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Abstract
Saturated free fatty acid (FFA) is a major source of metabolic stress that activates the cJun NH2-
terminal kinase (JNK). This FFA-stimulated JNK pathway is relevant to hallmarks of metabolic
syndrome, including insulin resistance. Here we used gene ablation studies in mice to demonstrate
a central role for mixed-lineage protein kinases (MLK) in this signaling pathway. Saturated FFA
causes protein kinase C (PKC)-dependent activation of MLK3 that subsequently causes increased
JNK activity by a mechanism that requires the MAP kinase kinases MKK4 and MKK7. Loss of PKC,
MLK3, MKK4, or MKK7 expression prevents FFA-stimulated JNK activation. Together, these data
establish a signaling pathway that mediates effects of metabolic stress on insulin resistance.

Introduction
Obesity is a world-wide health problem that is associated with metabolic syndrome, including
insulin resistance and the development of type 2 diabetes (Boden, 2003). Obesity is associated
with increased blood levels of free fatty acids (FFA). This increase in FFA is considered to be
a causative link between obesity and insulin resistance (Arner, 2002;Boden, 2006;Kahn et al.,
2006;Kovacs and Stumvoll, 2005). The mechanism that accounts for FFA-induced insulin
resistance is incompletely understood. However, activation of the cJun NH2-terminal kinase
(JNK) stress signaling pathway appears to play a major role in the development of obesity-
induced insulin resistance (Hirosumi et al., 2002). One molecular mechanism that contributes
to JNK-induced insulin resistance is the phosphorylation of the insulin receptor adapter protein
IRS1 on the inhibitory site Ser-307 (Aguirre et al., 2000;Aguirre et al., 2002;Lee et al.,
2003). FFA-stimulated JNK signaling is therefore an important physiological mechanism of
insulin resistance.

Although progress has been achieved towards understanding the function of JNK in the
development of insulin resistance (Weston and Davis, 2007), the mechanism that accounts for
FFA-stimulated JNK activation remains unclear. Two MAP kinase kinases (MAP2K; MKK4
and MKK7) can phosphorylate and activate JNK (Tournier et al., 2001). These kinases, in turn,
are phosphorylated and activated by MAP kinase kinase kinases (MAP3K). Several different
groups of MAP3K are implicated in JNK regulation, including MEKK, MLK, TAK1, ASK1,
and TPL2 (Weston and Davis, 2007). Knowledge of specific roles of individual MAP3K in
the response to particular stimuli is incomplete, in part, because it appears that some MAP3K
function redundantly. Thus, it is possible that different MAP3K isoforms may function
cooperatively or in a temporally sequential manner. For example, TAK1 plays an essential role
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in the early phase of JNK activation caused by tumor necrosis factor (TNF) and ASK1 plays
an important role in the late phase of TNF-stimulated JNK activation (Sato et al., 2005;Shim
et al., 2005;Tobiume et al., 2001). Nevertheless, unique functions for some MAP3K have been
established, including a requirement of MEKK1 for JNK activation caused by activin in
keratinocytes (Zhang et al., 2005) and a requirement of MEKK2 for JNK activation caused by
FGF2 in fibroblasts (Kesavan et al., 2004).

The role of other MAP3K in JNK regulation is poorly understood. For example, the role of the
mixed-lineage protein kinase (MLK) group of MAP3K has not been established. Three sub-
groups of MLK can be defined based on their primary structure (Gallo and Johnson, 2002).
First, the MLK1 - 4 sub-group is characterized by an NH2-terminal-terminal SH3 domain, a
kinase domain, a leucine zipper domain, and a Cdc42/Rac1 binding (CRIB) motif. Second, the
DLK and LZK sub-group consists of a kinase domain and a leucine zipper domain that is
interrupted by a 31 amino acid insertion. Third, the ZAK sub-group is characterized by a kinase
domain, a leucine zipper domain, and a sterile-α-motif (SAM). The physiological functions of
these MLK isoforms have not been defined (Gallo and Johnson, 2002), although a role for
DLK in radial migration of neurons during development has been proposed (Hirai et al.,
2006) and it has been suggested that MLK3 may cause microtubule instability, regulate B-Raf/
Raf-1 signaling complexes, and promote proliferation (Chadee and Kyriakis, 2004;Chadee et
al., 2006;Swenson et al., 2003). MLK3 may also play a minor role in regulating the amplitude
of TNF-stimulated JNK activation (Brancho et al., 2005).

