HOKKAIDO UNIVERSITY

Apoptosis signal-regulating kinase 1-mediated sustained p38 mitogen-activated protein kinase

Title activation regulates mycoplasmal Llipoprotein- and staphylococcal peptidoglycan-triggered Toll-
Like receptor 2 signalling pathways
Author (s) Into, Takeshi; Shibata, Ken-ichiro
Citation Cellular Microbiology, 7(9), 1305-1317
https://doi.org/10.1111/j.1462-5822.2005. 00558. x
Issue Date 2005-09
Doc URL https://hdl. handle. net/2115/30270
Rights The definitive version is available at www.blackwell-synergy. com
Type journal article

File Information

CM7-9. pdf

kaido
wo¥ U"/Ls

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




CMI-05-0056
Apoptosis signal-regulating kinase 1 -mediated sustained p38 mitogen-activate protein kinase
activation regulates mycoplasmal lipoprotein- and staphylococcal peptidoglycan-triggered

Toll-like receptor 2 signaling pathways

Takeshi Into," and Ken-ichiro Shibata*

Laboratory of Oral Molecular Microbiology, Department of Oral Pathobiological Science,
Hokkaido University Graduate School of Dental Medicine, Nishi 7, Kita 13, Kita-ku, Sapporo

060-8586, Japan

*For correspondence: Ken-ichiro Shibata, Department of Oral Pathobiological Science,
Hokkaido University Graduate School of Dental Medicine, Nishi 7, Kita 13, Kita-ku, Sapporo
060-8586, Japan.

E-mail: shibaken@den.hokudai.ac.jp; Tel. +81(11)706-4240. Fax +81(11)706-4901.

"Present address: Laboratory of Oral Disease Research, National Institute for Longevity

Sciences (NILS), Aichi, Japan

Running title: Roles of ASK1 in TLR2 signaling

Key words: TLR2; ASK1; p38 MAPK; AP-1; NF-kB; caspase


mailto:shibaken@den.hokudai.ac.jp

Summary

Toll-like receptor (TLR) 2 functions as a sensor for detecting various microbial components
conserved in bacteria or fungi in innate immunity. TLR2 induces several signaling pathways
linking to activation of the transcriptional factors NF-kB and AP-1 as well as induction of cell
death. In human embryonic kidney 293 cells expressed human TLR2, mycoplasmal lipoproteins
(MLP) or staphylococcal peptidoglycans (PGN) induced sustained phosphorylation of p38
MAPK, accompanied by generation of reactive oxygen species. This observation encouraged us
to examine roles of apoptosis signal-regulating kinase 1 (ASK1) in TLR2 signaling, because
ASK1 is an upstream activator of p38 MAPK during exposure to oxidative stress and other
stressful stimuli. A kinase-inactive mutant of ASK1 greatly impaired the sustained
phosphorylation of p38 MAPK induced by MLP or PGN. This mutant also attenuated MLP- or
PGN-induced transcriptional activities of NF-kB and AP-1 via inhibition of p38 MAPK
activation. MLP- or PGN-induced cell death reactions, including DNA fragmentation and
caspase-3/7 activation, were also downregulated by the ASK1 mutant via p38 MAPK inhibition.
Furthermore, TLR2 signaling had a potential to phosphorylate and dephosphorylate ASK1 at
Ser83 residue. Thus, MLP and PGN have capabilities to induce ASK1-dependent signaling
pathways which regulate p38 MAPK activation through TLR2, leading to activation of NF-xB

and AP-1 as well as induction of cell death.



Introduction

Toll-like receptors (TLRS) represent a family of type | transmembrane proteins characterized by
multiple copies of leucine-rich repeats in the extracellular domain and a cytoplasmic Toll/IL-1R
homology (TIR) domain (Medzhitov et al., 1997). At least eleven TLRs have so far been
identified in mammalian species, and they are capable of sensing broad classes of pathogens,
including viruses, bacteria, fungi and protozoan parasites, by recognizing of specific and
distinct pathogen-associated molecular patterns (PAMPSs) as cognate ligands (Akira and Takeda,
2004; Janeway and Medzhitov, 1999; Takeda et al., 2003; Zhang et al., 2004a). Among all
members of the TLR protein family, TLR2 detects the broadest spectrum of agonistic PAMPs
from viruses to protozoans, such as several bacterial lipoproteins/lipopeptides, peptidoglycans
(PGN), lipoarabinomannans, porins, glycoproteins and fimbriae, fungal zymosan, viral core
proteins and hemagglutinins (HA) and protozoan glycosylphosphatidylinositol anchors
(Kirschning and Schmann, 2002; Takeda et al., 2003).

It has been shown that TLR2 first initiates signaling by recruiting the TIR
domain-containing adaptors TIRAP (also known as Mal) and MyD88 after recognition of
cognate PAMPs (Akira and Takeda, 2004; Horng et al., 2002; Mansell et al., 2004; O’Neill et
al., 2003; Yamamoto et al., 2002). The receptor complex is then joined by the members of
IL-1R-associated kinases (IRAKs) IRAK1 and IRAKA4 via their death domains (DDs) (Akira
and Takeda, 2004; Janssens and Beyaert, 2003; Suzuki et al., 2002). After phosphorylation,
IRAK1 and IRAK4 dissociate from TLR-associated receptor complex and then interact with
TNFR-associated factor (TRAF) 6 (Akira and Takeda, 2004). TRAF6 possesses a unique

molecule-binding specificity, especially for TAK1 and TAB1/2, that results in triggering



