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MLK4 has negative effect on TLR4 signaling

Alim Seit-Nebi1,2,3, Wei Cheng1,3, Hong Xu1 and Jiahuai Han1

The stimulation of Toll-like receptors (TLRs) on macrophages triggers production of proinflammatory cytokines such as tumor-necrosis

factor-a (TNF-a). The TNF production is mediated by a series of signaling events and subsequent transcriptional and

post-transcriptional activation of the TNF gene. Termination of TLR-mediated cellular signaling is also important for a proper

immunoresponse, since sustained cytokine expression can result in immune disorders. Here we identified that mixed-lineage kinase

(MLK) 4 is a TLR4-interacting protein. Unlike previously characterized MLK group members, MLK4 cannot act as a mitogen-activated

protein kinase kinase kinase (MAP3K) to mediate c-Jun N-terminal kinase (JNK), p38 or extracellular signal-regulated kinase (ERK)

activation. Rather, MLK4 appears to be able to inhibit lipopolysaccharide (LPS)-induced activation of the JNK or ERK pathways, but

does not have effect on LPS-induced p38 or NF-kB activation. The LPS-induced TNF production in MLK4 knockdown and

overexpression cells were also increased and reduced, respectively. These data demonstrate that MLK4 is a negative regulator of TLR4

signaling.
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INTRODUCTION

Toll-like receptors (TLRs) are innate immune sensors, each respond-

ing to specific molecules of microbial origin.1,2 Binding of pathogen-

associated pattern molecules, such as lipopolysaccharides (LPS), to

cell surface TLRs results in recruitment of signaling adaptors, such

as myeloid differentiation primary response gene 88 and TIR

domain-containing adapter-inducing interferon-b.3–6 This recruit-

ment allows for the activation of members of the interleukin-1 recep-

tor-associated kinase family of kinases and further recruitment of the

adaptor molecule tumor-necrosis factor (TNF) receptor-associated

factor 6 (TRAF6).2 The signaling pathways of the transcription factor

NF-kB7 and mitogen-activated protein kinases (MAPKs), which

include c-Jun N-terminal kinase (JNK),8 extracellular signal-regulated

kinase (ERK)9 and p38,10, 11 are subsequently activated after receptor

engagement with microbial pattern molecules.2,6 The activation of

these signaling pathways is believed to be essential for the production

of proinflammatory cytokines, such as TNF, IL-6, IL-1 and IL-12, as

well as chemokines.12 Although the production of proinflammatory

cytokines serves an important role in host defense against the invading

microbes, overexpression of cytokines can lead to inflammatory dis-

orders, therefore necessitating intrinsic pathways that shut down cyto-

kine production.12 However, the mechanisms that limit cytokine

production have not been extensively studied.

Mixed-lineage kinases (MLKs) belong to the superfamily of MAP

kinase kinase kinases (MAP3Ks).13 The MLK family members are

characterized by the presence of signature sequences of Ser/Thr and

Tyr kinases within their catalytic domain. The MLK1–4 contains an

N-terminal Src homology (SH3) domain, followed by the kinase

domain, a leucine-zipper region, and a Cdc42/Rac-interactive bind-

ing (CRIB) motif.13,14 The overall sequence identity of these

domains among MLK1–4 is about 65%. The carboxyl terminal

regions of these proteins diverge, suggesting that these proteins

may have different functions.13 It was shown that some of the

MLK family members, such as MLK3, can activate the JNK and

p38 MAPKs.10,13–22 The MAPK kinases that lie between MLK3 and

JNK in the kinase cascades are MKK4 and 7.13,14,18 Some data

implicate that MKK3 and 6 are involved in MLK3-triggered p38

activation.13,14,18 An interplay between MLK3 and other MAP3Ks

was reported, as AKT (also named protein kinase B) can inhibit

MLK3 by direct phosphorylation at a specific residue on the MLK3

C-terminal regulatory domain.23 It was reported that MLK3

behaves as a pro-apoptotic kinase, leading to cell death upon

trophic factor withdrawal or in response to neurotoxic assault in

an animal model of Parkinson’s disease.14,21,22,24,25 To date, MLK4

has not been biochemically characterized. The detailed function of

MLK group members, including MLK3, is still largely unknown.