The goal of this study was to identify the MAP3K isoform that mediates the effect of FFA on
JNK activation. We report that MLK plays a central role in FFA-induced JNK activation. This
function of MLK as a mediator of FFA signaling represents a mechanism that enables metabolic
regulation of signal transduction.

Results
JNK is activated by saturated FFA

We examined FFA-stimulated JNK activation in mouse embryonic fibroblasts (MEF).
Treatment with palmitate caused JNK activation in a time- and dose-dependent manner that
was detected by an in vitro kinase assay using [γ-32P]ATP and cJun as substrates (Figure 1A,B).
The delayed time course of JNK activation may reflect the proposal that saturated FFA may
signal indirectly by increasing the cellular pools of diacylglyerol (Montell et al., 2001) and
ceramide (Schmitz-Peiffer et al., 1999). Importantly, the concentration of FFA that is sufficient
to activate JNK in these cells is within the physiological range for blood FFA concentrations
in wild-type mice (Kim et al., 2004).

We tested the ability of different FFA to activate JNK in MEF. Incubation with saturated FFA,
including palmitate and stearate, resulted in JNK activation, while addition of mono- and poly-
unsaturated FFA (oleate and linoleate) had no effect (Figure 1C). The inability of unsaturated
FFA to cause JNK activation correlates with the finding that unsaturated FFA can increase the
cellular pool of triacylglyerol rather than diacylglycerol (Montell et al., 2001). Together, these
data demonstrate that exposure of MEF to saturated FFA, but not unsaturated FFA, causes JNK
activation.

FFA-stimulated JNK activation is mediated by MKK4 and MKK7
Two different MAP2K (MKK4 and MKK7) are implicated in JNK activation (Davis, 2000).
Indeed, compound mutants that lack expression of both MKK4 and MKK7 are resistant to
stress-induced activation of JNK (Tournier et al., 2001). We therefore tested the effect of
MKK4 and MKK7-deficiency on FFA-stimulated JNK activation. We found that, as expected,
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compound mutant Mkk4−/− Mkk7−/− MEF failed to exhibit JNK activation in response to
treatment with palmitate (Figure 2C). Similarly, Mkk4−/− MEF and Mkk7−/− MEF failed to
respond to palmitate with increased JNK activation (Figure 2A,B). These data indicate that
both MKK4 and MKK7 are required for FFA-stimulated JNK activity in MEF. This combined
requirement for MKK4 and MKK7 may reflect the co-operative phosphorylation of the JNK
Thr-Pro-Tyr dual phosphorylation motif on Tyr by MKK4 and on Thr by MKK7 (Lawler et
al., 1998;Tournier et al., 2001).

MLK3 is required for FFA-stimulated JNK activation
The MAP2K isoforms MKK4 and MKK7 are activated by several different classes of MAP3K
(Davis, 2000). However, the MAP3K that mediates FFA-induced JNK activation has not been
defined. Recent studies have implicated a role for Toll-like receptor 4 (TLR4) in the response
to saturated FFA (Kim et al., 2007;Kim, 2006;Poggi et al., 2007;Shi et al., 2006;Song et al.,
2006). It is established that the MAP3K isoform TAK1 is required for TLR4-stimulated
activation of both NF-κB and JNK (Sato et al., 2005;Shim et al., 2005). TAK1 therefore
represents a candidate MAP3K isoform that may mediate the effects of saturated FFA on JNK
activity. However, we found that saturated FFA caused JNK activation in Tak1−/− MEF (Figure
S1). These data indicate that the TLR4/TAK1 pathway is not essential for JNK activation
caused by saturated FFA.

A second candidate class of MAP3K that may mediate the effects of saturated FFA on JNK
activation is represented by the mixed-lineage protein kinase (MLK) group (Gallo and Johnson,
2002). Indeed, the ubiquitously expressed isoform MLK3 has been reported to be activated by
ceramide (Sathyanarayana et al., 2002), a possible lipid mediator of FFA signaling (Schmitz-
Peiffer et al., 1999). To test whether MLK3 is a component of a FFA-induced signaling
pathway, we examined the effect of FFA on MLK3 regulation. Immunoblot analysis using an
antibody to the MLK3 T-loop phosphorylation sites Thr-277 and Ser-281 demonstrated that
treatment with saturated FFA caused increased T-loop phosphorylation of MLK3 (Figure 3A).
This observation indicates that MLK3 is activated by FFA and that MLK3 is a component of
a FFA-stimulated signaling pathway.

