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Mixed-lineage protein kinase 3 (MLK3) is a member of the mitogen-activated protein (MAP) kinase kinase
kinase group that has been implicated in multiple signaling cascades, including the NF-«kB pathway and the
extracellular signal-regulated kinase, c-Jun NH,-terminal kinase (JNK), and p38 MAP kinase pathways. Here,
we examined the effect of targeted disruption of the murine Mik3 gene. MIk3~'~ mice were found to be viable
and healthy. Primary embryonic fibroblasts prepared from these mice exhibited no major signaling defects.
However, we did find that MLK3 deficiency caused a selective reduction in tumor necrosis factor (TNF)-
stimulated JNK activation. Together, these data demonstrate that MLK3 contributes to the TNF signaling

pathway that activates JNK.

The mechanism of c-Jun NH,-terminal kinase (JNK) acti-
vation caused by tumor necrosis factor (TNF) is incompletely
understood. It is established that JNK is activated by dual
phosphorylation on the T-loop within the motif Thr-Pro-Tyr
(7). This phosphorylation is mediated by the actions of two
different mitogen-activated protein (MAP) kinase kinases:
MKK4 and MKK7 (35). These MAP kinase kinases can be
activated by MAP kinase kinase kinases (MAP3K), but the
identity of the relevant TNF-stimulated MAP3K is unclear.

Three MAP3K have been implicated in the activation of
JNK caused by TNF. First, apoptosis signal-regulating kinase 1
is thought to be involved in the late phase of JNK activation in
response to TNF, most likely as a result of the generation of
reactive oxygen species (34). The immediate activation of JNK
caused by TNF may be mediated by TAK1 and/or by one or
more members of the mixed-lineage protein kinase (MLK)
family. MLKs may be selectively involved in TNF-stimulated
JNK activation (25), while TAKI is implicated as a common
TNF-stimulated activator of JNK, p38 MAPK, and NF-«B (16,
29). The relative roles of TAK1 and MLKs in TNF signaling
are unclear. In this study, we have examined the possible con-
tribution of a MLK to TNF signaling.

There are three subgroups of MLKs (10). The MLK group
(MLK1, MLK2, MLK3, and MLK4) shares similar structural
domains, including an SH3 domain and a Crib motif that binds
Cdc42 and Racl. The DLK group (DLK and LZK) is struc-
turally distinct and lacks the SH3 and Crib sequences. The
third group of protein kinases consists of a single member
(ZAK) that is distinctive because of the presence of a SAM
domain. Many of these protein kinases are expressed in only a
limited number of tissues; for example, MLKI1 is expressed in
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epithelial cells and DLK is expressed in neurons (10). How-
ever, one member of this gene family is ubiquitously expressed,
consistent with a possible role as a mediator of TNF signaling
in many tissues—MLK3. This possibility is consistent with pre-
vious studies showing that TNF activates MLK3 (25), that
MLK-family protein kinases (like TNF) (35) can selectively
activate MKK7 (14, 18), and that a small-molecule MLK
inhibitor can block TNF-stimulated JNK activation (25). How-
ever, recent RNA interference (RNAi)-based studies have sug-
gested that MLK3 is critically required for cellular prolifera-
tion and is essential for the activation of multiple MAP kinase
(MAPK) signaling pathways in response to a broad range of
stimuli (5, 28). Indeed, previous studies have implicated MLK3
in extracellular signal-regulated kinase (ERK) activation (5),
p38 MAPK activation (5, 22), and NF-«B activation (13). The
specific role of MLK3 in signaling and the relevance of MLK3
to TNF signal transduction are therefore unclear.

The purpose of this study was to test the role of MLK3 in
TNF-stimulated JNK activation. Our approach was to examine
the effect of targeted disruption of the MIk3 gene. We report
that MLK3 deficiency caused a selective defect in TNF-stim-
ulated JNK activation and that MLK3 is not required for
cellular proliferation.