In searching for intracellular interacting proteins of TLR4, we used a

yeast two-hybrid screen to identify proteins that interacted with the

intracellular domain of TLR4 and found that MLK4 can interact with

TLR4. We show here that MLK4 can suppress TLR4-mediated JNK

and ERK activation, but not p38 or NF-kB activation. Knockdown of

MLK4 increases LPS-induced TNF production, and overexpression of
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MLK4 reduces LPS-induced TNF production. Therefore, MLK4

appears to be a negative regulator of TLR4 signaling.

MATERIALS AND METHODS

Reagents

LPS were from Escherichia coli O111:B4 (List Biological Laboratories,

Campbell, CA, USA), Anti-Flag (F3165; Sigma, St Louis, MO, USA),

anti-Myc (A-14), anti-V5 (Invitrogen, San Diego, CA, USA) and anti-

IkBa (C-21; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and

antibodies to phosphorylated p38 (9211), Jnk (9251) and Erk (9010;

Cell Signaling, Beverly, MA, USA).

Plasmids

Mammalian expression vectors for human TLR4 and its deletion

mutants were described previously.26 Mammalian expression vectors

of MLK4a and MLK4b were constructed by subcloning full-length

cDNAs into pcDNA3 vector and fused with V5 or Flag tag at its N-

terminal. Expression plasmids of different MAPKs were described

previously.27 The deletion of MLK4b was made by using polymerase

chain reaction. Small interfering RNA (siRNA)-expressing vectors

were made by cloning double stranded synthetic oligos into pH1-

neo vector. The sequences of the shRNA are available upon request.

Co-immunoprecipitation assay

HEK293T (293T) cells (13106) grown in Dulbecco’s modified Eagle’s

medium supplemented with 10% fetal bovine serum were transfected

with 5 mg of mammalian expression vectors using lipofectamine 2000

(Invitrogen). After 24 h, cells were chilled to 4 uC and lysed by incub-

ating for 15 min in lysis buffer (25 mM HEPES, pH 7.6, 137 mM NaCl,

3 mM EDTA, 3 mM b-glycerophosphate, 1% Triton X-100, 0.1 mM

Na3VO4, 1 mM phenylmethsulfonyl fluoride). Nuclei (cell pellet) were

removed by centrifugation at 130 000g for 10 min. Flag- or V5-tagged

proteins were purified from the cell lysate by immunoprecipitation.

The immunoprecipitates were subjected to sodium dodecyl sulfate–

polyacrylamide gel electrophoresis and western blotting analysis with

different antibodies.

Measurement of MAPK activity

293T cells were transfected with expression vectors of MLK4, TAK1,

MKK7, MEK1, p38, JNK1 or ERK2 in different combinations using

lipofectamine 2000. After 24 h, the cell lysates were subjected to

sodium dodecyl sulfate–polyacrylamide gel electrophoresis separation

and western blotting analysis. The regulatory phosphorylation levels

of p38, JNK1 or ERK2 were detected by anti-phospho-p38, anti-phos-

pho-JNK or anti-phospho-ERK antibodies. The levels of the phos-

hporylation were used to evaluate the activity of these MAPKs.

Generation of stable cell lines

RAW264.7 cells were maintained in Dulbecco’s modified Eagle’s med-

ium supplemented with 10% fetal bovine serum. siRNA-expressing

vectors or MLK4a expression vectors were transfected in RAW264.7

cells using electroporation method. The stable lines were established

by culturing the cells in G418 (1 mg/ml) for 2–3 weeks. The pool of

survived clones expressing gene of interest were collected and used.

