cells with SB202190 or SB203580. These

studies suggest that SB202190 or SB203580 activates MLK3 in intact cells, but not using
purified MLK3. Because Cdc42/Rac activates MLK3 SB202190 or SB203580 may directly
activate Cdc2/Rac that in turn activates MLK3. These studies demonstrate a novel property of
p38 MAPK inhibitors SB202190 or SB203580 in the induction of JNK activation that was not
recognized before.
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ASK, apoptosis signal regulating kinase
ATF, activating transcription factor

EMSA, electrophoretic mobility shift assay
ERKs, extracellular signal-regulating kinases
HMVEC, human Microvascular microvascular endothelial cells
IL, interleukin

JNK, c-Jun N-terminal kinase

MAPKSs, Mitogen- activated protein kinases
MEKK, MAPK kinase kinase

MLK, mixed lineage kinase

RIPA, radio immunoprecipitation assay
SAPK, stress-activated protein kinase

SB90, SB202190

SB80, SB203580
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Figure 1. Phosphorylation of INK by specific p38 MAPK inhibitors SB202190 and SB203580: Dose-
Response

A549 cells were treated with indicated concentration of SB202190 or SB203580 for indicated
time periods, and total cell lysate was prepared as mentioned in the Methods section. Western
analysis of phospho-JNK and unphosphorylated JNK was performed as described using
specific antibodies for phospho-JNK and JNK. (A) Dose—response of JINK phosphorylation in
response to SB202190 in A549 cells. Cells were treated with 1, 3, or 6 uM of SB202190 in
triplicate for 2 hours. Following incubation, cell lysates were probed for pJNK or JNK. (B)
Densitometry ratios of pJNK to JNK from Figure 1A. (C) Dose-response of INK
phosphorylation due to treatment of cells with SB203580. A549 cells were treated with 0.5 to
7 UM of SB203580 for 2 hours, and cell lysates were probed for pJNK or JNK.
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Figure 2. Time course of INK phosphorylation due to treatment of A549 cells with p38 MAPK
inhibitors SB202190 or SB203580

A549 cells were treated with DMSO control or with SB202190 or SB203580 for indicated
time periods, and total cell lysate was prepared as mentioned in the Methods section. Western
analysis of phospho-JNK and unphosphorylated JINK was performed as described using
antibodies specific for phospho-JNK and INK. (A) A549 cells were treated with DMSO control
or 5 uM of SB202190 and incubated for 10, 15, 20, or 25 minutes. Phospho-JNK was detected
as mentioned in the Methods section. Lower Panel: p38 MAPK was detected using anti-p38
MAPK antibodies by Western analysis. (B) A549 cells were treated with DMSO control or
with 10 uM of SB202190 for 0.5, 1, 2, 3, 4, or 6 hours, and pJNK and unphosphorylated JNK
were detected as described. (C) A549 cells were treated with DMSO control or 5uM of
SB203580 and incubated for 10, 15, 20, or 25 minutes, followed by detection of pJNK (Top
panel), INK (middle panel), and p38 MAPK (lower panel), as mentioned in the Methods
section. (D) A549 cells were treated with DMSO control or SB203580 (5uM) for 1, 2, 3, 4, or
6 hours, followed by detection of pJNK (Top panel), INK (middle panel), and p38 MAPK
(lower panel), as described.
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Figure 3.

(A) SB202190 induces phosphorylation of INK in human microvascular endothelial cells
(HMVEC) HMVEC cells were treated with DMSO control or with 10 uM of SB202190 for

0.5,1,1.5,2,3,4,0r6 hours, followed by detection of pJNK or INK as described in the Methods
section. (B) SB202190 induces phosphorylation of INK in MCF-7 cells. MCF-7 cells were
treated with SB202190 (5uM) for 0.5, 1, 2, 4, or 6 hours, and pJNK or JNK was detected as

mentioned in the Methods section (lanes 1-6). In lane 7, MCF-7 cells were pretreated with 5
UM of SP600125 for 2 hours, followed by treatment with 5 uM of SB202190, and incubated
for another 2 hours, followed by PINK and JNK detection. In lane 8, cells were treated with

anisomycin (1 pg/ml) for 2 hours as a positive control.
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Figure 4.