MATERIALS AND METHODS

Mice. Mouse strain 129/SvJ genomic clones of the MIk3 gene were isolated by
PCR and subcloned into the vector pCRII (Invitrogen). A targeting vector
designed to disrupt the MIk3 gene (Fig. 1A) was constructed by standard tech-
niques. Embryonic stem (ES) cells were electroporated with this vector and
selected with 200 pg of G418 (Invitrogen)/ml and 2 wM gancyclovir (Syntex).
Twelve MIk3~'* ES cell clones were identified by Southern blot analysis, and 2
were injected into C57BL/6J blastocysts to create chimeric mice that transmitted
the disrupted Mik3 allele through the germ line. The mice were backcrossed 10
generations to the C57BL/6J strain (Jackson Laboratories). Homozygous
Mik3~'~ mice were obtained by crossing heterozygous MIk3~/* animals. The
mice were housed in a facility accredited by the American Association for
Laboratory Animal Care. The animal studies were approved by the Institutional
Animal Care and Use Committee of the University of Massachusetts Medical
School.
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FIG. 1. Disruption of the MIk3 gene in mice. (A) The strategy employed to disrupt the MIk3 gene by homologous recombination is illustrated.
The structure of the MIk3 gene, the targeting vector, and the disrupted MIk3 gene are shown. Restriction enzyme sites are indicated: Nc (Ncol),
Nt (Notl), R (EcoRI), and X (Xbal). The probe used for Southern analysis and the expected results of Ncol restriction digestion are illustrated.
(B and C) Genomic DNA isolated from MIk3"/*, MIk3~'*, and MiIk3~'~ mice was examined by Southern blot (B) and PCR (C) analysis.
(D) Protein extracts prepared from MEF prepared from MIk3™'*, MIk3~'*, and MIk3~'~ mice were examined by immunoblot analysis using

antibodies to MLK3 and «-tubulin.

Genotype analysis. The genotype at the MIk3 locus was examined by Southern
blot analysis of Ncol-restricted genomic DNA by probing with a random-primed
32P-labeled probe (529 bp) that was isolated by PCR with an MIk3 cDNA as the
template and the amplimers 5'-CTCCGAAGGCAACAGCAGCTTATGCC
A-3" and 5'-CACACGCCGACCAGCCAGGGCCCGGCT-3'. The wild-type
(140-bp) and disrupted (275-bp) alleles of MIk3 were also detected by PCR
amplification of genomic DNA using the primers 5'-AAGCGGAGCAAACTC
CGAGCAAG-3', 5'-AAAGGCTAAACCAGAACTCAAG-3', and 5'-GTAGA
AGGTGGCGCGAAGGG-3'.

Histology. Tissue was fixed in 10% formalin for 24 h, dehydrated, and embed-
ded in paraffin. Sections (each, 4 wm thick) were cut and stained with Harris
hematoxylin (Sigma) and eosin (Sigma).

Cell culture. Primary murine embryo fibroblasts (MEF) were isolated and
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (Invitrogen). All experiments were performed using MEF between
passage 2 and passage 5. Similar data were obtained in experiments using inde-
pendently isolated MEF cultures. Proliferation assays were performed by stain-
ing with crystal violet (36). Adipocyte differentiation assays (11, 21) were per-
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FIG. 2. MLK3 deficiency causes epidermal defects at the dorsal midline. (A) Heterozygous Mlk3 mice were crossed, and two littermates (wild
type [WT] and MIk3~/~) were examined 4 days after birth. The MIk3~/~ mice appear morphologically normal but exhibit a dorsal midline defect
(red arrowheads). (B) Histological examination of WT and MIk3 ™'~ mice. Sections of the dorsal epidermis and underlying tissue were stained with
hematoxylin and eosin (H&E). Images of low and high magnification are shown. The red arrowheads indicate the loss of epidermal tissue along

the dorsal midline of the MIk3™/~ mice.

formed by culturing 2-day postconfluent cells in medium supplemented with
10-pg/ml insulin (Sigma), 0.5 mM isomethylbutyl-1-xanthine (Sigma), and
1-png/ml dexamethasone (Sigma). The medium was replaced after 72 h with fresh
medium supplemented with 10-pg/ml insulin and 1 wM troglitizone (Calbio-
chem). The accumulation of fat droplets within the cytoplasm was detected by
staining the cells with Oil-Red-O (VWR).

Migration and invasion assays. Boyden chamber assays were performed using
2.5 X 10* cells in 0.5 ml of Dulbecco’s modified Eagle’s medium placed in each
insert of a 24-well multiwell plate (BIOCOAT; Becton Dickinson). Migration
and invasion assays were performed without and with Matrigel, respectively, by
incubating the cells at 37°C (16 h). The inserts were placed in methanol (—20°C)
and stained with 4’-6’-diamino-2-phenylindole (DAPI; Vector Laboratories).
The cells were visualized with an Axioplan 2 microscope with a Microlmager
CCD camera (Carl Zeiss).

