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Abstract
Background & Aims—Saturated free fatty acid (SFA)-stimulated c-Jun NH2-terminal kinase
(JNK) activation is associated with the pathogenesis of non-alcoholic fatty liver disease (NAFLD).
However, the mechanisms responsible for the effects of SFA are incompletely understood. The
goal of this study was to determine the molecular mechanisms by which SFA induce JNK
activation in hepatocytes.

Methods—We used siRNA-mediated knockdown in Hepa1c1c7 and AML12 cell lines, as well
as primary mouse hepatocytes for these studies.

Results—The current model for JNK activation by SFA involves endoplasmic reticulum (ER)
stress, which induces JNK activation through an inositol requiring enzyme 1 (IRE1α)/Apoptosis
Regulating Kinase 1 (ASK1)–dependent mechanism. Here, we find that SFA-induced JNK
activation is not inhibited in the absence of IRE1α and ASK1. Instead we show that activation of
the small GTP-binding proteins Cdc42 and Rac1 is required for SFA-stimulated MLK3-dependent
activation of JNK in hepatocytes. In addition, we demonstrate that SFA-induced cell death in
hepatocytes is independent of IRE1α, but dependent on Cdc42, Rac1 and MLK3.

Conclusions—Our results demonstrate that Cdc42 and Rac1, rather than ER stress, are
important components of a SFA-stimulated signaling pathway that regulates MLK3-dependent
activation of JNK in hepatocytes.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is a major cause of liver dysfunction in the non-
alcoholic, viral hepatitis-negative, population in the USA and Europe [1, 11, 40]. NAFLD is
characterized by hepatic steatosis and varying degrees of inflammation and fibrosis.
Increasing evidence suggests that saturated free fatty acids (SFA), through induction of
signaling pathways, such as the JNK pathway, are a causative link between obesity and
NAFLD [26]. Indeed, gene deletion and pharmacological inhibition have established an
important role for the JNK signaling pathway in the pathogenesis of NAFLD [13, 19, 30, 33,
36, 39].

Several MAP kinase kinase kinases (MAP3K) are implicated in the regulation of JNK,
including MEKK 1–4, MLK 1–4, TAK1, ASK1 and TPL2 [47]. MAP3K provide selectivity
for activation of JNK by upstream stimuli. For example, ASK1 mediates ER and oxidative
stress-induced JNK activation [27, 42], and we have recently identified MLK3 as an
important mediator of SFA-induced JNK activation in mouse embryonic fibroblasts (MEF)
[18]. Importantly, JNK activation by different MAP3Ks plays a role in a variety of
pathologies. JNK activated by SFA promotes lipoapoptosis and NAFLD [13, 19, 21, 30, 33,
36, 39], while JNK activated by other stimuli may function as a tumor suppressor [6, 34].
Accordingly, while drugs that target JNK directly may be beneficial for the treatment of
NAFLD, this approach might be limited by potential side effects. It is likely that inhibition
of the specific MAP3K that mediates SFA signaling may provide greater specificity for
therapeutic intervention than inhibition of JNK directly, as only SFA activation of JNK
would be affected. Therefore, a detailed understanding of the molecular mechanisms by
which SFA induce JNK activation is critical to provide specificity for therapeutic
intervention.

Molecular mechanisms responsible for the effects of SFA are incompletely understood, but
may include ER stress. Cells cope with ER stress by induction of an adaptive protective
response to restore homeostasis, known as the unfolded protein response (UPR) [32]. The
UPR functions via three signaling pathways mediated by the following stress-sensing ER-
resident proteins: PKR like ER kinase (PERK), activating transcription factor 6 (ATF6), and
inositol requiring enzyme 1 (IRE1) [32]. The goal of this study was to determine the
molecular mechanism by which SFA induce JNK activation. Previous studies have linked
the UPR to ER stress-induced JNK activation by a mechanism that involves IRE1α and
ASK1 [43]. We demonstrate that the small GTPases Cdc42 and Rac1, rather than
endoplasmic reticulum (ER) stress, are major contributors to the SFA-stimulated JNK
pathway. Together these data establish a new molecular mechanism that mediates the effects
of SFA on JNK activation in hepatocytes.