Measurement of TNF

Supernatants of macrophage cultures were collected and concentra-

tions of TNF were measured by enzyme-linked immunosorbent assay

according to the kit manufacturer’s protocol (eBioscience, San Diego,

CA, USA).

Yeast two-hybrid screen

Two-hybrid screening was done as described with a mixed human fetal

brain and spleen cDNA library.28 A portion of human TLR4 spanning

the sequence encoding the intracellular protein domain (amino acids

653–839) was subcloned into pAS2 vector and was used as ‘‘bait’’;

53106 transformants were screened.

RESULTS

MLK4 interacts with TLR4

We used a yeast two-hybrid screen to identify proteins that interact

with the intracellular domain of TLR4 (amino acids 653–839).26 One

of the positive clones encoded MLK4b, myeloid differentiation prim-

ary response gene 88 and 4-1BBL were isolated in the same screen,

suggesting that the two-hybrid screen accurately identified proteins

that were functionally associated with TLR4. We determined by the

yeast two-hybrid interaction assay that MLK4b, but not negative con-

trol proteins, including the p38, the tumor suppressor p53, and lamin,

interacted with the TLR4 intracellular domain (Figure 1a). Yeast con-

taining the TLR4 intracellular domain in a ‘‘bait’’ vector and MLK4b

in a ‘‘prey’’ vector grew in media lacking histidine (because of the

interaction-mediated expression of a HIS3 reporter gene). To confirm

the interaction in mammalian cells, we co-expressed Flag-TLR4 with

V5-tagged MLK4b in human embryonic kidney 293T cells. Flag inter-

leukin-3 receptor (IL-3R) was used as a control for TLR4. We found

that MLK4b can be coprecipitated with Flag-TLR4, but not with Flag-

IL-3R, when the cell lysates were immunoprecipitated with anti-flag

antibodies (Figure 1b). Thus, MLK4b can interact with TLR4 in a yeast

two-hybrid system and in mammalian cells.

Domains that are required for MLK4–TLR4 interaction

MLK4 expressed in two splicing variants, MLK4a and MLK4b
(Figure 2a). The difference of these two isoforms is located in their

C-terminal portion. We asked whether MLK4a can interact with TLR4

by using co-immunoprecipitation assay and found that MLK4a can

also be pull down by co-expressed TLR4 (Figure 2b). Thus, both the

short and long variants of MLK4 can interact with TLR4. We then

mapped the region of MLK4 required for its interaction with TLR4.

MLK4 contains a number of domain structures (Figure 2a).13,14 We

generated a number of deletion mutants of MLK4 as indicated in

Figure 1 MLK4b can interact with TLR4. (a) Growth of yeast cells transfected

with expression plasmids encoding amino acids 653–839 of TLR4 and amino

acids 12–1036 of MLK4b, dominant negative p38a(AF), p53 or lamin, on

medium lacking histidine. (b) Co-immunoprecipitation assay of 293T cells trans-

fected with plasmids expressing V5-tagged MLK4b (V5-MLK4b) and Flag-tagged

TLR4 or IL-3R as indicated. ‘2’ indicates that empty vector was included. Cells

were lysed 24 h after transfection; two-thirds of the lysates were immunopreci-

pitated (IP) with anti-Flag. The cell lysates and immunoprecipitates were ana-

lyzed by immunoblotting (IB) with antibodies as indicated. MLK, mixed-lineage

kinase; TLR, Toll-like receptor.
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Figure 2a. We first examined the interaction of TLR4 with MLK4

mutants that contain the N-terminal region, which contains all

domains except the C-terminal region, or the C-terminal region of

MLK4b alone (termed II and I, respectively in the figure). As shown in

Figure 2c, the N-terminal region, but not the C-terminal region, can

interact with TLR4 in co-immunoprecipitation studies. We then

tested the sequential deletion of the SH3 domain, SH31proline-rich

motif, leucine zipper and CRIB domain of MLK, and found that

deletion of any of these domains did not affect the binding of MLK4

to TLR4 (Figure 2d), indicating that none of these domains is required

for MLK4 to interact with TLR4. Based on the data shown in Figure 2c

and d, we concluded that the kinase domain of MLK4 is essential for its

interaction with TLR4.