activation of the cascades of transcriptional factors NF-xB and AP-1 families (Akira and
Takeda, 2004; Bradley and Pober, 2001; Ninomiya-tsuji et al., 1999; Shuto et al., 2001;
Takaesu et al., 2000). It is now thought that TRAF6 is a key mediator in the MyD88-dependent
TLR/IL-1R signaling pathway leading to activation of a wide variety of innate immune
responses (Gohda et al., 2004). MyD88 is also known to recruit a well-known death receptor’s
adaptor, Fas-associated death domain (FADD), downstream of TLR2 via DD-DD interaction
(Aliprantis et al., 2000). After interaction with MyD88, FADD is thought to activate a death
initiator cysteine protease, caspase-8, to initiate subsequent proapoptotic reactions. Indeed, we
have recently shown that mycoplasmal lipoproteins (MLP) induce apoptotic cell death via
MyD88, FADD and caspase-8 downstream of TLR2 (Into et al., 2002b and 2004). Thus,
MyD88 can also initiate the so-called death signaling pathway. However, the implication of
MyD88 dependence of these partially ambivalent signaling pathways is still controversial.
Additionally, several MyD88-independent pathways, including Rac-1, RhoA, protein kinase C,
PI3K and Akt/protein kinase B, have also been shown to participate in TLR2-mediated
signaling (Arbibe et al., 2000; Strassheim et al., 2004; Teusch et al., 2004).

One of the critical functions of TRAF6 protein is to mediate the activation of AP-1, the
activity of which is stimulated by mitogen-activated protein kinases (MAPKS) through either
direct phosphorylation or transcription of the AP-1 components c-fos and c-jun (Bradley and
Pober, 2001; Dong et al., 2002; Tanoue and Nishida, 2003). MAPKSs, which include Ser/Thr
kinases such as p38 MAPKs, JNKs and ERKSs, are located at the downstream end of a
three-tiered system that also contains MAPK kinases (MAPKKSs) and MAPK kinase kinases
(MAPKKKSs). Among MAPK members, p38 MAPKs and JNKs are known as stress-activated

protein kinases that are activated by a wide variety of stressors. JNKs are activated by at least



two MAPKKs, SEK1/MKK4 and MKK7, whereas p38 MAPKSs are activated by MKK3 and
MKK®6 (Dong et al., 2002; Tanoue and Nishida, 2003). The activation of these two MAPK
cascades is involved in the promotion of both cell survival and apoptotic cell death (Dong et al.,
2002; Takeda et al., 2002; Tanoue and Nishida, 2003). Although we recently raised the
possibility that TLR2-mediated p38 MAPK activation participated in MLP-induced apoptotic
cell death (Into et al., 2004), the regulatory mechanisms and detail functions of MAPKSs in
TLR2-mediated cell death reactions have not been clarified yet.

In this study, we found that one of the MAPKKK members, apoptosis signal-regulating
kinase 1 (ASK1; also known as MEKKSD5), the activation of which is associated with the
generation of intracellular reactive oxygen species (ROS), is a key mediator in regulation of the
MLP- or PGN-induced p38 MAPK activation downstream of TLR2. We further show that
ASK1 is required for the regulation of MLP- or PGN-induced cell death reactions as well as for

the activation of transcriptional activity of AP-1 and NF-kB downstream of TLR2.



Results

MLP- or PGN-induced phosphorylation of stress-activated MAPKs

MLP and PGN are known as crude immunostimulatory compounds and function as potent
agonistic ligands for TLR2. To analyze TLR2-specific signaling events induced by these
components, we utilized human embryonic kidney (HEK) 293 cell-derived transfectants,
because this cell line lacks endogenous TLR2 expression and is nonresponsive to at least MLP
and PGN until TLR2 gene transfection (Fujita et al., 2003; Into et al., 2004). MLP or PGN
activated the transcriptional activities of both AP-1 and NF-xB in HEK293 cells stably
transfected with a construct of C-terminal V5 epitope-tagged TLR2 cloned into the pEF6 vector
(293/TLR2-V5 cells) in a dose-dependent manner (Fig. 1A and B). Expectedly, HEK293 cells
stably transfected with an empty pEF6 vector (293/pEF6 cells) did not respond to both MLP and
PGN at the all concentrations used (Fig. 1A and B). 293/TLR2-V5 cells also responded to
zymosans as another TLR2 ligand, but the activity was extremely weak when compared with
those of MLP and PGN.

Using 293/TLR2-V5 cells, we then examined the phosphorylation state of the
stress-activated MAPKs p38 MAPK and JNK by Western blot analyses. MLP induced the
phosphorylation of both p38 MAPK and JNK at all concentrations used (Fig. 1C). The
phosphorylation of p38 MAPK was detected 15 min after stimulation, reached a maximum at 30
min, and was then gradually reduced (Fig. 1C). The phosphorylation of JINK was detected 60,
30 and 15 min after stimulation with 0.1, 1 and 10 ug ml™ of MLP, respectively, reached a
maximum at 30 to 60 min, and was then gradually reduced (Fig. 1C). MLP induced robust

phosphorylation of these MAPKSs at concentrations of 1 and 10 ug ml™, and the phosphorylation



state was sustained for at least 180 min after stimulation (Fig. 1C). Similar results for
PGN-induced phosphorylation of p38 MAPK and JNK were also obtained in the cells (data not
shown). Furthermore, we confirmed that 10 pg ml™ of MLP or PGN induced sustained
phosphorylation of p38 MAPK and JNK in promonocytic THP-1 cells used as a non-transfected
cell line, which constitutively express a functional TLR2 (Into et al., 2002a) (data not shown).
Thus, MLP and PGN activate TLR2-mediated stress-activated MAPKSs, and the higher

concentration of these compounds could induce sustained phosphorylation of these MAPKS.