Materials and Methods
Cell lines and cell culture

Hepa1c1c7 and AML12 cells were purchased from ATCC and maintained in αMEM
supplemented with 10 % NuSerum (BD) and DMEM:F12 supplemented with 10 %
NuSerum (BD), respectively. Primary hepatocytes were isolated from C57BL/6 and MLK3
KO mice as previously described [38]. The animal studies were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of Cincinnati.
IRE1+/+ and IRE1−/− MEF have been described previously [43].

Antibodies and reagents
The antibodies were purchased as follows: MLK3, IRE1, CHOP and ATF4 antibodies from
Santa Cruz, Xbp1 antibody from Novus Biologicals, ASK1 antibody from Abcam, tubulin
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antibody from Sigma, the antibody against the myc-epitope (9B11), phospho-JNK, phospho-
p38 MAPK and p38 MAPK from Cell Signaling, Cdc42 and Rac1 antibodies from Upstate
Biotechnology and the JNK antibody from Pharmingen. Thapsigargin was from Sigma.
Fatty acid free BSA was from Roche. Sodium salts of fatty acids were from Sigma.
Preparation of BSA-SFA complexes has been described previously [18].

Immunoprecipitation
Cell extracts were prepared using Triton lysis buffer as described [18]. Cdc42V12 was
immunoprecipitated using an antibody against the myc-epitope tag and protein G sepharose.
Binding of MLK3 was determined by immunoblot analysis using an antibody against
MLK3.

Quantitative PCR
RNA was prepared using the RNeasy Kit from Qiagen according to the manufacturer’s
instructions. RNA was reverse transcribed using the iScript cDNA synthesis kit from Biorad
and GRP78 and Gadd34 gene expression was determined by quantitative PCR analysis
using the Bio-Rad iCycler iQ real-time PCR Detection System and was normalized to the
expression of actin using Taqman assays (Mm00517689_g1, Mm00435119_m1,
Mm00607939_s1) (Applied Biosystems).

siRNA and transfection
Plasmids were transfected with Lipofectamine 2000 according to the manufacturer’s
instructions. siRNAs were transfected using the calcium phosphate method [7]. siRNAs
were obtained from Qiagen. The target sequences used for siRNA are: Mm siMLK3 5′–
CCCAGACGTCTTGAAGATTCA-3′; Mm siASK1 5′–
CTGGATCGAATGAGTATCTTA-3′; Mm siIRE1α 5′–CAGGATGTAAGTGACCGAATA
- 3′; Mm Cdc42 5′–TTAAATCAAACTAAAGATTA A-3′; Mm Rac1 5′–
AAGCATTTCCTGGAGAGTACA-3′. The Allstars Negative Control siRNA was used as
non-targeting control for all siRNA experiments.

GTPase activation assay
CDC42 and Rac1 activation have been analyzed using a Cdc42/Rac1 activation assay kit
from Upstate Biotechnology according to the manufacturer’s instructions.

Subcellular fractionation
For subcellular fractionation, cells were homogenized in sample buffer (20 mM Tris, pH 7.4,
300 mM sucrose, 10 mM EGTA, 5 mM EDTA, 0.3 mM PMSF, 5 mM DTT) and
centrifuged at 100,000 × g for 1h at 4ºC. The supernatant was collected as cytosolic fraction
and the resulting pellet was resuspended in sample buffer containing 1% Triton-X 100 for
30 min, centrifuged at 100,000 × g for 1h and the resulting supernatant was collected as
membrane fraction.

Plasmids
The plasmid expression vector for MLK3 was described previously [4]. The point-mutations
in the CRIB-domain (I492A/S493A) where introduced using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene) with the primer 5′-
GACGGCGGCGAGCGTGCCGCCATGCCAC TCGACTTC-3′ and its reverse complement
and confirmed by sequencing.
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Xbp1 splicing assay
The assay for Xbp1 splicing was described previously [5]. Briefly, RNA was isolated,
reverse transcript, amplified and the PCR product was digested with PstI.