Since our two-hybrid screen was performed using TLR4 intracellu-

lar domain, we further asked whether other part TLR4 can interact

with MLK4. As shown in Figure 2e, the full-length TLR4 and intracel-

lular domain (termed C in the figure), but not the TLR4 with the

intracellular domain deletion (termed N in the figure), can be co-

immunoprecipitated with MLK4b. A higher amount of intracellular

domain (C) was coprecipitated with MLK4b than that of the full-

length TLR4 (Figure 2e), which is most likely due to the fact that the

non-membrane-associated TLR4 intracellular domain has more of a

Figure 2 Intracellular domain of TLR4 and kinase domain of MLK4 are required for TLR4–MLK4 interaction. (a) Diagram of MLK4a, MLK4b and MLK4 deletion

mutants. (b) Co-immunoprecipitation assay of 293T cells transfected with plasmids expressing Flag-tagged TLR4 and V5-tagged MLK4a. Cell lysates were immu-

noprecipitated with anti-Flag. The cell lysates and immunoprecipitates were analyzed by immunoblotting with antibodies as indicated. (c) Co-immunoprecipitation

assay of 293T cells transfected with plasmids expressing Flag-tagged TLR4 or empty vector and V5-tagged MLK4b, MLK4 mutant I and II. Cell lysates were

immunoprecipitated with anti-Flag. The cell lysates and immunoprecipitates were analyzed by immunoblotting with antibodies as indicated. (d) Co-immunoprecipita-

tion assay of 293T cells transfected with plasmids expressing Flag-tagged TLR4 or empty vector and V5-tagged MLK4 mutant III, IV, V and VI. Cell lysates were

immunoprecipitated with anti-Flag. The cell lysates and immunoprecipitates were analyzed by immunoblotting with antibodies as indicated. (e) Co-immunoprecipita-

tion assay of 293T cells transfected with plasmids expressing V5-tagged MLK4b and Flag-tagged TLR4 (F), TLR4 lacking the cytosolic domain (N) or TLR4 lacking the

extracellular domain (C). Cell lysates were immunoprecipitated with anti-Flag. The cell lysates and immunoprecipitates were analyzed by immunoblotting with

antibodies as indicated. Data are representative of two to three independent experiments. CRIB, Cdc42/Rac-interactive binding; IB, immunoblotting; IP, immuno-

precipitation; MLK, mixed-lineage kinase; TLR, Toll-like receptor.
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chance to encounter expressed MLK4 in the cytosol. The double bands

of Flag-TLR4 and TLR4(N) in the immunoprecipitation of Flag pro-

teins likely resulted from formation of homodimers of TLR4 and

TLR4(N). Collectively, we concluded that the MLK4–TLR4 inter-

action requires the cytoplasmic domain of TLR4.

MLK4b does not interact with Cdc42, TRAF2 or TRAF6

MLK3 was shown to interact with active Cdc42 and can be activated by

co-expressed active Cdc42.29,30 The CRIB domain has been demon-

strated to be a Cdc42/Rac-interacting motif in MLK3.29–31 Since

MLK4b contains a CRIB domain, we determined whether MLK4b

can interact with Cdc42. We co-expressed dominant active Cdc42 with

MLK4b in 293T cells and examined their interaction by co-immuno-

precipitation. As shown in Figure 3a, we did not detect any interaction

between Cdc42 and MLK4b, while Cdc42 can be pull down by MLK3.