To test whether MLK3 may be required for FFA-stimulated JNK activation, we prepared MEF
from wild-type and Mlk3−/− mice. Treatment of wild-type MEF with saturated FFA (palmitate),
but not unsaturated FFA (oleate), caused increased JNK activation (Figure 3B). In contrast,
Mlk3−/− MEF were unresponsive to saturated FFA (Figure 3B). This analysis demonstrated
that MLK3 is essential for FFA-stimulated JNK activation in MEF.

Previous studies have indicated that MLK3 may regulate multiple MAPK signaling pathways
(Gallo and Johnson, 2002). It is therefore possible that MLK3 may mediate the effects of FFA
on the p38 MAPK and ERK1/2 signaling pathways. Indeed, p38 MAPK and ERK1/2 were
activated by treatment with saturated FFA, although the response of these MAPK pathways
was modest compared with the robust effect of FFA to activate JNK (Figure 3B-D).
Comparative studies indicated that MLK3-deficiency selectively blocked the effect of FFA on
JNK activation. These studies demonstrated that MLK3 is required for FFA-stimulated JNK
activation and that it plays either no role or a redundant role in FFA-stimulated activation of
other MAPK pathways.

MLK3-deficient cells are protected against FFA-induced insulin resistance
Dysregulated lipid metabolism and increased levels of FFA are a major cause of insulin
resistance (Delarue and Magnan, 2007). Indeed, FFA-stimulated JNK activation may play a
central role in obesity-induced insulin resistance (Hirosumi et al., 2002). We therefore
examined the effect of FFA on insulin signaling in MEF. Since MEF express only low levels
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of insulin receptors, we used a high concentration of insulin (100nM) that binds both IGF-1
and insulin receptors. Control studies demonstrated that treatment with FFA caused JNK
activation (Figure 4A) and markedly decreased insulin-stimulated AKT activation (Figure 4B).
In contrast, MLK3-deficient cells did not exhibit FFA-stimulated JNK activation (Figure 4A)
and FFA did not inhibit insulin-stimulated AKT activation (Figure 4B). Together, these data
indicate that MLK3 is essential for FFA-stimulated JNK activation and insulin resistance.

Role of MLK3 in obesity-induced JNK activation
Studies using cultured cells indicated that MLK3 is essential for FFA-stimulated JNK
activation (Figures 2 – 4). These observations suggest that MLK3 may be important for JNK
regulation by FFA in vivo. To test this hypothesis, we examined the effect of MLK3-deficiency
in an animal model that is associated with increased concentrations of blood FFA. Feeding
mice a high fat diet causes increased blood FFA and JNK activation (Hirosumi et al., 2002).
We found that the high fat diet also caused MLK3 activation that was detected by increased
MLK3 T-loop phosphorylation in both epididymal white adipose tissue and interscapular
brown adipose tissue (Figure 5A,B).

To test whether MLK3 contributes to JNK activation in vivo, we examined adipose tissue from
mice fed either a control diet (chow) or a high fat diet. JNK was activated in both the white fat
(Figure 5C) and the brown fat (Figure 5D) of mice fed a high fat diet. Studies of Mlk3−/− mice
demonstrated that MLK3 was required for obesity-induced JNK activation in brown fat (Figure
5D), but not in white fat (Figure 5C). The non-essential role of MLK3 in white fat may reflect
the expression of other members of the MLK group in this tissue. These data indicate that
MLK3 is essential for obesity-induced JNK activation in brown fat and that MLK3 may play
only a redundant role in white fat.

Histological analysis of adipose tissue demonstrated that feeding a high fat diet caused
hypertophy of both white and brown adipose tissue (Figure 5E,F). No differences between
white fat from wild-type and Mlk3−/− mice were detected. However, MLK3-deficiency did
cause markedly reduced lipid accumulation in the brown fat of mice fed a high fat diet.

MLK3 is required for inhibitory phosphorylation of IRS1
The adapter protein IRS1, an important mediator of signaling by the insulin receptor, is
phosphorylated on tyrosine and serves to recruit multiple insulin-regulated signaling modules,
including PI-3 kinase (White, 2006). JNK can suppress IRS1 function by phosphorylating the
inhibitory site Ser-307 (Aguirre et al., 2000;Aguirre et al., 2002;Lee et al., 2003). This
observation suggests that IRS1 phosphorylation may be an important target of JNK signaling
in mice fed a high fat diet (Hirosumi et al., 2002). Indeed, immunoblot analysis demonstrated
that feeding a high fat diet to wild-type mice caused increased phosphorylation of IRS1 on the
JNK phosphorylation site Ser-307 in both white and brown adipose tissue (Figure 6A). Studies
of Mlk3−/− mice demonstrated that MLK3-deficiency slightly reduced IRS1 phosphorylation
on Ser-307 in white adipose tissue and markedly suppressed IRS1 Ser-307 phosphorylation in
brown adipose tissue (Figure 6A). These defects in IRS1 Ser-307 phosphorylation are
consistent with the effect of MLK3-deficiency to reduce obesity-induced JNK activation
(Figure 5C,D).