Cell death analysis
Apoptosis was evaluated using the Cell Death detection ELISA kit (Roche) and the
Caspase-3 cellular assay kit (Enzo) according to the manufacturer’s instructions. Data are
presented as mean, with n representing 3 independent experiments. Comparison of two
groups was performed using unpaired Student’s t test. A p-value of < 0.05 was regarded as
statistically significant.

Results
Role of MLK3 in SFA-induced JNK activation in hepatocytes

We have previously shown that MLK3 deficient mice exhibit reduced levels of steatosis and
decreased JNK activation in liver when placed on a high fat diet [18]. However, it is unclear
if decreased JNK activation in the liver is due to the loss of MLK3 in hepatocytes or an
indirect consequence of failure to develop steatosis. Since we have established that MLK3 is
an important mediator of SFA-induced JNK activation in MEF [18], we hypothesized that
MLK3 may be important for SFA-induced JNK activation in hepatocytes. To test this
hypothesis, we used siRNA to decrease expression of MLK3 in Hepa1c1c7 cells. Decreased
expression of MLK3 significantly attenuated, but did not completely abolish SFA-stimulated
JNK activation (Supplemental Fig. 1A). To test whether the residual JNK activity is due to
incomplete knockdown of MLK3, we prepared primary hepatocytes from wild-type and
Mlk3−/− mice. Treatment of wild-type hepatocytes with palmitate caused increased JNK
activation, while Mlk3−/− hepatocytes exhibited lower basal JNK activity and markedly
reduced JNK activation (Supplemental Fig. 1B), while p38 MAPK phosphorylation was
unaffected (Supplemental Fig. 1C). Together, these data suggest that MLK3 serves a major
role in SFA-stimulated JNK activation in hepatocytes, although, unlike in MEF, other
MAP3K isoforms may also contribute to SFA-induced JNK activation in hepatocytes.

Role of ASK1 in SFA-induced JNK activation
ASK1 is one of the MAP3K isoforms that is likely to contribute to the effects of SFA on
JNK activity. Increased levels of SFA have been associated with elevated ER stress [9, 22,
51] and ASK1 is required for ER stress-induced JNK activation [27]. In addition, it has been
shown that Ask1−/− mice are protected against diet-induced steatosis [49]. Consistent with
earlier studies, we found that treatment of primary wild-type mouse hepatocytes with
palmitate induced ER stress as indicated by increased mRNA levels of GRP78 and Gadd34
and increased expression of CHOP, ATF4 and spliced Xbp1 (Supplemental Fig. 2A-C).
Similarly, palmitate induced ER stress in MLK3 deficient primary hepatocytes
(Supplemental Fig. 2A-C), indicating that MLK3-mediated, SFA-induced JNK activation is
either downstream or in parallel with UPR induction. Interestingly, loss of MLK3 attenuated
JNK activation by thapsigargin, a compound commonly used to induce ER stress, but did
not affect Xbp1 splicing in primary hepatocytes, supporting a role for MLK3 in ER stress-
induced JNK activation downstream of the UPR (Supplemental Fig. 2D,E). As expected,
depletion of ASK1 inhibited JNK activation by thapsigargin (Fig. 1A). However, loss of
ASK1 did not affect palmitate-induced JNK activation (Fig. 1B). Together, these data
suggest that ASK1 has a major role in JNK activation by chemically-induced ER stress, but
has either no role or a redundant role in SFA-induced JNK activation in hepatocytes.
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Role of IRE1α in SFA-induced JNK activation
Since the threshold for JNK activation may vary with different types of stresses, and because
our siRNA did not completely abolish ASK1 protein, we also depleted IRE1α the ER stress-
activated upstream regulator of ASK1 Cells depleted of IRE1α demonstrated inhibition of
thapsigargin-induced Xbp1 splicing (Supplemental Fig. 2A) and attenuated thapsigargin-
induced JNK activation (Fig. 1C). However, IRE1α depletion had no effect on palmitate-
induced JNK activation (Fig. 1D), despite complete inhibition of palmitate-induced Xbp1
splicing (Supplemental Fig. 2B). We next combined depletion of ASK1 and IRE1α by
siRNA to further decrease the possibility of activating any residual ASK1 protein. Depletion
of IRE1α and ASK1 together resulted in inhibition of thapsigargin-induced JNK activation
(Fig. 1E), but did not affect palmitate-induced JNK activation (Fig. 1F). Together, these data
suggest that the IRE1α/ASK1 axis has a major role in JNK activation by chemically-induced
ER stress, but has either no role or a redundant role in SFA-induced JNK activation.