Immunoblot analysis. Cell extracts were prepared with Triton lysis buffer (20
mM Tris [pH 7.4], 1% Triton X-100, 10% glycerol, 137 mM NaCl, 2 mM EDTA,
25 mM B-glycerophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethyl-
sulfonyl fluoride, and a 10-pg/ml concentration of aprotinin and leupeptin).
Extracts (each, 50 pg of protein) were examined by protein immunoblot analysis
by probing with antibodies to JNK (Pharmingen), phospho-JNK (Cell Signaling),
p38 MAPK (Santa Cruz), phospho-p38 MAPK (Cell Signaling), ERK1/ERK2
(Santa Cruz), MLK3 (Cell Signaling), IxkBa (Cell Signaling), CCAAT/enhancer
binding protein o (C/EBPa) (Santa Cruz), phospho-Thr-222/226-C/EBPa (Cell
Signaling), C/EBPB (Santa Cruz), phospho-Thr-235-C/EBPB (Cell Signaling),
and a-tubulin (Sigma). Immune complexes were detected by enhanced chemi-
luminescence (NEN).

Protein kinase assays. The activity of JNK, ERK, and p38 MAPK was mea-
sured by in vitro kinase assays with the substrates cJun, myelin basic protein, and
ATF2, respectively (39).

RNase protection assays. Total RNA (5 pg) was examined using the Multi-
Probe RNase Protection Assay (Pharmingen) with the template sets mFos/Jun,
mCR-4, and mCK-3b, following the manufacturer’s recommendations. The
products were separated on a 5% sequencing gel, detected by autoradiography,
and quantitated by Phosphorimager analysis (Molecular Dynamics).

Immunofluorescence analysis. Cells were grown on coverslips and fixed at
—20°C in methanol (5 min) and in acetone (2 min). The coverslips were washed
in phosphate-buffered saline, incubated (30 min at 22°C) in BPT buffer (3%

bovine serum albumin-phosphate-buffered saline-0.2% Tween-20), and stained
with a mouse monoclonal antibody to a-tubulin (Sigma) in BPT buffer (60 min
at 22°C). Immune complexes were visualized with a fluorescein isothiocyanate-
conjugated goat anti-mouse immunoglobulin secondary antibody (Jackson Im-
munoResearch). Slides were mounted with Vectashield mounting medium with
DAPI (Vector Laboratories, Inc). Fluorescence microscopy was performed with
a Zeiss inverted microscope (Axiovert M200) with a 10X objective (numerical
aperture, 0.30), a charge-coupled device camera (Zeiss Axiocam), and image
acquisition software (Zeiss Axiovision).