To test whether these changes in inhibitory IRS1 phosphorylation are functionally relevant,
we examined the effect of insulin to cause tyrosine phosphorylation of IRS1. Studies of white
adipose tissue demonstrated a similar increase in phosphorylation of IRS1 on Tyr and Ser-307
in wild-type and Mlk3−/− mice (Figure 6B). In contrast, studies of brown adipose tissue
demonstrated that MLK3-deficiency caused decreased Ser-307 phosphorylation and markedly
increased Tyr phosphorylation of IRS1 in brown adipose tissue (Figure 6B). These data provide
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biochemical evidence of increased insulin sensitivity of brown fat in MLK3-deficient mice.
Together, these data indicate that MLK3 is required for JNK-induced insulin resistance in
brown adipose tissue.

The observation that insulin signaling is altered in Mlk3−/− mice prompted us to test whether
MLK3-deficiency, like JNK-deficiency, might protect against diet-induced obesity and insulin
resistance. We found that feeding a high fat diet caused similar changes in body mass, glucose
tolerance, insulin tolerance, and fasting blood insulin and glucose concentrations in wild-type
and Mlk3−/− mice (Figure S2 and data not shown). The lack of systemic protection against diet-
induced obesity and insulin resistance caused by MLK3-deficiency is most likely the result of
the finding that MLK3 is required for obesity-induced JNK activation in brown adipose tissue
(Figures 5 & 6) and liver (Figure S3) of Mlk3−/− mice, but MLK3 is not essential in other
tissues, including white adipose tissue (Figure 5 & 6) and muscle (data not shown). It is possible
that the function of MLK3 is redundant in white fat and other tissues because of the expression
of other members of the MLK group.

PKC is required for MLK3-dependent JNK activation caused by FFA
The mechanism of activation of the MLK3 signaling pathway by FFA is unclear. Previous
studies have established a role for protein kinase C (PKC) in FFA-induced insulin resistance
(Dey et al., 2006). Obesity or treatment with FFA causes activation of novel PKC isoforms,
including PKCθ, PKCδ, and PKC ε (Griffin et al., 1999;Kim et al., 2004;Lam et al.,
2002;Samuel et al., 2007;Yu et al., 2002), probably by elevating the intracellular concentration
of diacylglycerol (Montell et al., 2001) and ceramide (Schmitz-Peiffer et al., 1999).

We examined the effect of FFA to activate PKC in MEF by immunoblot analysis using a PKC
phosphospecific antibody. This analysis demonstrated that saturated FFA, but not unsaturated
FFA, caused PKC activation in both wild-type and Mlk3−/− MEF (Figure 7A). These data
indicate that FFA can activate PKC independently of MLK3. To test whether PKC might act
as an upstream component of a FFA-stimulated pathway that activates JNK, we compared the
effect of constitutively activated PKC and kinase-negative PKC on JNK activity. These data
demonstrated that PKC can activate JNK (Figure 7B). PKC may therefore function as a
mediator of FFA signaling to MLK3.