Activation of Cdc42 and Rac1 by SFA
Cdc42 and Rac1 have been established as critical regulators of the JNK pathway [12], and it
has been shown that Cdc42 regulates MLK3-dependent JNK activation [2]. Therefore, we
examined the role of Cdc42 and Rac1 in SFA-induced JNK activation. Using a GST-PBD
pulldown assay that specifically recognizes the active, GTP-bound GTPase, we found that
palmitate led to activation of Cdc42 and Rac1 in a time-dependent manner with activation
being apparent at 15 min and lasting up to 60 min (Fig. 2A,B). It has been well documented
that activation of Cdc42 and Rac1 is associated with their translocation to the membrane
[14]. Therefore we performed subcellular fractionations to monitor the distribution of Cdc42
and Rac1 by immunoblot analysis. Indeed, we observed increased Cdc42 and Rac1
translocation to the membrane in response to palmitate treatment (Fig. 2C). To test the
requirement of different SFA for Cdc42 activation cells were incubated with oleic or
palmitic acid. Palmitate, but not oleate resulted in Cdc42 activation, as measured by GST-
PBD pulldown assay (Fig. 2D). Together, these data demonstrate that the small GTPases
Cdc42 and Rac1 are activated by saturated SFA.

Role of Cdc42 and Rac1 in SFA-induced JNK activation
Based on previous studies demonstrating a role for Cdc42 and Rac1 in JNK activation [12]
and our observation that Cdc42 and Rac1 are activated by SFA, we hypothesized that Cdc42
and Rac1 may be required for SFA-induced activation of JNK in hepatocytes. Surprisingly,
decreased expression of Cdc42 by siRNA treatment had little effect on SFA-stimulated JNK
activation (Fig. 3A). Since the Cdc42-related GTPase Rac1 can also activate JNK, and we
observed compensatory upregulation of Rac1 upon loss of Cdc42 (Fig. 3D), we also tested
the effect of decreased Rac1 expression on SFA-stimulated JNK activation. Depletion of
Rac1 only partially decreased SFA-induced JNK activation (Fig. 3B); however, combined
depletion of Cdc42 and Rac1 strongly inhibited SFA-stimulated JNK activation (Fig. 3C),
indicating that the small GTPases are required for, but function redundantly in SFA-induced
JNK activation.

Previous studies established a role for Cdc42 in MLK3 activation (2). Thus, an activated
mutant of Cdc42 (Cdc42V12) will bind to the MLK3 Cdc42/Rac1 binding (CRIB) motif
which is thought to promote release of autoinhibition, leucine-zipper-mediated dimerization
and autophosphorylation of MLK3. Therefore, we decided to test whether the role of Cdc42
in SFA-stimulated JNK activation is MLK3 dependent. For this experiment, we introduced a
point mutation in the MLK3 CRIB motif that has been shown to disrupt binding of MLK3 to
Cdc42 [2]. We co-expressed myc-tagged constitutively active Cdc42 (myc-Cdc42V12) and
either MLK3 WT or MLK3 Cdc42-binding mutant in Hepa1c1c7 cells to verify the binding
characteristics of the overexpressed Cdc42 and MLK3 proteins. Co-immunoprecipitation