A major difference between MLK4 and MLK3 is the C-terminal

domain. To test whether the C-terminal domain in MLK4b interferes

with the interaction between MLK4 and Cdc42, we included a C-

terminal deletion mutant of MLK4b in the experiment, and found

that the deletion mutant (II) still cannot interact with Cdc42. Thus,

we concluded that MLK4 cannot interact with Cdc42.

TRAF6 is an effector protein recruited to the TLR4 receptor com-

plex after cells are stimulated with LPS.32,33 Because MLK4 interacts

with TLR4, we tested whether MLK4b interacts with TRAF6 using a

co-immunoprecipitation assay. TRAF2 was also included in the

experiment. We also included deletion mutants I and II of MLK4b,

which contain either the C-terminal domain or the N-terminal

domain, respectively. The interaction of Flag-TAB1 and Myc-

TRAF6 was included in a parallel experiment as positive control (data

not shown). As shown in Figure 3b, MLK4b and its mutants did not

interact with either TRAF6 or TRAF2.

Overexpression of MLK4b cannot activate p38

Previous studies have shown that co-expression of MLK3 can lead to

activation of JNK and p38.13,29,30 We performed similar experiments

to examine whether MLK4b can play a role of MAP3K in the JNK and

p38 pathways. Phosphorylation levels of MAPKs were used to measure

the activation of these kinases. Co-expression of MLK4b with JNK1

did not increased phosphorylation levels of JNK1 in 293 cells

(Figure 4a). Similarly, co-expression of MLK4b with ERK2 did not

increase phosphorylation of ERK2 (Figure 4b). In contrast, co-

expression of MKK7 or MEK1 increased phosphorylation of JNK1

and ERK2, respectively (Figure 2a and b). We further analyzed the

effect of MLK4b overexpression on p38 activity in details. MLK4b co-

expression had no effect on p38 activity, whereas co-expressed

MAP3K TAK1 significantly increased phosphorylation levels of p38

(Figure 4c). Because the SH3 domain of MLK3 has been shown to

auto-inhibit its kinase activity, to exclude the possibility that some

domain structures in MLK4 prevented MLK4 kinase domain to activ-

ate p38 in our co-expression assay, we co-expressed p38 with a series of

deletion mutants of MLK4b, in which the SH3 domain or other

domains have been deleted or truncated. None of these MLK4 deletion

mutants is capable of activating p38 (Figure 4c). Thus, unlike MLK3,

MLK4 seems unable to act as a MAP3K for the MAPK pathways.

MLK4b has negative effect on TLR4 signaling

To determine if there is any role of MLK4 in TLR4-mediated cellular

responses, we next examined whether reducing or increasing MLK4 in

RAW264.7 macrophage cells affects LPS-induced activation of NF-kB

and MAPKs pathways, as well as TNF production.

We designed a number of MLK4-targeting siRNAs and identified by

co-expression assay that two siRNAs that can effectively knock down

MLK4. We named these two siRNAs Si-MLK4-1 and Si-MLK4-2.

siRNA that targets GFP (siRNA-targeting GFP (Si-GFP)) was used

as control. We stably expressed Si-MLK4-1, Si-MLK4-2 or Si-GFP

in RAW264.7 cells and measured LPS-induced activation of NF-kB

and MAPKs pathways. It is known that IkB degradation is a step in

releasing NF-kB to the nucleus for transcription of NF-kB-dependent

genes, and therefore, we used IkB protein levels to measure the activity

of NF-kB. Since the regulatory phosphorylation of MAPKs represents

their activation, we used phosphorylation levels of ERK, JNK and p38

to measure the activities of these MAPKs. As shown in Figure 5a,

knockdown of MLK4 did not affect LPS-induced IkB degradation,

and did not affect LPS-induced p38 phosphorylation. However,

LPS-induced phosphorylation of JNK1/2 and ERK1/2 were signifi-

cantly enhanced in MLK4 knockdown cells, suggesting an inhibitory

Figure 3 MLK4 does not interact with Cdc42, TRAF6 and TRAF2. (a) Co-immunoprecipitation assay of 293T cells transfected with plasmids expressing Flag-tagged

MLK4b, Flag-MLK4 mutant II or Myc-Cdc42 dominant active mutant (Myc-Cdc42-DA) in different combinations as indicated. Flag-MLK3 was included as positive

control. Cell lysates were immunoprecipitated with anti-Flag. The cell lysates and immunoprecipitates were analyzed by immunoblotting with antibodies as indicated.