To test the requirement of PKC for FFA-stimulated MLK3 and JNK activation, we examined
the effect of PKC down-regulation. In initial studies, we used siRNA to down-regulate the
PKC isoforms expressed in MEF (PKCα, PKCδ, PKCε, and PKCζ). Down-regulation of
individual PKC isoforms caused no change in FFA-induced MLK3 or JNK activation (data
not shown). This observation suggested that PKC isoforms may serve redundant functions in
this pathway. Efficient simultaneous down-regulation of multiple PKC isoforms using siRNA
was not obtained. We therefore took an alternative approach to obtain MEF lacking multiple
PKC isoforms. Treatment with the phorbol ester TPA caused down-regulation of
diacylglycerol-responsive PKC isoforms (α, δ, andε), but did not affect FFA-induced MLK3
or JNK activation (data not shown). This observation suggested an important role for PKCζ,
although Pkcζ−/− MEF exhibited no defect FFA-induced MLK3 and JNK activation (Figure
7C). We therefore examined the effect of pan-PKC deficiency by treating Pkcζ−/− MEF with
TPA (Figure 7C). This approach demonstrated that PKC was essential for FFA-induced
activation of both MLK3 and JNK (Figure 7C). These data indicate that multiple PKC isoforms
(α, δ, ε and ζ) in MEF serve redundant functions as upstream components of a FFA-stimulated
signaling pathway that regulates MLK3-dependent activation of JNK (Figure 7D).
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Discussion
Obesity can cause an increase in the level of blood FFA and it is thought that this increase in
FFA mediates the effects of obesity on insulin resistance and type 2 diabetes (Arner,
2002;Boden, 2003;Boden, 2006;Kahn et al., 2006;Kovacs and Stumvoll, 2005). The FFA in
the blood can be incorporated into cellular lipids. Indeed, unsaturated FFA accumulate as
triacylglycerol whereas saturated FFA increase the diacylglycerol pool (Montell et al., 2001).
In addition, saturated FFA may also lead to accumulation of ceramide (Schmitz-Peiffer et al.,
1999). This increase in diacylglycerol and ceramide caused by saturated FFA may mediate the
effects of FFA on insulin resistance. Possible targets of diacylglycerol signaling include
members of the PKC family and ceramide may activate the diacylglycerol-insensitive isoform
PKCζ. Indeed, several PKC isoforms have been implicated in insulin resistance in models of
elevated blood FFA caused by lipid infusion or obesity (Dey et al., 2006;Griffin et al.,
1999;Kim et al., 2004;Lam et al., 2002;Samuel et al., 2007). PKCθ and PKCδ appear to be
relevant to FFA-induced insulin resistance in muscle while PKCε may be the important isoform
in liver (Morino et al., 2006).

PKC is required for FFA-stimulated JNK activation
Our studies of MEF demonstrate that saturated FFA cause JNK activation. In contrast,
unsaturated FFA cause no change in JNK activity. The selective effect of saturated FFA to
activate JNK suggests that PKC may contribute to JNK activation. MEF express several PKC
isoforms (PKCα, PKCδ, PKCε, and PKCζ) that appear to function redundantly in this pathway.
Nevertheless, knockdown of these PKC isoforms prevents the activation of JNK by saturated
FFA (Figure 7C). These data establish that PKC is a required component of a FFA-induced
signaling pathway that activates JNK (Figure 7D).

MLK is required for FFA-stimulated JNK activation
We demonstrate that a MLK isoform (MLK3) is essential for FFA-stimulated JNK activation
in MEF (Figures 3 & 4). The most direct evidence for this conclusion was obtained from the
finding that FFA did not activate JNK in MEF prepared from Mlk3−/− mice. This observation
indicated that MLK3 is a component of a FFA-stimulated pathway that leads to JNK activation.
To test the relationship between PKC and MLK3, we performed epistatic analysis of the FFA
signaling pathway. Importantly, FFA caused PKC activation in MLK3-deficient MEF (Figure
7A), but FFA did not cause MLK3 activation in PKC-deficient MEF (Figure 7C). These data
indicate that the FFA signaling pathway is organized with MLK3 acting down-stream of PKC
(Figure 7D).

The molecular mechanism of MLK3 regulation by PKC remains to be elucidated. Biochemical
studies indicate that a major mechanism of MLK3 regulation is auto-inhibition mediated by
the binding of the NH2-terminal SH3 domain to a proline-rich domain located between the
leucine zipper and the CRIB motif. Cdc42 binding to the CRIB motif may promote de-
inhibition and leucine zipper-mediated dimerization of MLK3 (Gallo and Johnson, 2002). This
mechanism may contribute to the effect of PKC to activate MLK3. Alternatively, PKC may
regulate MLK3 directly by phosphorylation. Indeed, MLK3 is phosphorylated on many sites
in vivo (Vacratsis et al., 2002) that regulate MLK3 activity and sub-cellular localization
(Barthwal et al., 2003;Schachter et al., 2006). An important goal for future studies will be to
define the molecular mechanism of MLK3 regulation by PKC (Figure 7D).