Sharma et al. Page 5

J Hepatol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



studies confirmed that wild-type, but not mutant MLK3 binds to activated Cdc42 (Fig. 3E).
We then re-expressed either MLK3 wild-type or MLK3 Cdc42-binding mutant in mouse
Mlk3−/− primary hepatocytes, examined SFA-induced JNK activation and found that wild-
type, but not Cdc42-binding mutant MLK3 rescued SFA-induced JNK activation (Fig. 3F),
suggesting that direct interaction between Cdc42 and MLK3 is required for SFA-induced
JNK activation. This observation suggests that the activation mechanism of MLK3 is
conserved for different stimuli, and that Cdc42 functions in a SFA-stimulated signaling
pathway that regulates MLK3-dependent activation of JNK in hepatocytes.

Role of Cdc42, Rac1 and MLK3 in lipoapoptosis
It has been demonstrated that prolonged exposure to elevated levels of SFA leads to cell
death that is dependent on JNK activation [21]. Thus, we hypothesized that loss of Cdc42
and Rac1 or MLK3, but not loss of IRE1α would protect from SFA-induced cell death. To
test this hypothesis, Hepa1c1c7 cells were transfected with a non-silencing control siRNA or
siRNA against Cdc42/Rac1, MLK3 or IRE1α. Transfected cells were then treated with
palmitate for 16h and cell death was evaluated by measuring DNA fragmentation and
caspase-3 activation. Cells depleted of Cdc42/Rac1 or MLK3 were partially protected from
SFA-induced cell death (Fig. 4A,B). In contrast, cells depleted of IRE1α were not protected,
supporting the hypothesis that Cdc42/ Rac1 and MLK3, but not IRE1α mediate cell death
induced by SFA. These studies suggest that Cdc42/Rac1 and MLK3 are part of a SFA-
stimulated signaling pathway that regulates JNK-dependent death in hepatocytes and further
support our finding that SFA-induced JNK activation is dependent on Cdc42/Rac1 and
MLK3 rather than IRE1α and ASK1.

Discussion
Our studies demonstrate an important role for the small GTPases Cdc42 and Rac1 in SFA-
induced JNK activation in hepatocytes. Cdc42 and Rac1 have been established as critical
regulators of the JNK pathway. Thus, loss of Cdc42 or expression of dominant-negative
mutants of Cdc42 or Rac1 inhibits JNK activation in response to oncogenic exchange
factors, growth factors and inflammatory cytokines [12]. Our data using siRNA-mediated
depletion of Cdc42 and Rac1 demonstrate that the small GTP-binding proteins are also
critically involved in SFA-induced JNK activation (Fig. 3).

Previously it has been demonstrated that activated mutants of Cdc42 induce JNK activation
in a manner that is dependent on MLK3 [2]. Here, we show that direct interaction of Cdc42
and MLK3 is required for SFA-induced JNK activation (Fig. 3), indicating that the
activation mechanism of MLK3 is conserved for different stimuli. Together, these
observations demonstrate that the small GTPases Cdc42 and Rac1 are major components of
a SFA-stimulated signaling pathway that regulates MLK3-dependent activation of JNK in
hepatocytes.