RESULTS

Targeted disruption of the MiIk3 gene. We constructed a
targeting vector to disrupt the MIk3 gene. The vector was
designed to replace exons 2 to 6 with a Neo®™ cassette (Fig. 1A).
This region of the MIk3 gene includes the kinase domain. The
vector was linearized and electroporated into ES cells to obtain
homologous recombination within the MIk3 gene. Twelve ES
cell clones with the correctly targeted MIk3 gene were identi-
fied by Southern blot analysis. Two of these clones were in-
jected into C57BL/6J blastocysts to create male chimeric mice
that were bred to obtain germ line transmission of the dis-
rupted Mik3 allele. The mice were backcrossed to the
C57BL/6J strain background. Genomic DNA isolated from the
progeny obtained from crossing MIk3~'* mice was examined
by PCR and Southern blot analysis to identify wild-type,
Mik3~'", and MIk3~'~ littermates (Fig. 1B and C). The num-
ber of wild-type, heterozygous, and homozygous knockout
mice obtained from these crosses conformed to the expected
Mendelian inheritance. Immunoblot analysis demonstrated
that the level of MLK3 expression was reduced in MIk3~/*
mice and was absent in MIk3~/~ mice (Fig. 1D).
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FIG. 3. Characterization of primary MEF isolated from wild-type and MIk3~'~ mice. (A) The morphology of sparse and confluent cultures of WT
and MIk3~/~ MEF was examined by phase-contrast microscopy (top). The presence of microtubules (green) in WT and MIk3~'~ MEF was examined
by immunofluorescence microscopy (bottom). DNA in the nucleus was stained with DAPI (blue). (B) Cells (2.5 X 10*) were incubated in 11-mm wells
with medium supplemented with 10% fetal calf serum. Relative cell numbers were measured by staining with crystal violet. The proliferation of WT and
MIk3~'~ MEF during culture for 8 days was examined. The data shown represent the means * standard deviation (SD) for three experiments. (C) The
effect of serum concentration on the saturation growth density of WT and MIk3~/~ MEF was examined. Cells (2.5 X 10%) were incubated in 11-mm wells
with medium supplemented with different concentrations of serum for 7 days. Relative cell numbers were measured by staining with crystal violet. The
data shown represent the mean = SD for three experiments. (D) Boyden chamber assays were performed to measure chemotaxis (cell migration) from
serum-free medium to medium supplemented with 10% serum. Invasion assays were performed in similar experiments using Matrigel. The cells were
stained with DAPI and visualized by fluorescence microscopy. The relative cell migration and invasion were quantitated by counting the number of cells
(mean = SD for three experiments). The migration and invasion by WT and MIk3~/~ MEF are shown.
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FIG. 4. Effect of MLK3 deficiency on AP-1 and NF-kB. (A) The expression of several genes that encode proteins that can form AP-1 transcription
factors by exponentially growing WT and MIk3~'~ MEF was examined by a RNase protection assay to detect mRNA. The expression of ribosomal protein
1.32 mRNA was examined in control experiments. (B) WT and MIk3~'~ MEF were incubated with TNF (10 ng/ml), and the degradation of IkBa was
examined by immunoblot analysis. Control experiments were performed by probing immunoblots with an antibody to a-tubulin. (C) The expression of
TNF-R1 and TNF-R2 was examined by an RNase protection assay to measure the amount of TNF receptor mRNA in WT and MIk3~/~ MEF. Control
experiments were performed by measuring the amount of ribosomal protein L32 mRNA. The data were quantitated by phosphorimager analysis, and
the relative TNF receptor expression was calculated as the ratio of TNF receptor mRNA to L32 mRNA. (D) WT and MIk3~'~ MEF were incubated
with TNF (10 ng/ml) for 24 h, and the amount of IL-6 and L32 mRNA was examined by an RNase protection assay. The data were quantitated by
phosphorimager analysis, and the relative IL-6 mRNA expression was calculated as the ratio of IL-6 mRNA to L32 mRNA.

MILK3-deficient mice were found to be viable, had a normal
life span, and were not found to be tumor prone compared
with wild-type mice. The MIk3~/~ mice appeared to be mor-
phologically normal, but these mice did display a minor defect
along the dorsal midline (Fig. 2A). Histological analysis indi-
cated that MLK3 deficiency reduced the thickness of the dorsal
epidermal tissue (Fig. 2B). The cause of this epidermal defect
has not been established. However, it is interesting that defects
in the dorsal epidermis are observed in JNK-deficient mice
(due to neural tube closure defects) and in JNK-deficient Dro-
sophila melanogaster (due to dorsal closure defects) (6, 38).
Furthermore, the Drosophila MLK isoform slipper is required
for dorsal closure during embryogenesis (26, 27). Thus, the
observation that MIk3~'~ mice exhibit a dorsal midline defect
is not unexpected, but the mechanism that causes the specific
defect observed in MIk3~'~ mice is unclear.

MLKS3 is not essential for cellular proliferation. It has been
established in previous RNAi-based studies that MLK3 is es-
sential for serum-stimulated cell proliferation (5). This conclu-
sion appears to be inconsistent with the finding that MIk3~/~
mice are viable. To directly investigate whether MLK3 is re-
quired for proliferation, we isolated primary fibroblasts (MEF)
from wild-type and MIk3 ™/~ embryonic day 13.5 (E13.5) em-
bryos. Phase-contrast microscopy indicated that the morphol-
ogy of the wild-type and MIk3~/~ MEF was similar in sparse
cultures, and both groups of MEF exhibited contact growth
inhibition in confluent cultures (Fig. 3A). Measurement of
proliferation during culture in medium supplemented with
10% fetal bovine serum for 8 days demonstrated no differences

between wild-type and MIk3~/~ MEF (Fig. 3B). Similarly, no
differences between wild-type and MIk3~'~ MEF were de-
tected in experiments with serum concentrations ranging from
0 to 20% (Fig. 3C). The regulated expression of members of
the AP-1 family of transcription factors is implicated in cell
proliferation and these genes represent potential targets of
MLK3 signaling; however, comparison of wild-type and
MIk3~'~ MEF indicated no differences in AP-1 mRNA expres-
sion (Fig. 4A). Together, these data indicate that MLK3 is not
essential for MEF proliferation.

