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Requires Mitochondrial Sab Protein Expression in Mice™
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Sustained JNK activation plays a critical role in hepatotoxicity
by acetaminophen or GalN/TNF-a. To address the importance
of JNK translocation to mitochondria that accompanies sus-
tained activation in these models, we assessed the importance of
the expression of a potential initial target of JNK in the outer
membrane of mitochondria, namely Sab (SH3 domain-binding
protein that preferentially associates with Btk), also known as
Sh3bp5 (SH3 domain-binding protein 5). Silencing the expres-
sion of Sab in the liver using adenoviral shRNA inhibited sus-
tained JNK activation and mitochondrial targeting of JNK and
the upstream MKK4 (MAPK kinase 4), accompanied by striking
protection against liver injury iz vivo and in cultured hepato-
cytes in both toxicity models. We conclude that mitochondrial
Sab may serve as a platform for the MAPK pathway enzymes and
that the interaction of stress-activated JNK with Sab is required
for sustained JNK activation and toxicity.

JNKs are a family of serine/threonine kinases belonging to
the MAPK family. JNK is activated through phosphorylation by
MKK4/7 (MAPK kinase 4/7), which is in turn activated
upstream by ASK1 (apoptosis signal-regulating kinase 1) and
other MAP3Ks. In most cells, including hepatocytes, two JNK
isoforms, JNK1 and JNK2, are expressed (1). JNK plays an
important role in stress response and is activated by stresses
such as reactive oxygen species (ROS)> and UV light and by
cytokines such as TNF-a (2, 3). Once activated, JNK regulates
many metabolic and survival pathways but also mediates cell
death (1, 4). The ability of JNK to mediate both cell survival and
cell death pathways is often determined by the duration of JNK
activation (3, 5). Transient JNK activation is associated with cell
stress responses such as JunD phosphorylation that can protect
cells, whereas sustained JNK activation promotes both apopto-
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tic and necrotic cell death pathways (2, 3, 6). Sustained JNK is
important in mediating apoptosis and necrosis caused by a wide
range of agents, including ROS, TNF, UV light, various drugs,
and toxins (1, 4). In the liver, prolonged JNK activation has been
shown to mediate injury caused by acetaminophen (APAP),
ischemia, and TNF-« (7-10).

JNK-dependent cell death is accompanied in many cases by
translocation to mitochondria (8, 11, 12), and cell death is pre-
ceded by loss of mitochondrial function, suggesting that the
direct interaction of JNK with mitochondria is important. JNK
binding to isolated brain mitochondria has also been shown to
shut down mitochondrial metabolism by leading to down-reg-
ulation of pyruvate dehydrogenase activity (13). We demon-
strated previously that, during APAP-induced liver injury,
APAP treatment results in sustained JNK activation and trans-
location to mitochondria (8, 14), which induces mitochondrial
permeability pore transition, leading to hepatocyte death. JNK
translocation to mitochondria may also promote mitochon-
drial ROS generation, which is important in sustaining JNK
activation, particularly when mitochondria are rendered sus-
ceptible by toxins such as APAP and anisomycin, thus sustain-
ing JNK activation in a self-amplifying loop (8, 9, 15).

Although there is supportive evidence that JNK interaction
with mitochondria may regulate mitochondrial function, the
mechanism of regulation remains unclear. Several proteins in
mitochondria have been shown to bind JNK and could mediate
its effects. Bcl-x; (B-cell lymphoma-extra large), Mcl-1 (mye-
loid cell leukemia sequence 1), and Sab (SH3 domain-binding
protein that preferentially associates with Btk) have been iden-
tified to potentially bind and/or be phosphorylated by INK (16 —
19). The phosphorylation of Bcl-x; by JNK inactivates Bcl-x;,
rendering mitochondria more sensitive to mitochondrial outer
membrane permeability or mitochondrial permeability pore
transition (17, 18). On the other hand, JNK1 appears to phos-
phorylate Mcl-1, which stabilizes the anti-apoptotic protein in
the liver (16). The importance of JNK binding to Sab on mito-
chondria and its effect on mitochondrial function have not
been extensively explored. Sab (also known as Sh3bp5 (SH3
domain-binding protein 5)) is a mitochondrial protein that was
first identified by the yeast two-hybrid system as a binding tar-
get of phosphorylated JNK (p-JNK) (19). Sab is a scaffold pro-
tein containing a kinase interaction motif, similar to that
observed in c-Jun, which is important in binding JNK (20). Ser-
321 of Sab has been shown to be phosphorylated by JNK and by
SAPK3 (stress-activated protein kinase 3) (19, 21). A recent
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study in HeLa cells revealed that anisomycin-induced JNK acti-
vation directly leads to increased mitochondrial ROS genera-
tion, which requires JNK binding to Sab (22). Taken together,
these data suggest that Sab may be the key mitochondrial
protein to which activated JNK binds, leading to effects on
mitochondrial function. Therefore, in this work, we tested
the hypothesis that JNK-mediated toxicity depends on the
binding of p-JNK to Sab using two important JNK-depen-
dent liver injury models, APAP- and GalN/TNF-a-induced
liver injury.