(b) Co-immunoprecipitation assay of 293T cells transfected with plasmids expressing V5-tagged MLK4b, V5-MLK4 mutant I or II, Myc-TRAF6 or TRAF2 as indicated.

Cell lysates were immunoprecipitated with anti-V5. The cell lysates and immunoprecipitates were analyzed by immunoblotting with antibodies as indicated. Data are

representative of two to three independent experiments. IB, immunoblotting; IP, immunoprecipitation; MLK, mixed-lineage kinase; TRAF, TNF receptor-associated

factor 6.
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role of MLK4 in JNK and ERK activation. To confirm the negative

regulation of JNK and ERK by MLK4, we overexpressed MLK4a in

RAW264.7 cells and examined JNK and ERK phosphorylation. As

shown in Figure 5b, MLK4 overexpression significantly reduced the

level of ERK phosphorylation in LPS-treated cells, and slightly affected

the level of LPS-induced phosphorylation of p38 and JNK. LPS-

induced degradation of IkB was not influenced by MLK4 overexpres-

sion. Collectively, these data suggest an inhibitory role of MLK4 in

LPS/TLR4-mediated signaling.

To further evaluate the negative effect of MLK4 on TLR4 signal-

ing in LPS-induced cellular activation, we measured LPS-induced

TNF production in cells with reduced or increased MLK4 express-

ion. LPS induced more TNF production in MLK4 knockdown cells

in comparison with Si-GFP or Si-RNAscra (containing a scramble

sequence) expressing RAW264.7 cells (Figure 6a). Consistently, LPS

induced less TNF production in MLK4-overexpressing RAW264.7

cells in comparison with cells transfected with an empty vector.

These data support the notion that MLK4 negatively regulates

TLR4 signaling.

DISCUSSION

Of the MLK group kinases, MLK2 (also named MKN28-derived

kinase) and MLK3 (also named SH3 domain-containing proline-

rich kinase) were previously shown to be able to activate JNK and

p38.16,18,21,22,29,34 We show here that MLK4 does not activate p38

and JNK, demonstrating the distinct functions of various MLK

group kinases. The finding of interaction between MLK4 and

TLR4 suggests a role of MLK4 in inflammatory responses. The

effect of knockdown or overexpression of MLK4 on LPS-induced

TNF production indicates the negative role of MLK4 in TLR4

signaling.

The negative regulation of LPS-induced TNF production by MLK4

is at least in part due to the inhibitory effect of MLK4 on TLR4-

mediated ERK and JNK activation. Knockdown of MLK4 enhanced

LPS-induced activation of JNK and ERK (Figure 5a), while overex-

pression only reduced LPS-induced ERK activation (Figure 5b), sug-

gesting that the effects of MLK4 on JNK and ERK activation are not all

the same. Similarly, knockdown of MLK4 has no effect of p38 activa-

tion, while MLK4 overexpression reduced LPS-induced p38 phos-

phorylation (Figure 5a and b), suggesting that the effect of MLK4

level on p38 phosphorylation is not in a linear fashion. Since MLK3

can activate JNK, the inhibition of JNK by MLK4 could be due to the

effect of competition among MLKs. Since MLK4 interacts with TLR4,

the inhibitory effect of MLK4 on TLR4 signaling could result from

directly modification of TLR4 by phosphorylation or other means. It is

also possible that MLK4’s effect on LPS-induced TNF production is an

indirect effect resulting from the cellular changes caused by MLK

knockdown and overexpression. Since MLK4 cannot activate the

JNK and p38 pathways, its function should include more than affect-

ing the activity of MAPKs.