Induction of TLR2-mediated oxidative stress by MLP or PGN

It has been reported that various kinds of cellular stressors can induce generation of intracellular
ROS. The ROS-associated redox systems are known to affect activation of MAPKSs, especially
p38 MAPK and JNK (Martindale and Holbrook, 2002; Takeda et al., 2002; Torres and Forman,
2003). Furthermore, it has been reported that stimulation of THP-1 cells with TLR2 ligands
induces ROS generation (Aliprantis et al., 1999). Therefore, flow cytometric analysis was
carried out to determine whether challenge with MLP or PGN induced ROS generation in
293/TLR2-V5 cells. The stimulation of the cells induced a significant increase in
CM-H,DCFDA fluorescence after 1-h stimulation with MLP or PGN in a dose-dependent
manner (Fig. 2), indicating that both MLP and PGN have a capability to induce the generation
of intracellular ROS. MLP and PGN did not induce ROS generation in 293/pEF6 cells (data not

shown). Thus, challenge with TLR2 ligands induces oxidative stress in TLR2-expressing cells.

Regulation of MLP- or PGN-induced sustained p38 MAPK phosphorylation by ASK1



ASK1 was first discovered by Ichijo et al. (Ichijo et al., 1997) as a MAPKKK member that
mediated activation of p38 MAPK and JNK and apoptosis in response to oxidative stress and
TNF via its catalytic functions. By using ASK1™ cells, their additional studies have
demonstrated that ASK1 was required for sustained activation of p38 MAPK and JNK induced
by oxidative stress and TNFR1 (Takeda et al., 2002; Tobiume et al., 2001). Thus, ASK1 has
been thought to be an important molecule regulating stress-activated protein kinase pathways
and proapoptotic pathways downstream of TNFR1. Importantly, it has been suggested that the
TLR2 signaling pathways are analogous to those triggered by TNFR1 (Aliprantis et al., 2000;
Into et al., 2004). As described above, this study demonstrated that TLR2 stimulation induced
sustained activation of p38 MAPK and JNK and oxidative stress. Therefore, we examined
whether ASK1 was involved in MLP- or PGN-induced TLR2 signaling pathways.

The expression of endogenous ASK1 was observed in both parental HEK293 cells and
293/TLR2-V5 cells (Fig. 3A). We constructed a kinase-inactive mutant of ASK1 cloned in the
pcDNA3 vector (Lys709Met; ASK1-KM) and stably transfected the construct into
293/TLR2-V5 cells (293/TLR2-V5/ASK1-KM cells; Fig. 3A). 293/TLR2-V5 cells stably
transfected with a pcDNA3 empty vector (293/TLR2-V5/pcDNA3 cells) were also established
as control cells. Stimulation of 293/TLR2-V5/ASK1-KM cells with MLP (0.1, 1 and 10 pg ml™)
resulted in significantly impaired phosphorylation states of both p38 MAPK and JNK when
compared with those in 293/TLR2-V5/pcDNA3 cells (Fig. 3B and C; P <0.01). Notably,
MLP-induced sustained phosphorylation of p38 MAPK was diminished, but the transient
phosphorylation still occurred in 293/TLR2-V5/ASK1-KM cells (Fig. 3B). In contrast to this,

MLP-induced sustained JNK phosphorylation was still observed in the cells (Fig. 3C). To



confirm whether the effects of ASK1-KM on phosphorylation of these MAPKs were specific,
we then performed experiments using THP-1 cells stably transfected with ASK1-KM
(THP-1/ASK1-KM cells) and pcDNA3 empty vector (THP-1/pcDNA3 cells). Stimulation of
THP-1/ASK1-KM cells with 10 ug mI™ of MLP resulted in impaired sustained p38 MAPK
phosphorylation, which was occurred 1 h after stimulation, when compared with those in
THP-1/pcDNAS3 cells (Fig. 3D). Distinct differences between pcDNA3 and ASK1-KM were not
observed in MLP-induced JNK phosphorylation.

These observations suggest that ASK1 is at least an important molecule to mediate the

sustained p38 MAPK phosphorylation downstream of TLR2 via its catalytic functions.

Regulation of MLP- or PGN-induced activation of AP-1 and NF-xB by ASK1

We next investigated whether ASK1 regulated MLP- or PGN-induced activation of AP-1 and
NF-xB. The activity of AP-1 was significantly decreased in MLP- or PGN-stimulated
293/TLR2-V5/ASK1-KM cells compared with that in 293/TLR2-V5/pcDNAS3 cells (Fig. 4A,
left panel). It was likely that this decrease was partially due to the decrease in the
ASK1-mediated p38 MAPK activation, because the specific inhibitor for p38 MAPK SB203580
slightly decreased AP-1 activity induced by 10 ug ml™* of MLP (Fig. 4A, right panel).
MLP-induced JNK activation also participated in the AP-1 activation, because the specific
inhibitor for INK SP600125 partially decreased the activity (Fig. 4A, right panel). Furthermore,
we found that the activity of NF-xB was also significantly decreased in MLP- or
PGN-stimulated 293/TLR2-V5/ASK1-KM cells compared with that in 293/TLR2-V5/pcDNA3

cells (Fig. 4B, left panel). This decrease was mainly due to the decrease in ASK1-mediated p38



MAPK activation, but JNK activation, because SB203580, rather than SP600125, showed
greater inhibition of NF-xB activity induced by 10 pg ml™ of MLP (Fig. 4B, right panel).
Thus, ASK1 was found to regulate TLR2-mediated activation of p38 MAPK via its catalytic

function leading to activation of two major transcriptional factors, AP-1 and NF-xB.