MKK4 and MKK7 are required for FFA-stimulated JNK activation
It is established that MLK3 can phosphorylate and activate the MAP2K isoforms MKK4 and
MKK7 (Gallo and Johnson, 2002). Compound deficiency of MKK4 plus MKK7 prevents
stress-induced JNK activation (Tournier et al., 2001). Interestingly, FFA did not activate JNK
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in MEF prepared from Mkk4−/− mice or Mkk7−/− mice (Figure 2). This observation indicated
that both MKK4 and MKK7 are required for FFA-stimulated JNK activation in MEF. The
combined requirement for MKK4 and MKK7 may reflect the co-operative phosphorylation of
the JNK Thr-Pro-Tyr dual phosphorylation motif on Tyr by MKK4 and on Thr by MKK7
(Lawler et al., 1998;Tournier et al., 2001).

PKC is an upstream component of the FFA signaling pathway that is required for the activation
of MLK3 (Figure 7D). However, PKC may also contribute to JNK activation caused by MKK4
and MKK7. This is because PKC can phosphorylate JNK at a site (Ser-129) that may facilitate
the activation of JNK by MKK4 and MKK7 (Lopez-Bergami et al., 2005). Thus, FFA-
stimulated PKC may contribute to JNK activation at two different steps (Figure 7D).

Role of mixed-lineage protein kinases
Previous studies have not established biological functions for the MLK sub-group of mixed-
lineage kinases. However, some studies of the ubiquitously expressed isoform MLK3 have
been reported. Thus, over-expression of MLK3 promotes microtubule instability (Swenson et
al., 2003). It has also been reported that RNAi-mediated knockdown of MLK3 destabilizes B-
Raf/Raf-1 complexes and suppresses proliferation (Chadee and Kyriakis, 2004;Chadee et al.,
2006). In contrast, targeted disruption of the Mlk3 gene in mice did not reveal defects in
microtubule stability, Raf signaling to the ERK1/2 group of MAP kinases, or cellular
proliferation (Brancho et al., 2005). Similarly, detailed studies of Mlk3−/− MEF did not indicate
major defects in MAP kinase signaling pathways when these cells were exposed to many
hormones and cytokines or physical and chemical stresses, although a small reduction in the
amplitude of TNF-stimulated JNK activation was noted (Brancho et al., 2005). None of these
observations provide compelling insight into the biological function of MLK. Nevertheless,
many studies have implicated possible roles of MLK isoforms (Gallo and Johnson,
2002;Handley et al., 2007), including studies using the small molecule inhibitor CEP-1347
that can inhibit all members of the mixed-lineage protein kinase family (Maroney et al.,
2001). Studies using CEP-1347 have primarily focused on the neuroprotective effect of this
drug to inhibit JNK signaling (Saporito et al., 2002), although this drug may also decrease
pancreatitis (Wagner et al., 2000) and pulmonary fibrosis (Hashimoto et al., 2001). These
studies indicate that members of the MLK family may have a broad role in cellular physiology,
although the kinome specificity of CEP-1347 has not been formally established.

The results of this study demonstrate an essential role of MLK3 in the JNK signal transduction
pathway that is activated by FFA. This signaling pathway is implicated in FFA-induced insulin
resistance that is caused, in part, by JNK-mediated inhibitory phosphorylation of IRS1 on
Ser-307 (Weston and Davis, 2007). This FFA signaling pathway is also implicated in steatosis
and the progression to steatohepatitis that is mediated, in part, by JNK-dependent apoptosis
(Malhi et al., 2006;Schattenberg et al., 2006). These observations suggest that drugs that target
MLK enzymes (like CEP-1347) that may have therapeutic benefits for neurodegenerative
disease (Saporito et al., 2002) may also be useful for the treatment of FFA-induced insulin
resistance and steatohepatitis. It is likely that inhibition of the specific group of MAP3K that
mediates FFA signaling may provide greater specificity for therapeutic intervention than
inhibition of JNK directly.

Recent studies have demonstrated that FFA can activate JNK in many cell types, including
adipocytes, hepatocytes and β-cells (Gao et al., 2004;Malhi et al., 2006;Nguyen et al.,
2005;Solinas et al., 2006). Here we show that the ubiquitously expressed MLK isoform MLK3
is essential for JNK activation caused by FFA and obesity in MEF, brown fat, and liver (Figures
3–5 & Supplementary Figure S3). However, MLK3 is not essential in some other tissues,
including white fat (Figure 5) and muscle (data not shown). It is likely that other MLK isoforms
that are not expressed ubiquitously (e.g. MLK1, MLK2, and MLK4) may function redundantly
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with MLK3 in specific tissues. Indeed, markedly different expression of MLK isoforms in
individual tissues has been reported (Gallo and Johnson, 2002;Shmueli et al., 2003 and Figure
S4). These members of the MLK family may therefore contribute to the metabolic phenotype.
An important goal for future studies will therefore be to characterize single and compound
mutant mice with defects in the expression of all members of the MLK family.