The sequence difference between MLK3 and MLK4 is primarily

located in the C-terminal domain. However, deletion of the C-ter-

minal domain did not enable MLK4 to activate p38 (Figure 4c), sug-

gesting that the other structural feature(s) is required for MLK to

function as MAP3K. Although MLK4 and MLK3 share 75% sequence

identity in their kinase domain, it is still possible that the 25%

Figure 4 MLK4 cannot function as a MAP3K for ERK, JNK and p38. (a) 293T cells were transfected with an expressing vector of Flag-JNK1 with or without an

expression vector of V5-MLK4b or HA-MKK7 for 24 h. The cell lysates were immunoblotted with antibodies as indicated. (b) 293T cells were transfected with an

expressing vector of Flag-ERK2 with or without an expression vector of V5-MLK4b or HA-MEK1 for 24 h. The cell lysates were immunoblotted with antibodies as

indicated. (c) 293T cells were transfected with an expressing vector of Flag-p38 with an expression vector of V5-MLK4b or its deletion mutants as indicated. V5-TAK1

was included as a positive control. The cell lysates were immunoblotted with antibodies as indicated. Data are representative of two independent experiments. ERK,

extracellular signal-regulated kinase; IB, immunoblotting; IP, immunoprecipitation; JNK, c-Jun N-terminal kinase; MAP3K, mitogen-activated protein kinase kinase

kinase; MLK, mixed-lineage kinase.
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difference prevented MLK4 from activating p38. It seems that the

CRIB domain alone is insufficient to mediate an interaction between

MLK and Cdc42, suggesting that another region or domain in MLK3 is

involved in the interaction with Cdc42. The difference between MLK3

and MLK4 in interacting with Cdc42 provides more evidence of the

distinct regulation between these MLKs.

The engagement of LPS with the TLR4 receptor complex leads to

activation of a number of intracellular signaling pathways and results

Figure 5 MLK4 negatively regulates LPS-induced JNK activation. (a) The RAW264.7 lines stably expressing siRNA-targeting GFP (Si-GFP) or MLK4 (Si-MLK4-1 or Si-

MLK4-2) were treated with LPS (100 ng/ml) for different times as indicated. The cell lysates were immunoblotted with antibodies as indicated. (b) The RAW264.7 lines

stably transfected with empty vector or MLK4a-expressing vector were treated with LPS (100 ng/ml) for different times, as indicated. The cell lysates were immuno-

blotted with antibodies as indicated. Data are representative of two independent experiments. ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal

kinase; LPS, lipopolysaccharide; MLK, mixed-lineage kinase; siRNA, small interfering RNA.

Figure 6 MLK4 negatively regulates LPS-induced TNF production. (a) The RAW264.7 lines stably expressing scramble siRNA, siRNA-targeting GFP (Si-GFP) or

MLK4 (Si-MLK4-1 or Si-MLK4-2) were treated with LPS (100 ng/ml) for different times as indicated. TNF concentrations in the medium were measured. (b) The

RAW264.7 lines stably transfected with empty vector or MLK4a-expressing vector were treated with LPS (100 ng/ml) for different times as indicated. TNF concentra-

tions in the medium were measured. The expression levels of MLK4 were measured by real-time PCR and shown as right panel. LPS, lipopolysaccharide; MLK, mixed-

lineage kinase; PCR, polymerase chain reaction; siRNA, small interfering RNA; TNF, tumor-necrosis factor.
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in inflammatory cytokine production and other cellular responses.

Inactivation of these intracellular pathways is essential for termination

of inflammation. The negative effect of MLK4 on LPS-induced ERK

and JNK activation could be very important in controlling the level of

cytokine expression, and thus maintaining the balance of inflammat-

ory responses.
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