A major unresolved question is the mechanism by which SFA activate Cdc42 and Rac1.
SFA lead to intracellular increases in diacylglycerol (DAG) and ceramide levels [24, 37].
Possible targets for DAG include the PKC family of protein kinases, consistent with
previous studies that placed MLK3 downstream of PKC [18]. Interestingly, it has been
shown that phorbol ester-treatment leads to PKC-dependent activation of Cdc42 and Rac1
[8]. This mechanism could contribute to the activation of Cdc42 and Rac1 by SFA.
Alternatively, SFA could regulate Cdc42 and Rac1 in a ceramide-dependent manner.
Indeed, it has been shown that in β-cells, palmitate-induced Rac1 activation requires de novo
synthesis of ceramide [41]. A third possibility includes involvement of a specific GEF, GAP
or RhoGDI in SFA-induced Cdc42 and Rac1 activation. An important goal for future studies
will be to define the molecular mechanisms by which SFA regulate Cdc42 and Rac1.
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Previous studies have established that IRE1α in complex with ASK1 is required for ER
stress-stimulated JNK activation [43] and that increased levels of SFA result in ER stress [3,
46]. Therefore it has been suggested that IRE1α and ASK1 may play a critical role in SFA-
induced JNK activation. Indeed, our studies confirm a major role for IRE1α and ASK1 for
JNK activation in response to chemically induced ER stress (Fig. 1). Furthermore, in
agreement with previous studies, we observe induction of the UPR in response to elevated
SFA levels (Supplemental Fig. 2). However, our data indicate that IRE1α and ASK1 are
either not required or are functionally redundant in SFA-stimulated JNK activation (Fig. 1).
It has been demonstrated that ER stress-induced JNK activation requires TNFR1 expression
and that ER stress increases expression of endogenous TNFα [15, 50] placing TNF signaling
downstream of ER stress. Therefore the decrease of thapsigargin-induced JNK activation in
MLK3 deficient cells (Supplemental Fig. 2D) may either reflect a direct requirement for
MLK3 in ER stress mediated JNK activation or may be an indirect effect, due to the
requirement of MLK3 for TNFα induced JNK activation [4]. Treatment of obese mice with
chemical chaperones, such as the histone deacetylase inhibitor phenylbutyric acid (PBA) or
the bile acid tauroursodeoxycholate (TUDCA) has been shown to reduce ER stress and
lower JNK activation [28]. It is possible that chemical chaperones lower obesity-induced
JNK activation through other functions, independently of their effects on ER stress.
Alternatively, it is possible that other ER stress pathways play a role in SFA-induced JNK
activation. For example, recent studies have suggested a role for double-stranded RNA-
dependent protein kinase (PKR) in mediating JNK activation in response to ER stress, as
well as nutrient stress [25]. Therefore, an important goal for future studies will be to address
the role of PKR in SFA-induced JNK activation in hepatocytes.

It has been established that JNK activation promotes lipoapoptosis in hepatocytes [21, 29].
Here we demonstrate that loss of IRE1α does not affect SFA-stimulated JNK activation and
lipoapoptosis (Fig. 6). This observation is consistent with the suggested survival function of
IRE1α [20] and contrasts with the proapoptotic function of JNK in SFA-induced cell death.
Instead, we show that decreased JNK activation in Cdc42/Rac1 and MLK3 deficient cells
correlates with attenuation of palmitate-induced cell death, suggesting a role for MLK3 in
SFA-induced death in hepatocytes. Indeed, MLK3 has been shown to mediate JNK
activation in some forms of stress-induced apoptosis [10, 16, 31, 48]. Interestingly, it was
recently demonstrated that GSK-3 promotes JNK-dependent lipoapotosis [17]. Several
studies have suggested that GSK-3 cooperates with MLK3 in JNK activation [23, 45]. The
mechanism by which GSK-3 regulates MLK3 is unclear. It has been suggested that GSK-3
may directly phosphorylate MLK3 at residues S793 and S789 [23]. Alternatively, since
many GSK-3 substrates require prior phosphorylation at a Ser/Thr residue located four
residues carboxy-terminal to the site of GSK-3 phosphorylation, it is also possible that S793
is first phosphorylated by a proline-directed “priming kinase” before GSK-3 phosphorylates
S789 on MLK3 [23]. Although residue S793 has been reported as in vivo phosphorylation
site, the kinase responsible has not been identified [44]. Interestingly, it has been suggested
that MLK3 is regulated by JNK-mediated positive feedback phosphorylation [35]. This
raises the possibility that the proline-directed kinase JNK may phosphorylate S793, thereby
“priming” MLK3 for GSK-3 phosphorylation. This positive feedback loop may lead to
sustained JNK activation resulting in lipoapoptosis. Therefore an important goal for future
studies will be to address the role of GSK-3 in MLK3-dependent JNK activation.