Experimental procedures
Mice

Mlk3−/− mice (Brancho et al., 2005) were back-crossed 10 generations to the C57BL/6J strain
(Jackson Laboratories) and 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. Male mice were fed a high fat
diet ad libitum (Diet F3282, BioServ) or a standard diet for 16 wk and their body mass was
recorded weekly. Blood samples were collected from the tail vain after an overnight fast after
6, 12, and 16 weeks on the diet. Blood glucose concentrations were measured with a DEX-
Glucometer (Bayer), and plasma insulin was measured by ELISA kit for rat insulin (Crystal
Chem). Tissues were removed and rapidly frozen in liquid nitrogen for biochemical analysis.
Histology was performed using tissue fixed in 10% formalin, dehydrated, and embedded in
paraffin. Sections were stained with hematoxylin and eosin.

Cell culture
We have previously described wild-type, Mkk4−/−, Mkk7−/−, and Mkk4−/− Mkk7−/− MEF
(Tournier et al., 2001) and wild-type and Mlk3−/− MEF (Brancho et al., 2005). Wild-type and
Pkcζ−/− MEF (Leitges et al., 2001) were provided by Dr. Jorge Moscat (University of
Cincinnati). Wild-type and Tak1−/− MEF (Shim et al., 2005) were provided by Dr. Sankar
Ghosh (Yale University Medical School). MEF and HEK293 (American Type Culture
Collection) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (Invitrogen). HEK293 cells were transfected with Lipofectamine
(Invitrogen). Sodium salts of fatty acids (Sigma) were dissolved in PBS and mixed with FFA-
free BSA (Roche). Stearic acid (Sigma) was dissolved in ethanol and added to serum-free
DMEM supplemented with 2% FFA-free BSA. After 1h incubation in serum-free DMEM,
cells were treated with 0.5mM fatty acid/0.5%BSA for 1–16h at 37°C.

Plasmids
Plasmid expression vectors for wild-type and kinase-negative PKCε were provided by Dr.
Jorge Moscat (University of Cincinnati). The plasmid expression vector for Flag-tagged JNK1
was described previously (Derijard et al., 1994).