A previous RNAi-based study has indicated that MLK3 is
essential for the regulation of microtubule dynamics (28). De-
fective microtubule regulation would be expected to cause
defects in mitosis and cell migration (28). Comparison of wild-
type and MIk3~'~ MEF did not indicate a requirement for
MLK3 in proliferation (Fig. 3B and C). We therefore investi-
gated potential defects in cell migration caused by MLK3 de-
ficiency. Boyden chamber assays with an imposed serum gra-
dient (0 to 10%) demonstrated no differences in serum-
induced chemotaxis between wild-type and Mik3~/~ MEF
(Fig. 3D). Similarly, no differences between the ability of wild-
type and MIk3~'~ MEEF to invade a Matrigel layer were ob-
served (Fig. 3D). These data suggest that MLK3 deficiency
does not cause major microtubule defects. Indeed, immuno-
fluorescence microscopy with a monoclonal antibody to a-tu-
bulin indicated the presence of similar microtubule networks in
wild-type and MIk3~/~ MEF (Fig. 3A).

The defects in cell proliferation and migration predicted by
RNAi-based studies (5, 28) were not observed in MIk3 ™/~
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FIG. 5. MLK3 is required for maximal TNF-stimulated JNK activation. (A) WT and MIk3~/~ MEF were incubated with TNF (10 ng/ml) for different
periods of time before the cells were harvested and protein extracts were prepared. JNK activity was measured by an in vitro kinase assay with the
substrate c-Jun. The phosphorylation of c-Jun was detected by autoradiography and was quantitated by phosphorimager analysis. The amount of JNK
in each assay was examined by immunoblot analysis. (B) The TNF-stimulated activation of p38 MAPK was examined by an in vitro kinase assay with the
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MEEF (Fig. 3). The absence of the expected phenotype could be
caused by compensatory increases in the expression of another
member of the MAP3K group. To test this hypothesis, we
examined MAP3K gene expression in wild-type and MIk3 ™/~
MEF by microarray analysis of isolated mRNA (Affymetrix).
This analysis did not demonstrate differences in MAP3K gene
expression (other than MIk3) between wild-type and MIk3 ™/~
MEF (data not shown). We conclude that either MLK3 is not
required for MEF proliferation and migration or that the loss
of MLK3 is compensated by increased function (but not ex-
pression) of another member of the MAP3K group in MIk3~/~
MEF.

MLK3 deficiency causes a selective defect in TNF-stimu-
lated JNK activation. It is established that the MLK3 protein
kinase is activated when cells are exposed to TNF, and phar-
macological studies using the drug CEP-11004 have implicated
MLK3 in TNF-stimulated JNK activation (25). We therefore
examined the ability of TNF to activate JNK in wild-type and
MIk3~'~ MEF with an in vitro protein kinase assay using c-Jun
as the substrate. This analysis demonstrated that TNF caused
arapid and transient increase in JNK activity in wild-type MEF
and that the extent of JNK activation was suppressed (but not
eliminated) in MIk3~'~ MEF (Fig. 5A). The effect of MLK3
deficiency to suppress JNK regulation by TNF was also ob-
served in experiments in which the JNK activation state was
monitored by immunoblot analysis with an antibody that binds
(Thr and Tyr) phosphorylated JNK (Fig. 6A). The defect in
JNK activation was not a consequence of decreased TNF re-
ceptor expression because wild-type and MIk3~'~ MEF ex-
pressed similar amounts of TNF-R1 and TNF-R2 (Fig. 4C). To
confirm that the reduced TNF-stimulated JNK activation ob-
served in MIk3~/~ MEF was caused by MLK3 deficiency, we
performed complementation analyses (Fig. 7). Together, these
data demonstrate that MLK3 contributes to TNF-stimulated
JNK activation. However, MLK3 was not essential for TNF-
stimulated JNK activity.

The requirement of MLK3 for maximal JNK activation ap-
pears to be selective for TNF. Thus, no defect in interleukin-1
(IL-1)-stimulated JNK activation was detected in MIk3~/~
MEF (Fig. 6B). Similarly, MLK3 deficiency did not cause de-
fects in JNK activation when the MEF were exposed to several
environmental stresses, including UV radiation, osmotic stress,
anisomycin, or ceramide activation (Fig. 8). Furthermore,
MLK3 deficiency did not cause defects in growth factor-stim-
ulated JNK activation, including epidermal growth factor,
platelet-derived growth factor, and fibroblast growth factor
activation (Fig. 9). The selective (and partial) defect in TNF-
stimulated JNK activation observed in MLK3-deficient fibro-
blasts markedly contrasted with previous RNAi-based studies
that have implicated an essential role of MLK3 in JNK acti-
vation caused by multiple stimuli (5).