Regulation of MLP- or PGN-induced cell death by ASK1

TLR2-mediated signaling pathways are linked to the death signal pathway (Aliprantis et al.,
2000; Into et al., 2004). We have recently reported that MLP induced several caspase-dependent
cell death reactions such as apoptotic morphological changes, externalization of
phosphatidylserine, DNA fragmentation and cleavage of poly(ADP-ribose)polymerase through
TLR2-, MyD88-, FADD- and p38 MAPK-dependent machineries (Into et al., 2004). In addition,
PGN (and MLP, but not zymosan) also induced TLR2-, caspase-8- and caspase-3-dependent cell
death in THP-1 cells (Fig. 5A) and other cells (Abrahams et al., 2004). Therefore, experiments
were carried out to determine whether ASK1 is involved in MLP- or PGN-induced cell death
reactions, especially activation of caspases. Stimulation of 293/TLR2-V5/pcDNA3 cells with
MLP or PGN induced DNA fragmentation in a dose-dependent manner (Fig. 5B). Activations of
caspase-8, caspase-9 and caspase-3/7 were also clearly observed in the stimulated cells (Fig.
5D-F, left panels). On the other hand, stimulation of 293/TLR2-V5/ASK1-KM cells with MLP
or PGN resulted in impaired cell death reactions, mainly in DNA fragmentation and caspase-3/7
activation, and partially in caspase-8 and -9 activations (Fig. 5C-F, left panels). Thus, the
catalytic activity of ASK1 is also important for the regulation of TLR2-mediated apoptotic

reactions. Notably, pretreatment of 293/TLR2-V5/pcDNAS3 cells with SB203580 mainly

10



attenuated MLP-induced DNA fragmentation and caspase-3/7 activation, whereas pretreatment
of the cells with SP600125 mainly attenuated the activations of caspase-8 and caspase-9 (Fig.
5C-F, right panels).

Thus, ASK1 is likely to play important roles in MLP- or PGN-induced cell death reactions

mainly by regulation of p38 MAPK-mediated caspase-3 activation downstream of TLR2.

Regulation of phosphorylation of ASK1 by MLP-induced TLR2 signaling

This study demonstrated that the catalytic activity of ASK1 played an important role in the
regulation of MLP- or PGN-induced stress and death signaling downstream of TLR2. Recent
findings have suggested that the potential of catalytic activity of ASK1 is neutralized by the
phosphorylation of several serine residues, including Ser83 and Ser967 (Fujii et al., 2004,
Goldman et al., 2004; Kim et al., 2001). Therefore, we examined whether stimulation of TLR2
with MLP affected the phosphorylation state of these serine residues. MLP clearly induced
phosphorylation of Ser83 residue in endogenous ASK1 at the concentration of 0.1 pg ml™* in
293/TLR2-V5 cells (Fig. 6). However, the phosphorylated residue was dephosphorylated by
stimulation with 1 ug mI™ of MLP in a time-dependent fashion (Fig. 6). Additionally,
stimulation with 10 ug ml™ of MLP clearly induced phosphorylation of the residue at the earlier
time points (5—-15 min; data not shown), and then induced complete dephosphorylation of the
residue at least 1 h after stimulation (Fig. 6). In contrast to these, MLP did not affect the
phosphorylation state of Ser967 residue at all concentrations tested (Fig. 6).

Thus, it is likely that TLR2-mediated signaling has a potential to regulate the catalytic

function of ASK1 via phosphorylation and dephosphorylation at the Ser83 residue in ASK1.
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Discussion

In this study, we demonstrated that stimulation of TLR2 with microbial components, MLP or
PGN, initiated activation of stress-activated MAPKSs, which was accompanied by intracellular
ROS generation (Figs 1 and 2). Several studies have already shown that stimulation of TLR2
with synthetic bacterial lipopeptides induced ROS generation, or oxidative burst, that is thought
to be mediated by the NAD(P)H oxidase system (Aliprantis et al., 1999 and 2001). In relation to
this, a recent study has indeed demonstrated that the NAD(P)H oxidase member Nox4, which
was highly expressed in HEK293 cells (Shiose et al., 2001), was involved in TLR4-induced
ROS generation (Park et al., 2004). Elevated ROS are thought to serve as a second messenger to
control a broad range of physiological and pathological processes, including cell proliferation,
inflammation and apoptosis (Martindale and Holbrook, 2002; Torres and Forman, 2003; Ueda et
al., 2002; Yodoi et al., 2001). It is now thought that ASK1 emerges as a major regulator of
ROS-initiated signaling in response to various kinds of cellular stressors, including several
ligand-receptor systems (Chen et al., 2003; Takeda et al., 2002; Yodoi et al., 2001). ASK1 is
present in cytosol as an inactive complex with thioredoxin (Trx), and then dissociate from Trx
leading to active form after Trx oxidization by ROS (Takeda et al., 2002; Yodoi et al., 2001).
ASK1 then forms a stable complex by interaction with TRAFs followed by activation of
specific MAPKKSs (Nishitoh et al., 1998; Takeda et al., 2002). Downstream of TLR2, ASK1
therefore appears to be activated by NAD(P)H oxidase system-induced ROS, and then mediates
activation of MAPKSs, especially sustained activation of p38 MAPK.