EXPERIMENTAL PROCEDURES

Reagents—Antisera to JNK, p-JNK, ASK1, MKK4, MKK?7,
p-MKK4, p-MKK?7, actin, prohibitin-1, Bap37, and cytochrome
oxidase IV were from Cell Signaling Technology. Antisera to
Sab, Bax (Bcl-2-associated X protein), GAPDH, GRP-78, and
cytochrome c were from Santa Cruz Biotechnology. 3-Nitroty-
rosine antiserum was from Abcam. The following reagents
were used: APAP, p-GalN (Sigma), and mouse recombinant
TNF-a (Calbiochem).

Animals—Male C57BL/6NHsd mice (6—8 weeks of age)
were obtained from Harlan Bioproducts for Science Inc. (Indi-
anapolis, IN). APAP was dissolved in warm PBS (55 °C) and
cooled to 37 °C before intraperitoneal injection into overnight
fasted mice at a dose of 300 mg/kg. Mice were pretreated with
800 mg/kg p-GalN dissolved in PBS by intraperitoneal injection
30 min prior to intraperitoneal injection with mouse recombi-
nant TNF-a (12 pg/kg) in pyrogen-free PBS. For adenoviral
injection, the animals received 1 X 10° IU/25 g of body weight
via tail veins. Serum alanine aminotransferase (ALT) was mea-
sured at the University of Southern California Pathology Refer-
ence Laboratory.

Cell Isolation and Culture—Primary mouse hepatocytes
(PMHs) were isolated and cultured as described previously (23).
Three hours after plating of isolated hepatocytes, APAP (5 mm)
dissolved in fresh prewarmed DMEM/F-12 culture medium
was added. After 15 h of treatment, cells were double-stained
with Hoechst 33258 (8 ug/ml; Invitrogen) and SYTOX Green (1
pmol/liter; Invitrogen). Quantitation of total and apoptotic
cells was performed by counting a minimum of 1000 cells in 10
different fields. Necrotic cells (SYTOX Green-positive) were
determined by counting the same field as described previously
(24). In other experiments, hepatocytes from shRNA-treated
mice 7 days after adenoviral injections were incubated with
actinomycin D (ActD; 0.5 ug/ml)/TNF-« (20 ng/ml) and, after
6 h, stained with Hoechst 33258, and apoptotic cells were
counted (25).

Isolation of Liver Mitochondria and Cytoplasm—Mitochon-
dria were isolated from mouse livers by differential centrifuga-
tion as described previously (26). Livers were homogenized in
H-medium (210 mM mannitol, 70 mm sucrose, 2 mm HEPES,
0.05% (w/v) bovine serum albumin, and protease and phospha-
tase inhibitors). The homogenate was centrifuged at 800 X g for
10 min, the pellet was removed, and the centrifugation process
was repeated. The resulting supernatant was centrifuged at
8500 X g for 15 min. The pellet, which represents the mito-
chondrial fraction, was washed with H-medium, and centrifu-
gation was repeated. The mitochondria were resuspended in
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H-medium for Western blot analysis. The supernatant (cyto-
plasmic fraction) was centrifuged at 100,000 X g for separation
of the endoplasmic reticulum pellet (microsomes) and super-
natant cytosol.