A. ATF-2 is phosphorylated by the p38 MAPK-specific inhibitor SB202190 A549 cells
were treated with indicated concentrations of SB202190 or SP600125 for 16 hours.
Anisomycin (1 pg/mL) was used as a positive control for ATF-2 phosphorylation. Cells were
harvested after 16 hours of treatment; nuclear extract was prepared as mentioned in the Methods
section. Nuclear extract (10 pg) was analyzed by Western analysis for phospho Thr71 using
specific antibodies. Lower panel: Nuclear extracts were analyzed for unphosphorylated ATF-2
by Western analysis. Lane 1, untreated DMSO control cells; lanes 2-6, increasing
concentrations of SB202190; lane 7, cells treated with only SP600125 (20 uM); lane 8, cells
treated with 20 uM SP600125 and 1 uM SB202190; lane 9, cells treated with anisomycin (1
UM). (B) Phosphorylation of cJun by SB202190 or SB203580. A549 cells were treated with
either 2 or 5 uM each of SB202190 or SB203580 for 1 hour. Cell lysates were prepared and
JNK kinase assay was performed as described in the Methods section; lower panel,
unphosphorylated cJun.
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Figure 5. Specific p38 MAPK inhibitor SB202190 induces AP-1 DNA binding

Cell Signal. Author manuscript; available in PMC 2009 April 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Muniyappa and Das

Page 16

Cells were treated with indicated concentrations of SB202190 for 16 hours, followed by nuclear
extract preparation as mentioned in the Methods section. The AP-1 DNA binding assay was
performed on nuclear extracts using an AP-1 consensus probe as described. (A) A549 cells:
lane 1, DMSO controls; lanes 2-6, increasing concentrations of AB202190; lane 7, cells treated
with only SP600125 (20 pM); lane 8, cells treated with SP600125 and 1 uM SB202190; lane
9, free probe only. (B) MCF-7 cells: lane 1, DMSO control; lanes 2—-6, increasing doses of
SB202190.
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Figure 6.

(A) p38 MAPK down-regulation by RNA interference does not decrease INK
phosphorylation induced by SB202190 or SB203580 A549 cells were transfected with either
non-targeting (NT) siRNA or p38MAPK siRNA, as described in the Methods section. After
48 hours, these cells were treated with either SB202190 or SB203580 (5 uM) for 2 hours. pJNK
(upper panel) and p38 MAPK (lower panel) were detected as described. (B) Over-expression
of MKK4 or MKKY increased JNK phosphorylation in response to SB202190 or
SB203580. A549 cells were transfected with pcDNA3 vector or with pcDNA3-MKK4 or
pcDNA3-MKK?7 over-expression vectors, as described. After 48 hours, these cells were treated
with either SB202190 or SB203580 (2 uM each) for 2 hours. pJNK (upper panel) and INK
(lower panel) were detected, as described. (C) Expression of kinase-dead (Kd) MKK4 or
MKKZ7 in a dominant-negative manner decreases JNK phosphorylation in response to
SB202190 or SB203580. A549 cells were transfected with pcDNA3 vector or with pcDNA3-
MKK4(Kd) or pcDNA3-MKK7(Kd) over-expression vectors, as described. After 48 hours,
these cells were treated with either SB202190 or SB203580 (2 pM each) for 2 hours. pJNK
(upper panel) and JNK (lower panel) were detected, as described.
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Figure 7. MLK-3-, but not MEKK1-mediated phosphorylation of JINK by SB202190 or SB203580
(A) A549 cells were transfected with either wildtype MEKKZ1 or kinase-inactive MEKK1
(dnMEKK?1) expression vectors using the transfection protocol as described in the Methods
section. After 48 hours, these cells were treated with either SB202190 or SB203580 (2 uM
each) for 2 hours. Cell lysates were prepared and phosphoJNK was detected, as described.
(B) MLK-3 is required for the phosphorylation of JINK due to treatment of cells with SB202190
or SB203580. A549 cells were either transfected with NT siRNA or with MLK-3 siRNA as
described in the Methods section. After 48 hours, these cells were treated with either SB202190
or with SB203580 (1uM) for 2 hours. Cell lysates were prepared and phospho-JNK (top panel),
unphosphorylated JNK (second panel from top), MLK-3 (third panel from top), and p-actin
(fourth panel from top) were detected using respective antibodies, as described in the Methods
section.
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Figure 8. MLK-3 downregulation by RNA interference decreases the phosphorylation of cJun,
ATF-2 and AP-1 DNA binding activated by SB202190 or SB203580