MLK3-mediated JNK activation negatively regulates p38
MAPK. TNF causes the activation of several signal transduc-
tion pathways, including JNK, ERK, p38 MAPK, and NF-«kB.
Gene disruption experiments demonstrate that MLK3 is re-
quired for maximal TNF-stimulated JNK activation (Fig. 5 and
6). It is possible that MLK3 may also play a role in the TNF-
stimulated activation of ERK, p38 MAPK, and NF-«B. Indeed,
previous studies have implicated MLK3 in ERK activation (5),
p38 MAPK activation (5, 22), and NF-kB activation (13). Con-
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FIG. 7. Complementation analysis demonstrated that the expres-
sion of MLK3 increases TNF-stimulated JNK activation in MLK3-
deficient MEF. WT and MIk3~/~ MEF were incubated with 10-ng/ml
TNF (10 min). The effect of MLK3 expression in the Mik3~/~ MEF
was examined. Protein extracts were investigated by probing immuno-
blots with antibodies to JNK, MLK3, and tubulin. JNK activity was
measured by an immune complex kinase assay with cJun as the sub-
strate. The incorporation of [*’P]phosphate into the substrate was
detected by autoradiography and was quantitated by phosphorimager
analysis.

trol studies demonstrated that TNF-stimulated IkBa degrada-
tion and the activation of ERK and p38 MAPK were not
reduced in MLK3-deficient MEF (Fig. 4B and 5B and C). An
unexpected discovery was that TNF-stimulated p38 MAPK
activity was increased in MIk3~'~ MEF (Fig. 5B). This in-
creased TNF-stimulated p38 MAPK activation was confirmed
by immunoblot analysis with an antibody to phospho-p38
MAPK (Fig. 6A) and was not observed in cells treated with
IL-1 (Fig. 6B). Since JNK can suppress p38 MAPK activation
and JNK-deficient cells exhibit increased TNF-stimulated p38
MAPK signaling (19), it is likely that the increased TNF-stim-
ulated p38 MAPK activation is related to the observed de-
crease in TNF-stimulated JNK activation (Fig. 6A). This in-
creased TNF-stimulated p38 MAPK activation is consistent
with the finding that MLK3-deficient MEF exhibit greater
TNF-stimulated expression of IL-6, a p38 MAPK target gene
(2, 41), than wild-type MEF (Fig. 4D).

Altered MAPK regulation causes increased adipogenic po-
tential. The increased p38 MAPK activation and decreased
JNK activation observed in MIk3~'~ MEF is likely to be phys-
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FIG. 8. MLKS3 is not required for JNK or p38 MAPK activation caused by stress. (A) WT and MIk3~/~ MEF were exposed to UV (50 J/m?),
and the activation of JNK and p38 MAPK was examined by immunoblot analysis with antibodies to phospho-JNK and phospho-p38. The amount
of MAPK in each assay was examined by probing immunoblots with anibodies to JNK and p38 MAPK. (B) The effect of osmotic stress (300 mM
sorbitol) on JNK and p38 MAPK activation in WT and MIk3~'~ MEF was examined by immunoblot analysis. (C) The effect of anisomycin (1
pg/ml) on JNK and p38 MAPK activation in WT and MIk3~'~ MEF was examined by immunoblot analysis. (D) The effect of ceramide (10 p.M)
on JNK and p38 MAPK activation in WT and MIk3~'~ MEF was examined by immunoblot analysis.
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to phospho-JNK and phospho-p38. The amount of MAPK in each assay was examined by probing immunoblots with antibodies to JNK and p38
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by immunoblot analysis. (C) The effect of fibroblast growth factor (FGF) (25 ng/ml) on JNK and p38 MAPK activation in WT and MIk3~/~ MEF

was examined by immunoblot analysis.

iologically significant. It has been reported that JNK activation
inhibits adipogenesis by phosphorylating and inactivating the
proadipogenic transcription factor gamma peroxisome prolif-
erator-activated receptor (PPARy) (3). Conversely, p38
MAPK activation promotes adipogenesis by increasing the ex-
pression and phosphorylation of C/EBP transcription factors
(9, 43). We therefore investigated whether altered MAPK ac-
tivation might contribute to increased adipogenic differentia-
tion of MIk3~'~ MEF in vitro. The expression and phosphor-
ylation of JNK, p38 MAPK, and ERK during adipogenic
differentiation of wild-type and MIk3~'~ MEF was examined
by immunoblot analysis (Fig. 10A). During differentiation,
JNK phosphorylation was slightly decreased in the MIk3~/~
MEF compared with wild-type MEF. Conversely, p38 MAPK
phosphorylation was slightly increased in the MIk3~'~ MEF.
No differences in the expression or phosphorylation of ERK
were observed.