It is well researched that TLR2 recruits MyD88 as an adopter molecule to initiate

subsequent signaling. In this study, we demonstrated that ASK1 participated in MLP- or
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PGN-induced TLR2 signaling pathways. Although it remains unclear whether the
ROS/ASK1-mediated responses are dependent on MyD88-mediated machineries, it is
speculated that ASK per se is not absolutely indispensable for the initiation of TLR2 signaling,
judging from the results that ASK1-KM did not abrogate TLR2-mediated activations of AP-1
and NF-kB (Fig 4) and the machinery of ASK1 activation as described above. This speculation
is also supported by the previous findings that ASK1-mediated MAPK cascades are inessential
for the death receptor-induced proapoptotic signaling (Takeda et al., 2002, Tobiume et al.,
2001). However, Takeda et al previously described that ASK1 appears to function as a
multifunctional stress-sensing kinase to control cell survival and death in response to various
kinds and strengths of stresses (Takeda et al., 2002). Our present findings may support these
multiple functions of ASK1 in microbial stimulus-initiated TLR2 signaling.

We demonstrated that ASK1-mediated activation of p38 MAPK downstream of TLR2 could
regulate the transcriptional activity of both AP-1 and NF-xB (Fig. 4). It is well known that AP-1
activity is tightly regulated by three MAPK members, p38 MAPK, JNK and ERK (Bradley and
Pober, 2001; Dong et al., 2002; Tanoue and Nishida, 2003). We examined the effects of
SB203580 and SP600125 on TLR2-mediated AP-1 activity and expectedly found that AP-1
activation was blocked by both of these inhibitors (Fig. 4A). In addition, we also found that the
MLP-induced NF-kB activation could be partially blocked by SB203580 and, to a lesser extent,
SP600125 (Fig. 4B). These are supported by several reports which have demonstrated that the
activation of p38 MAPK and JNK can induce NF-«xB activation (Carter et al., 1999;
Schulze-Osthoff et al., 1997; Vanden Berghe et al., 1998). Therefore, it can be considered that
ASK1-mediated p38 MAPK-dependent signaling cascades directly affect TLR2-mediated

activation of both AP-1 and NF-kB, which promotes cell survival and activation.
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We further demonstrated that the ASK1-mediated MAPK activation could also affect the
induction of TLR2-mediated apoptotic reactions (Fig. 5). This observation is also supported by
the previous findings that ASK1 is involved in the regulation of the apoptotic pathways
downstream of TNFR1 and Fas (Hatai et al., 2000; Ichijo et al., 1997; Takeda et al., 2002).
ASK1 could evidently affect TLR2-induced DNA fragmentation and caspase-3/7 activation, but
weakly affected activation of caspase-8 and -9, mainly via p38 MAPK activation. Therefore,
ASK1 appears to function upstream of caspase-3/7 in TLR2-mediated death signaling that may
be originally triggered through MyD88 and FADD. These findings further suggest that ASK1
mainly modulates the execution of TLR2-mediated apoptotic reactions by regulating
caspase-3/7, which are known as executioner caspases, but not by regulating initiator caspases.
Indeed, ASK1 has been shown to affect pro- and anti-apoptotic molecules, such as Bcl-2, Bax
and CIIA, which function upstream of the executioner caspases (Cho et al., 2003; Takeda et al.,
2002; Yuan et al., 2003).

The functions of ASK1 are regulated by multiple mechanisms. The prominent mechanisms
by which the catalytic activity of ASK1 is regulated are thought to be protein-protein
interactions. The major up-regulatory factors of ASK1, including TRAFs, Daxx, AIP1/DAB2IP,
JSAP1/JIP3 and hD53L1, have already been reported (Chang et al., 1998; Cho et al., 2002;
Matsuura et al., 2002; Nishitoh et al., 1998; Takeda et al., 2002; Zhang et al., 2004b; Zhang et
al., 2003). In contrast to this, Trx, 14-3-3 proteins, glutaredoxin, GSTM1-1, Hsp72 and Raf-1
were shown to be down-regulators (Chen et al., 2001; Goldman et al., 2004; Park et al., 2002;
Takeda et al., 2002). The activation, oligomerization and protein-protein interactions of ASK1
are thought to be largely dependent on the phosphorylation at several Ser/Thr residues in ASK1.

Indeed, phosphorylation at Thr838 residue in ASK1 is known to initiate the activation of ASK1
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(Takeda et al., 2002). On the other hand, the binding of 14-3-3 proteins to ASK1 is dependent
on phosphorylation at Ser967 residue in ASK1, leading to inhibition of ASK1 activity
(Goldman et al., 2004; Zhang et al., 2003). Furthermore, Akt/protein kinase B phosphorylates
Ser83 residue in ASK1 to neutralize the catalytic functions of ASK1 (Kim et al., 2001; Yuan et
al., 2003). Recently, the phosphorylation at Ser1034 residue in ASK1 was also reported to
participate in the inhibition of ASK1 (Fujii et al., 2004). In this study, we demonstrated that
stimulation of TLR2 with a low dose of MLP induced phosphorylation at Ser83 residue in
ASK1, whereas stimulation with a high dose of MLP induced dephosphorylation of the residue
(Fig. 6). This observation indicates that TLR2 signaling regulates ASK1 activity, which may be
due to the activity of Akt and an unknown protein phosphatase, and allusively shows the reason
why ASK1 is only involved in sustained, but transient, activation of MAPKs (p38 MAPK in this
study). In addition, this our finding supports the evidence that ASK1 senses strengths of
TLR2-mediated stresses. Further study should be carried out to elucidate the extended
regulatory mechanisms of ASK1, including oligomerization and protein-protein interactions,
downstream of TLR2.