(A) A549 cells were either transfected with NT siRNA or with MLK-3 siRNA as described in
the Methods section. After 48 hours, these cells were treated with either SB202190 or with
SB203580 (1uM) for 2 hours. Cell lysates were prepared and western analysis of phospho-
cJun (upper panel) or unphosphorylated cJun (lower panel) was performed as described in the
methods section. (B) A549 cells were either transfected with NT siRNA or with MLK-3 siRNA
as described in the Methods section. After 48 hours, these cells were treated with either
SB202190 or with SB203580 (1uM) for 16 to 18 hours. Nuclear extract was prepared as
described in the methods. AP-1 EMSA was performed as described in the methods (upper
panel). Nuclear extracts was also probed for the presence of phospho-ATF2 (middle panel) or
non-phosphoATF2 (lower panel) by western analysis.
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Figure 9. MLK3 is phosphorylated on ser277/281 in response to SB202190 or SB203580 treatment
(A) Effect of SB202190 on MLK3 phosphorylation. HEK 293T cells were transfected with
phCMV2-HA-MLKS3 as described in the methods. After 48 hours cells were treated with
SB202190 for 4 hours. Cellular lysates were probed with anti-phospho-MLK3 antibody as
described in the methods. Lane 1, DMSO treated control; lane 2, 5 uM SB202190; Lane3, 10
UM SB202190; Bottom Panel, Flag-MLK3; Lower Panel, B-actin. (B) Effect of SB203580 on
MLK3 phosphorylation. HEK 293T cells were transfected with pPCMV2-HA-MLK3 as
described in the methods. After 48 hours cells were treated with SB203580 for 4 hours. Cellular
lysates were probed with anti-phospho-MLKS3 antibody as described in the methods. Lane 1,
DMSO treated control; lane 2, 5 uM SB203580; Lane3, 10 uM SB203580; Bottom Panel,
Flag-MLK3; Lower Panel, B-actin.
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Figure 10. Activation of MLK3 in response to SB202190 or SB203580

(A) Effect of SB202190 on MLK3 activity in intact cells. HEK 293T cells were transfected
with pPCMV2- HA-MLK3. After 48 hours cells were treated with SB202190 for 4 hours.
Following incubation, MLK3 was immunoprecipitated using Anti-HA antibody as described
in the methods. 10 or 20 microliters of immunoprecipitate was used in the kinase assay using
Flag-MKK?7 as a substrate as described in the methods. Lane 1, 15 pl of HA-MKKS3 from
control DMSO treated cells and 10 pl of Flag MKK?7; lane 2, 10 pl of HA-MLKS3 from 5uM
SB202190 treated cell and 10 pl of MKK7; lane 3, 10 pl of HA-MLK3 from 10 uM SB202190
treated cells and 10 pl of Flag-MKKZ7; lane 4, 20 ul of HA-MLK3 from 5uM SB202190 treated
cell and 10 pl of MKKY7; lane 5, 20 pl of HA-MLK3 from 10 uM SB202190 treated cells and
10 ul of Flag-MKK7; Lower Panel, unphosphorylated MKK7. (B) Effect of SB203580 on
MLKS3 activity in intact cells. HEK 293T cells were transfected with phCMV2-HA-MLK3.
After 48 hours cells were treated with SB203580 for 4 hours. Following incubation, MLK3
was immunoprecipitated using Anti-HA antibody as described in the methods. 10 or 20
microliters (ul) of immunoprecipitate was used in the kinase assay using Flag-MKK7 as a
substrate as described in the methods. Lane 1, 15 pl of HA-MKKS3 from control DMSO treated
cells and 10 ul of Flag MKK7; lane 2, 10 ul of HA-MLKS3 from 5uM SB203580 treated cell
and 10 pl of MKK7; lane 3, 10 pl of HA-MLK3 from 10 uM SB203580 treated cells and 10
ul of Flag-MKKZ7; lane 4, 20 pl of HA-MLK3 from 5uM SB203580 treated cell and 10 pl of
MKKZ7; Lower Panel, un-phosphorylated MKK?7.
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