It is established that MAPKSs target transcription factors in-
volved in adipogenesis (3, 9, 15). We therefore examined the
expression and phosphorylation of C/EBPa and C/EBP@ during
adipose differentiation (Fig. 10A). The expression and phosphor-
ylation of C/EBPa and C/EBP were increased in MIk3~'~ MEF
at early times during differentiation. These data indicate that
MILK3 deficiency can alter MAPK activation and transcription

factor phosphorylation during adipogenesis. Thus, MLK3 defi-
ciency may increase adipose differentiation in vitro.

To directly investigate whether MLK3 deficiency can in-
crease adipogenic differentiation, we examined the morphol-
ogy of differentiated wild-type MEF and MIk3~/~ MEF. Mor-
phological examination by phase-contrast microscopy
indicated increased adipogenic differentiation of the MIk3 ™/~
MEF compared with wild-type MEF (Fig. 10B). This conclu-
sion was confirmed by staining accumulated fat droplets with
Oil-Red-O (Fig. 10B). This increase in adipogenic differenta-
tion was suppressed by expression of MLK3 (Fig. 10C), indi-
cating that the altered differentiation of MIk3~/~ MEF was
caused by MLK3 deficiency. Interestingly, the increased adi-
pogenic differentiation potential of MIk3~/~ MEF was ob-
served in cultures with and without the PPARy ligand trogliti-
zone (Fig. 10D). Together, these data demonstrate that MLK3
deficiency increases the adipogenic potential of primary MEF
in vitro.

DISCUSSION

Our analysis of MIk3~/~ mice indicates that MLK3 contrib-
utes to TNF-stimulated JNK activation in primary MEF. Pre-
vious studies using RNAi-mediated gene suppression have sug-
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FIG. 10. MLK3 deficiency increases adipocytic differentiation in vitro. (A) The expression and phosphorylation of JNK, ERK, and p38 MAPKs
during in vitro differentiation of MEF to adipocytes were examined by immunoblot analysis. The expression and phosphorylation of C/EBP«a
(Ser-222/Ser-226) and C/EBPB (Thr-235) during differentiation were also examined. (B) The morphology of WT and MIk3~'~ MEF before
differentiation (Control) and following adipocyte differentiation (8 days) was examined by phase-contrast microscopy and by staining accumulated
fat droplets with Qil-Red-O. (C) The number of adipocytes observed following in vitro differentiation of WT, MIk3~/", and Mik3~'~ MEF was
counted. The data are presented as the relative number of adipocytes (mean = SD for the results of three experiments). (D) The effect of the
presence or absence of insulin and troglitizone during the final 5 days of differentiation of WT and M/k3 ™/~ MEF was examined. The data are
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gested a more general role of MLK3 as an essential protein
kinase for the activation of multiple MAPK signaling pathways
in response to a broad array of extracellular stimuli (5). In
addition, RNAi-based studies have suggested that MLK3 is
critical for cell proliferation (5) and normal microtubule func-
tion (28). Our analysis of MIk3~'~ MEF does not support these
conclusions drawn from RNAi-based studies (5, 28). Since our
biochemical analysis was restricted to MEF, it is possible that
the divergent conclusions between these studies reflect differ-
ences in the role of MLK3 between cell types. Nevertheless, it

is difficult to reconcile the conclusion that MLK3 is critical for
proliferation and has multiple essential signaling roles with the
finding that MIk3~/~ mice are viable and healthy. A second
possible explanation of the more restricted phenotype ob-
served in our study is that a greater degree of compensation
may have occurred in the MLK3 knockout mice than in vitro
studies using RNAIi. A number of other potential explanations
also exist (20), including the possibility that the phenotype
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caused by a reduction of MLK3 expression is greater than that
caused by the elimination of MLK3 expression.