In Fig. 7, we showed schematic of ASK1 functions in TLR2 signaling pathways. Our
observations suggest that ASK1 works as an important intermediate in microbial
stimulus-induced TLR2 signaling through its regulatory effects on p38 MAPK, transcriptional
factors and apoptotic reactions (Fig. 7). Originally, TLR2 is expressed on the surface of various
types of cells to detect microbes (and/or their components) followed by initiation of
MyD88-dependent innate immune reactions and apoptosis, whereas ASK1 is expressed in the
cytosol of various types of cells to detect intracellular ROS following initiation of stress

reactions, including the activation of stress-activated MAPKSs and apoptosis. After ligation of
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cognate PAMPs such as MLP and PGN with TLR2, ASK1 may function to control the
MyD88-dependent divergent signaling pathways, which are largely dependent on the amount of
microbes (and/or microbial components) and generated ROS. Therefore, our future study will
focus on these regulatory mechanisms and the function of ASK1 in TLR2-mediated multiple

cellular responses, innate immune responses and microbial infectious diseases.
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Experimental procedures

Reagents, chemicals and antibodies (Abs)

PGN derived from Staphylococcus aureus was obtained from Fluka Production. Zymosan A was
purchased from Sigma. Selective inhibitors for p38 MAPK (SB203580) and JNK (SP600125)
were purchased from Calbiochem. All of mAbs to human MAPKSs (phospho-specific p38, p38a.,
phospho-specific INK and JNK1/2) were obtained from BD Pharmingen. Abs to VV5-epitope tag
and HA-epitope tag were purchased from Invitrogen and Santa Cruz Biotecnology, Inc.,
respectively. Abs to human ASK1 and phospho-ASK1 (Ser83 and Ser967) were obtained from
Cell Signaling Technology, Inc. An Ab to extracellular domain of human TLR2 was described
previously (Fujita et al., 2003).

All of the other chemicals were obtained from commercial sources and were of analytical or

reagent grade.

Preparation of MLP

Mycoplasma fermentans ATCC 19989 was grown in PPLO broth supplemented with 20% (v/v)
horse serum, 1% (w/v) yeast extract, 1% (w/v) D-glucose and penicillin G (1000 U mI'!). When
there was a fall in pH of 1 unit, the cells were collected by centrifugation at 15,000 g for 15 min,
washed three times with PBS, and suspended in PBS. The cells were treated with Triton X-114

to extract MLP according to the method described previously (Into et al., 2002c; Shibata et al.,
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2000). MLP were dissolved in PBS containing 5% (v/v) DMSO at the concentration of 3 mg

ml* and stored at -80°C.

DNA expression vectors

The cDNA construct of C-terminal VV5-epitope tagged human TLR2 cloned in the pEF6 vector
was described previously (Into et al., 2004). The construct containing HA-tagged human ASK1
cloned in the pcDNAS3 vector was kindly provided by Prof. Hidenori Ichijo (Tokyo University,
Japan), and kinase-inactive version of ASK1 (Lys709Met; ASK1-KM) (Ichijo et al., 1997;
Takeda et al., 2002) was generated by using a Quick Change site directed mutagenesis kit

(Stratagene) according to the manufacturer’s instructions.

Cell culture and transfection

HEK?293 cells were obtained from ATCC and grown at 37°C and in 5% CO, in DMEM (Sigma)
supplemented with 10% FBS (Sigma) and penicillin (100 U mI™) / streptomycin (100 ug mi™?)
(Sigma). A TLR2-V5 construct or a pEF6 empty vector was transfected into HEK293 cells
using Metafectene lipofection reagent (Biontex Laboratories) according to the manufacturer’s
instructions. Stable transfectants were selected in the presence of blasticidin (50 pg ml™;
Invitrogen), followed by immunoblot analysis to confirm the expression of TLR2-V5 using Abs
to either TLR2 or V5-epitope. An HA-tagged ASK1-KM construct or a pcDNA3 empty vector
was transfected into 293/TLR2-V5 cells using Metafectene lipofection reagent. Stable

transfectants were selected in the presence of both G418 (800 pg ml™*; Sigma) and blasticidin
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(50 pg ml™?), followed by immunoblot analysis to confirm the expression of ASK1-KM and
TLR2-V5 using Abs to ASK1, HA-epitope and V5-epitope. Cells of the human promonocytic
cell line THP-1 were obtained from Health Science Research Resources Bank and grown at
37°C and in 5% CO; in RPMI 1640 (Sigma) supplemented with 10% FBS and
penicillin/streptomycin. An HA-tagged ASK1-KM construct or a pcDNA3 empty vector was
transfected into THP-1 cells using Metafectene lipofection reagent. Stable transfectants were

selected in the presence of G418 at the concentration of 800 ug ml™.

Luciferase reporter gene assay

The luciferase reporter gene assay in HEK293-derived transfectants was carried out essentially
by the method described previously (Fujita et al., 2003; Into et al., 2004). Briefly, the cells were
plated at 5 x 10* cells/well in poly-L-lysine-coated 24-well plates before DNA transfection. The
cells were transiently transfected by Metafectene lipofection reagent with 50 ng of an NF-xB
reporter plasmid (pNF-xB-Luk; Stratagene) or an AP-1 reporter plasmid (pAP-1-Luc;
Stratagene) together with 5 ng of a construct directing expression of Renilla luciferase under the
control of a constitutively active thymidine kinase promoter (pRL-TK; Promega). After 24 h of
incubation, the cells were stimulated with MLP or PGN in media containing 1% FBS for 6 h.
Then the cells were lysed and luciferase activity was measured by using a Dual-Luciferase
reporter assay system (Promega) according to the manufacturer’s instructions. Results are

expressed as means + SD of three determinations.