Biochemical assays
Protein extracts were prepared using Triton lysis buffer [20 mM Tris (pH 7.4), 1% Triton
X-100, 10% glycerol, 137 mM NaCl, 2 mM EDTA, 25 mM β-glycerophosphate, 1 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride, and 10 μg/mL of aprotinin and
leupeptin]. Extracts (50 μg of protein) were examined by imunoblot analysis with antibodies
obtained from Cell Signaling (MLK3, phosphoThr277,Ser281-MLK3, ERK, phospho-ERK,
p38, phospho-p38, AKT, phosphoSer473-AKT, PKCα, PKCδ, phospho-T-loop-PKC,
phospho-JNK, and TAK1), Tranduction Labs (PKCε), PharMingen (JNK), Sigma (α-Tubulin),
and Upstate Biotechnology (IRS1, phosphoSer307-IRS1 and phospho-MKK7). JNK activity
was measured in an in vitro kinase assay using [γ-32P]ATP and cJun as substrates (Whitmarsh
and Davis, 2001).
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Figure 1. JNK is activated by saturated free fatty acids
A) MEF were treated with 0.5mM palmitate for the indicated times. The expression of JNK
was examined by immunoblot analysis. JNK activity was measured in a kinase assay (KA)
using [γ-32P]ATP and cJun as substrates.
B) MEF were treated with different concentrations of palmitate for 16h. The expression of JNK
was examined by immunoblot analysis. JNK activity was measured in a kinase assay (KA)
using [γ-32P]ATP and cJun as substrates.
C) MEF were treated with 0.5mM linoleate (18:2), oleate (18:1), palmitate (16:0) and stearic
acid (18:0) for 16h. A solvent control (ethanol, Etoh) for the treatment with steric acid is shown.
The expression of JNK was examined by immunoblot analysis. JNK activity was measured in
a kinase assay (KA) using [γ-32P]ATP and cJun as substrates.
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Figure 2. FFA-induced JNK activation is mediated by MKK4 and MKK7
WT or MKK-deficient MEF were treated with 0.5 mM oleic acid (18:1) or 0.5 mM palmitic
acid (16:0) for 16 h. The expression of JNK was examined by immunoblot analysis. JNK
activity was measured in an in vitro kinase assay (KA) using [γ-32P]ATP and cJun as substrates.
A) WT and Mkk4−/− MEF. B) WT and Mkk7−/− MEF. C) WT and Mkk4−/− Mkk7−/− MEF.
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Figure 3. JNK activation by saturated FFA is MLK3 dependent
(A) Wild-type MEF were treated (16 h) with 0.5 mM palmitic acid. The expression of MLK3
and phosphorylation of the MLK3 T-loop (Thr-277 and Ser281) was examined by immunoblot
analysis.
(B - D) Wild-type (WT) or Mlk3−/− MEF were treated (16 h) with 0.5 mM oleic acid (18:1) or
0.5 mM palmitic acid (16:0). The phosphorylation and expression of JNK (B), p38 MAPK
(C), and ERK1/2 (D) was examined by immunoblot analysis.
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Figure 4. MLK3-deficient cells are protected against FFA-induced insulin resistance
A) WT or Mlk3−/− MEF were treated with 0.5 mM oleic acid (18:1) or 0.5 mM palmitic acid
(16:0) for 16 h. The expression of JNK was examined by immunoblot analysis. JNK activity
was measured in a kinase assay (KA) using [γ-32P]ATP and cJun as substrates.
B) WT or Mlk3−/− MEF were pretreated (16 h) with BSA or 0.5mM palmitate. After incubation
with 100nM insulin for 30 min, the cells were harvested and AKT expression and
phosphorylation at Ser-473 were examined by immunoblot analysis.
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Figure 5. FFA causes MLK3 and JNK activation
A, B) Wild-type mice were maintained (16 weeks) on a standard diet or on a high fat diet
(HFD). MLK3 expression, MLK3 T-loop phosphorylation (Thr-277 and Ser-281), and Tubulin
expression in white (epididymal) fat (WAT) and brown (interscapular) fat (BAT) was
examined by immunoblot analysis.
C,D) White adipose tissue (C) and brown adipose tissue (D) of wild-type mice (WT) and
Mlk3−/−mice (KO) maintained (16 weeks) on a standard diet (chow) and on a high fat diet
(HFD) was examined by immunoblot analysis (IB) using antibodies to JNK and MLK3. JNK
activity was measured in a kinase assay (KA) using [γ-32P]ATP and cJun as substrates.
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E,F) Representative histological sections of white adipose tissue (E) and brown adipose tissue
(F) stained with hematoxylin and eosin from wild-type and Mlk3−/− mice fed a standard or high
fat diet for 16 wk.
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Figure 6. MLK3 is required for inhibitory phosphorylation of IRS1 on Ser 307
A) IRS1 expression and phosphorylation on Ser-307 in white epididymal adipose tissue (WAT)
and brown interscapular adipose tissue (BAT) of wild-type and Mlk3−/− mice maintained (16
weeks) on a standard diet and on a high fat diet (HFD) was examined by immunoblot analysis.
B) Wild-type and Mlk3−/− mice were fasted overnight and then treated (30 mins) with insulin
(1.5 units/Kg). Extracts prepared from the fat pads (WAT and BAT) were examined by
immunoblot analysis using antibodies to IRS1, tyrosine phosphorylated IRS1 (Tyr-P), and
IRS1 phosphorylated on Ser-307.
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Figure 7. PKC is required for MLK3 and JNK activation by FFA
A) Wild-type or Mlk3−/− MEF were treated (16 h) with BSA or with 0.5 mM oleic acid (18:1)
or 0.5 mM palmitic acid (16:0). The phosphorylation and expression of PKCδ was examined
by immunoblot analysis.
B) Flag-tagged JNK1 and constitutively active or kinase-inactive PKCε were co-expressed in
HEK 293 cells. The expression of JNK1 and PKC was examined by immunoblot analysis. JNK
activity was measured in an IP-kinase assay (KA) using [γ-32P]ATP and cJun as substrates.
C) PKCζ−/− MEF were pre-treated without and with 1 μM TPA (24 h) and then treated without
and with 0.5 mM palmitate (16 h). The expression of PKCα, PKCδ, PKCε, MLK3, phospho-
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MLK3, JNK, phospho-JNK, and Tubulin was examined by immunoblot analysis. JNK activity
was measured in a kinase assay (KA) using [γ-32P]ATP and cJun as substrates.
D) Schematic illustration of a JNK signaling pathway that is activated by saturated FFA and
is mediated by PKC, MLK, and MKK4/7.
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