A consensus conclusion from our MLK3 knockout analysis
(this study) and previously reported RNAi-based studies (5,
28) is that the limited role of MLK3 that we observe in TNF
signaling represents a nonredundant function of MLK3. Our
analysis does not exclude the possibility that MLK3 may also
have additional functions that are redundant with other mem-
bers of the MAP3K family in primary MEF.

MLKS3 contributes to the TNF signaling pathway that acti-
vates JNK. TNF binds to the receptor TNF-R1 and activates
several signaling pathways that mediate a balance between life
and death (37). Thus, TNF can activate caspase 8 to promote
apoptosis and can increase cell survival by activating NF-«B.
TNF also activates the ERK, JNK, and p38 MAPK signaling
pathways. Here, we show that the MAP3K isoform MLK3
plays a role in the response of MEF to TNF. Studies of MLK3-
deficient MEF demonstrate that MLLK3 partially contributes to
the immediate activation of JNK in response to TNF (Fig. 5
and 6). However, MLK3 is not required for TNF-stimulated
activation of ERK and p38 MAPK or TNF-stimulated NF-«kB
activation (Fig. 4 to 6). MLK3 is also not required for TNF-
stimulated activation of caspase 8 or apoptosis (unpublished
observations). These data indicate that MLK3 selectively con-
tributes to TNF-stimulated JNK activity.

MLK3-deficient MEF exhibit a selective and partial reduc-
tion in TNF-stimulated JNK activation. Nevertheless, robust
TNF-induced JNK activation was observed in MIk3~/~ MEF
(Fig. 5 and 6). This observation suggests that MLK3 acts re-
dundantly with at least one other MAP3K in TNF-stimulated
JNK activation. A key question for future studies is the identity
of the MAP3K(s) that mediates the effects of TNF on JNK
activation in MLK3-deficient cells. A plausible hypothesis is
that this protein kinase activity represents another member of
the MLK group, but other MAP3K may also contribute to
TNF-stimulated JNK activation. A second key question relates
to the mechanism by which TNF activates MLK3. The adapter
protein TRAF?2 is required for TNF-stimulated JNK activation
(42), but whether TRAF2 might regulate MLK3 directly or
indirectly is unclear. Analysis of the regulatory relationship
between TRAF2 and MLK3 represents a critical goal for fu-
ture experiments.

Interestingly, TNF-stimulated p38 MAPK activation is in-
creased in MIk3~'~ MEF (Fig. 5 and 6). Recent studies of
JNK-deficient cells demonstrate increased p38 MAPK activa-
tion in response to TNF (19). Conversely, decreased p38
MAPK activity can increase JNK activation (12, 40). These
data suggest that JNK and p38 MAPK are negatively regulated
by cross talk between these signaling pathways. The mecha-
nism of this cross talk may be mediated by MAPK phospha-
tases (4, 32), including MKP5 and MKP7 (17, 30, 31, 33, 44).
Further studies are required to define the mechanism that
alters TNF-stimulated p38 MAPK activation in Mlk3~'~ MEF.

MLKS3 regulates the adipogenic potential of MEF in vitro.
Adipogenesis is a physiological process that is differentially
regulated by MAPKSs (23, 24). For example, JNK activation
inhibits the proadipogenic transcription factor PPARy (1, 3).
Conversely, p38 MAPK activation promotes adipogenesis, in
part by increasing the expression and transcriptional activation
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of C/EBP (8, 9, 43). These observations suggest that adipogen-
esis is a paradigm in which reciprocal alterations in JNK and
p38 MAPK activity have biological consequences. Here, we
show that the decreased JNK activation and increased p38
MAPK activation observed with MIk3~/~ MEF are associated
with increased expression and phosphorylation of proadipo-
genic transcription factors (C/EBPa and C/EBPB) and in-
creased adipogenic differentiation in vitro. These data suggest
that MLK3 plays a role in regulating adipogenesis. Neverthe-
less, studies of MIk3~'~ mice maintained on a standard labo-
ratory chow diet ad libitum did not reveal increased adiposity
in vivo (unpublished observations). Further studies will be re-
quired to test whether the potential for increased adiposity in
MIk3~'~ mice may be revealed if these mice are exposed to an
environmental challenge (e.g., being fed a high-fat diet).

Conclusion. We report that the MLK3 protein kinase con-
tributes to TNF-stimulated JNK activation. This identification
of a role for MLKS3 fills an important gap in our understanding
of the mechanism of JNK activation caused by TNF.
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