Western blot analysis
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HEK293 or THP-1 cell-derived transfectants were stimulated with or without MLP. Then the
cells were collected and lysed in a buffer consisting of 20 mM Tris-hydrochloride (pH 7.2), 150
mM sodium chloride, 5 mM EDTA and 1% Nonident P-40 in the presence of protease inhibitors
(Roche) at 4°C for 15 min followed by clarification by centrifugation at 12,000 x g for 10 min.
These cell lysates were diluted by an equal volume of SDS sample buffer consisting of 0.5 M
Tris-hydrochloride (pH 7.2), 10% glycerol, 2% SDS, 5% 2-mercaptoethanol and 0.05%
bromphenol blue. Samples were boiled for 5 min and separated under reducing conditions on
10% SDS-PAGE gels and then transferred onto polyvinylidene fluoride membranes (Sigma).
Membranes were blocked at room temperature for 1 h with 10% nonfat skim milk in PBS and
then reacted with the Abs for 1 h. Immunoreactive bands were visualized by an ECL system
(Amersham Pharmacia Biotech) after being treated with an Ab to HRP-conjugated anti-mouse
or anti-rabbit 1gG. All experiments were performed at least three times, and representative

results are shown in the figures.

Detection of ROS

The generation of intracellular ROS was quantified fluorometrically using a cell-permeable
oxidation-sensitive fluorescent probe, CM-H,DCFDA (Molecular Probes). 293/TLR2-V5 cells
(2.5 x 10° cells) were plated in 6-well plates and pretreated at 37°C with DMEM containing 5
uM CM-H;DCFDA for 30 min. The cells were gently washed once with DMEM and then
stimulated with MLP or PGN in DMEM containing 2.5% FBS. After stimulation for 1 h, the

cells were harvested, washed twice with DMEM, resuspended in DMEM, and analyzed on a
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FACSCalibur flow cytometer (BD Biosciences). Dead cells and debris were excluded from the
analysis by electronic gating of forward and side scatters. Experiments were performed at least

three times, and representative results are shown in the figures.

Determination of the activities of p38 MAPK and JNK by ELISA

HEK293-derived transfectants (2 x 10* cells) were seeded in poly-L-lysine-coated 96-well
plates. The cells were stimulated with MLP and then assayed for determination of the activity of
p38 MAPK or JNK using FACE™ ELISA Kits (Active Motif) according to the manufacturer’s
instructions. In this study, we used a mAb to phospho-p38 MAPK (T180/Y182) or
phospho-JNK (T183/Y185) as a primary Ab to detect activated p38 MAPK or JNK.
Colorimetric reaction and crystal violet cell staining were measured by absorbance on a
spectrophotometer at 450 nm and 595 nm, respectively. The measured ODyso readings were
corrected for cell number by dividing the OD4so reading for a given well by the ODsgs5 reading
for that well. Results were calculated as fold increase when the control cells were taken as 1 and

are expressed as means + SD of three determinations.

Cytotoxicity assay

Cytocidal activity of MLP, PGN and zymosan in THP-1 cells was assessed essentially by the
method described previously (Into et al., 2004). The caspase inhibitors Ac-IETD-CHO and
Ac-DMQD-CHO were obtained from Calbiochem. Results are expressed as means + SD of

three determinations.
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Detection of cell apoptosis by ELISA

The generation of mono- and oligonucleosomes due to DNA fragmentation during the apoptotic
process was detected using a Cell Death Detection ELISA kit (Roche). HEK293 cell-derived
transfectants were seeded at 4 x 10* cells/well in poly-L-lysine-coated 24-well plates before
stimulation. After stimulation with MLP or PGN for 24 h, the cells were lysed using lysis
solution provided in the kit for 20 min on ice. The cell extracts were centrifuged for 10 min at
14,000 x g. The supernatants containing mono- and oligonucleosomes were equally diluted for
all samples and assayed according to the manufacturer’s instructions. Briefly, 96-well plates
were coated with an anti-histone Ab. After blocking the wells using a buffer provided in the kit,
samples were added and incubated for 90 min. Then an anti-DNA Ab conjugated with HRP was
introduced. Colorimetric changes were developed by adding the substrate of peroxidase (ABTS),
and optical density was measured at 405 nm with a spectrophotometer. The results are expressed
as enrichment factor (the ratio of the OD readings from treated cells and the OD values from

corresponding control cells). Results are expressed as means + SD of three determinations.

Caspase activity assay

Caspase activity was determined using the Caspase-Glo assay (Promega). Briefly,
HEK293-derived transfectants (1 x 10* cells) were seeded in poly-L-lysine-coated 96-well

plates and stimulated with 10 pg/ml of MLP or PGN for 24 h. Then either the caspase-3/7, -8 or
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-9 substrate was added to the culture and incubated at room temperature in the dark for 30
minutes. Following incubation, luminescence was measured. The amount of luminescence
detected as relative light units was proportional to each caspase activity. Results were calculated
as fold increase in the case when the control cells were taken as 1 and are expressed as means +

SD of three determinations.

Statistical analysis

All values were evaluated by statistical analyses. For the comparison of MLP- or PGN-treated
versus untreated cells or ASK1-KM-transfected versus mock-transfected cells, data were
analyzed using Student’s t-test. To test the effect of inhibitor treatment, ANOVA
multiple-group analysis was used. Differences were considered to be statistically significant at

the level of P < 0.01.
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Figure legends

Fig. 1. TLR2-mediated activation of stress-activated MAPKSs induced by MLP and PGN.

A and B. 293/pEF6 and 293/TLR2-V5 cells were transiently transfected with an AP-1 (A) or an
NF-«B (B)-driven luciferase reporter construct. Then the cells were stimulated for 6 h with
MLP, PGN or zymosan at the concentrations indicated. Cells were lysed and assayed for
luciferase activities. Results, expressed as the means + SD of values for triplicate wells, are
representative of three separate experiments.