In summary, we have identified Cdc42 and Rac1 as major contributors to a SFA-stimulated
signaling pathway that regulates MLK3-dependent activation of JNK in hepatocytes. These
studies reveal a novel mechanism by which SFA activate JNK and have important
implications for the use of the JNK pathway as drug target for the treatment of NAFLD.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

SFA saturated free fatty acids

JNK c-Jun NH2-terminal kinase

Cdc42 cell division cycle protein 42

Rac1 ras-related C3 botulinum toxin substrate 1

NAFLD non-alcoholic fatty liver disease

IRE1 inositol requiring enzyme 1

ASK1 Apoptosis Regulating Kinase 1

MLK3 mixed lineage kinase 3

MAP3K mitogen-activated protein kinase kinase k kinase

MEF mouse embryonic fibroblasts
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Fig. 1. Effects of IRE1α and ASK1 depletion on JNK activation
Hepa1c1c7 cells were transfected with non-silencing control or siRNA specific for ASK1
and incubated with 1 μM thapsigargin for 1 h (A) or with 0.5 mM palmitic acid for 6 h (B).
The efficacy of ASK1 depletion and the expression and phosphorylation of JNK was
examined by immunoblot analysis. Hepa1c1c7 cells were transfected with non-silencing
control or siRNA specific for IRE1α and incubated with 1 μM thapsigargin for 1 h (C) or
with 0.5 mM palmitate for 6 h (D). The expression of IRE1α and the expression and
phosphorylation of JNK was examined by immunoblot analysis. Hepa1c1c7 cells were
transfected with non-silencing control or siRNA specific for IRE1α and ASK1 and
incubated with 1 μM thapsigargin for 1 h (E) or with 0.5 mM palmitate for 6 h (F). The
expression of IRE1α and ASK1 and the expression and phosphorylation of JNK was
examined by immunoblot analysis.
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Fig. 2. Activation of Cdc42 and Rac1 SFA
AML12 cells were incubated with 0.5 mM palmitate for the indicated time points. Cdc42
(A) and Rac1 (B) activation was determined by binding to GST-PAK PBD and subsequent
immunoblot analysis. (C) AML12 cells were incubated with palmitate for 30 min. Cells
were fractionated and the membrane fraction was analyzed for translocation of Cdc42 and
Rac1 by immunoblot analysis. (D) AML12 cells were incubated with BSA (B), oleate (O) or
palmitate (P). Cdc42 activation was determined by binding to GST-PAK PBD and
subsequent immunoblot analysis.
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Fig. 3. Requirement of Cdc42 and Rac1 in SFA-induced JNK activation
(A, B and C) Hepa1c1c7 cells were transfected with non-silencing control or siRNA specific
for Cdc42 or Rac1. Cells were incubated with 0.5 mM palmitate. Expression of Cdc42, Rac1
and JNK and JNK phosphorylation was examined by immunoblot analysis. (D) Hepa1c1c7
cells were transfected as in (A-C). The expression of Cdc42 and Rac1 were examined by
immunoblot analysis. Tubulin expression was used as loading control. (E) Hepa1c1c7 cells
we co-transfected with myc-tagged Cdc42V12 and WT or mutant MLK3. Cdc42V12 was
immuno-precipitated using an antibody against the myc-epitope tag. Binding of MLK3 was
determined by immunoblot analysis using an antibody against MLK3. Transfection
efficiency of Cdc42V12 and MLK3 was determined by immunoblot analysis of total lysates.
(F) Primary MLK3 KO hepatocytes were transfected with WT or mutant MLK3 and treated
with palmitate for 6 h. The expression of MLK3 and the expression and phosphorylation of
JNK was examined by immunoblot analysis.
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Fig. 4. Role of Cdc42, Rac1 and MLK3 in lipoapoptosis
Hepa1c1c7 cells were transfected with non-silencing control or siRNA specific for Cdc42/
Rac1, MLK3 or IRE1α and treated with BSA or palmitate for 16 h. Cell death was examined
by DNA fragmentation (A) and caspase-3 activation (B) (mean±SD, n=3, *p<0.05).
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