C. 293/TLR2-V5 cells were stimulated with MLP at the indicated concentrations for the
indicated period. Then the cells were lysed and assayed for the phosphorylation states of p38
MAPK and JNK1/2 by Western blotting using phosphorylation-specific Abs (p-p38 and
p-JNK1/2). Immunoblot analyses for phosphorylation-independent MAPKSs (p38a and JNK1/2)
were also carried out as loading controls. The result shown is representative for three

independent experiments.

Fig. 2. TLR2-mediated generation of ROS induced by MLP and PGN. An oxidation-sensitive
fluorescence probe, CM-H,DCFDA, was loaded into 293/TLR2-V5 cells. Then the cells were
stimulated for 1 h with MLP (A) or PGN (B) at the indicated concentrations and assayed for
flow cytometry. The shaded histogram represents the cells cultured without stimulators.

Representative results of three separate experiments are shown.

Fig. 3. Involvement of ASK1 in TLR2-mediated stress-activated MAPK activation.

A. Parental 293, 293/TLR2-V5/pcDNAS3 and 293/TLR2-V5/ASK1-KM cells were prepared by
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the method described in “Materials and Methods”. Then the cells (1 x 10° cells/sample) were
analyzed for the expression of endogenous ASK1, HA-tagged ASK1-KM and TLR2-V5 using
an Ab to ASK1, HA-epitope and V5-epitope, respectively, by Western blotting (WB).

B and C. 293/TLR2-V5/pcDNA3 and 293/TLR2-V5/ASK1-KM cells were stimulated with MLP
at the indicated concentrations for the indicated period. MLP-induced phosphorylation of p38
MAPK (B) and JNK (C) was determined by an ELISA method. Results are expressed as the
means = SD of values for triplicate wells. See “Experimental procedures” for details. All values
were analyzed for statistical significance using Student’s t-test by comparison of ASK1-KM
versus pcDNAZ3 in the respective periods. Differences were considered at the level of P < 0.01.
D. THP-1/pcDNA3 and THP-1/ASK1-KM cells (1 x 10° cells/sample) were stimulated with 10
ng ml™ of MLP for the indicated period. Then the cells were lysed and assayed for the
phosphorylation states of p38 MAPK and JNK1/2 by Western blotting using
phosphorylation-specific Abs (p-p38 and p-JNK1/2). The result shown is representative for

three independent experiments.

Fig. 4. Involvement of ASK1 in activation of AP-1 and NF-kB induced MLP and PGN.
293/TLR2-V5/pcDNAS cells and 293/TLR2-V5/ASK1-KM cells were transiently transfected
with an AP-1 (A) or an NF-xB (B)-driven luciferase reporter construct. Then the cells were
stimulated for 6 h with MLP or PGN at the indicated concentrations. In the case of using MAPK
inhibitors, 293/TLR2-V5/pcDNAS cells were pretreated for 1 h with 25 uM of SB203580 or
SP600125 and then stimulated with or without 10 pg mi™ of MLP. The cells were lysed and
assayed for luciferase activities. Results, expressed as the means = SD of values for triplicate

wells, are representative of three separate experiments. *P < 0.01, pcDNA3 versus ASK1-KM
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(Student’s t-test). **P < 0.01, versus inhibitor untreated (one-way AVOVA).

Fig. 5. Involvement of ASK1 in TLR2-mediated cell death.

A. THP-1 cells (0.5 x 10° cells) were pretreated for 1 h with 5 ug ml™ isotype control 1gG, 5 ug
ml™? TL2.1 antibody, the caspase-8 inhibitor Ac-IETD-CHO (20 uM) or the caspase-3 inhibitor
Ac-DMQD-CHO (20 uM). Then the cells were incubated with 10 ug ml™* MLP, 10 pg mi™
PGN or 100 pg ml™* zymosan. After 12 h of stimulation, the culture supernatant was assayed for
lactate dehydrogenase (LDH) release. Results, expressed as the means = SD of values for
triplicate wells, are representative of three separate experiments. *P < 0.01, versus untreated
cells (one-way AVOVA).

B. 293/TLR2-V5 cells were stimulated for 24 h with MLP or PGN at the indicated
concentrations. Then the cells were lysed and assessed by an ELISA method that detected DNA
fragmentation. The enrichment factor 1 represents approximately 6% of apoptotic cells in our
experiments. Results, expressed as the means + SD of values for triplicate wells, are
representative of three separate experiments.

C, D, E and F. 293/TLR2-V5/pcDNAS3 and 293/TLR2-V5/ASK1-KM cells were stimulated for
24 h with MLP or PGN at the indicated concentrations. In the case of using MAPK inhibitors,
293/TLR2-V5/pcDNAS3 cells were pretreated for 1 h with 25 uM of SB203580 or SP600125,
and then stimulated with or without 10 ug ml™ of MLP. Then the cells were lysed and assessed
by an apoptosis ELISA (C). The cells were also assayed for activity of caspase-8 (D), caspase-9
(E) or caspase-3/7 (F). Results, expressed as the means £ SD of values for triplicate wells, are
representative of three separate experiments. *P < 0.01, pcDNAS3 versus ASK1-KM (Student’s

t-test). **P < 0.01, versus inhibitor untreated (one-way AVOVA).
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Fig. 6. Effect of stimulation of TLR2 with MLP on the phosphorylation of serine residues in
ASK1. 293/TLR2-V5 cells (1 x 10 cells/sample) were prepared and stimulated with MLP at the
indicated concentrations for the indicated period. The phosphorylated serine residues (Ser83 and
Ser967) in ASK1 (p-ASK1) were examined by Western blotting. Immunoblot analysis for
phosphorylation-independent endogenous ASK1 was also carried out as a loading control. The

result shown is representative for three independent experiments.

Fig. 7. Schematic of MLP- or PGN-induced TLR2siginaling pathways. See the text for details.
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