Western Blot Analysis—Aliquots of cytoplasmic or mito-
chondrial extracts were fractionated by electrophoresis on 7.5,
10, or 12% SDS-polyacrylamide gel (Bio-Rad). Subsequently,
proteins were transferred to nitrocellulose membrane, and
blots were blocked with 5% (w/v) nonfat milk dissolved in Tris-
buffered saline with Tween 20. The blots were then incubated
with the desired primary and secondary antibodies. Finally, the
proteins were detected by luminol ECL reagent (Thermo Sci-
entific). All gels shown are representative samples from at least
three experiments.

Measurements of Respiration in Isolated Mitochondria—Mice
were treated with APAP, and at the times indicated, the livers
were removed, and mitochondrial fractions were separated by
differential centrifugation. Respiratory control ratio (state III/
state IV) measurements were performed by monitoring oxygen
consumption in the presence of mitochondrial substrates using
a Clark-type electrode as described previously (26).

Adenoviral shRNA Preparation—A BLOCK-T adenoviral
RNAI expression system (Invitrogen) was used as described (27) to
generate expression constructs for shRNAs targeting lacZ
(shlacZ) and mouse sab (shsab). The oligonucleotide sequences
used to synthesize the shlacZ construct were 5'-CACCGCT-
ACACAAATCAGCGATTTCGAAAAATCGCTGATTTGT-
GTAG-3" and 5'-AAAACTACACAAATCAGCGATTTTTC-
GAAATCGCTGATTTGTGTAGC-3'. The oligonucleotide
sequences used for the shsab construct were 5'-CACCGGA-
TGACAAGCGGCAGTTTGACGAATCAAACTGCCGCTT-
GTCATCC-3" and 5'-AAAAGGATGACAAGCGGCAGTTT-
GATTCGTCAAACTGCCGCTTGTCATCC-3'. Mice (25 g)
were injected with 1 X 10° infectious units of adenovirus
expressing shRNA after purification using Vivapure Adeno-
PACK (Sartorius Stedim Biotech S.A.).

GSH Measurements—Seven days after adenoviral injection,
mice were injected with APAP intraperitoneally. 1 or 2 h fol-
lowing APAP treatment, total liver homogenate and mitochon-
drial GSH were measured using the recycling assay. Liver
homogenate or mitochondria were mixed with 10% trichloro-
acetic acid and subjected to the GSH recycling assay (28). GSH
refers to total GSH (GSH + GSSQ).

Histological Analysis—Livers were removed, fixed with 10%
buffered formalin, embedded in paraffin, and cut into 5-um-
thick sections. All specimens were stained with hematoxylin/
eosin and evaluated under a light microscope. Immunohisto-
chemistry for nitrotyrosine-protein adducts was performed
according to the Leica BOND Stainer protocol, followed by
incubation with primary antibody to 3-nitrotyrosine.

Statistical Analysis—Statistical analyses were performed
using Student’s ¢ test. p < 0.05 was defined as statistically
significant.

Animal Care—All animals received care under the institu-
tional guidelines. These studies were approved by the Institu-
tional Animal Care and Utilization Committee.
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FIGURE 1. Effect of silencing Sab on APAP-induced signaling activation in hepatotoxicity. A, immunoblot assessing efficiency of knockdown of Sab in
mouse liver mitochondria. B, effect of adenoviral treatment on Cyp2e1 expression. Adenoviral shlacZ or adenoviral shsab was given intravenously as described
under “Experimental Procedures,” and livers were removed after 7 days forimmunoblotting. Each lane represents one mouse. C, effect of silencing Sab on basal
expression of MAPK(s) and Bax. Mice were injected with adenoviral shlacZ or adenoviral shsab as described in under “Experimental Procedures.” Seven days
after adenoviral injection, livers were taken, and the cytoplasm (post-mitochondrial fraction) was isolated by differential centrifugation. Western blot analysis
was performed using antisera against ASK1, MKK4, MKK7, total JNK, and Bax. Cytochrome oxidase IV (COX-/V) and GAPDH were used as loading controls and
subcellular markers. Data are representative of three experiments. D, GSH assay comparing the GSH levels of total liver homogenates or mitochondria after in
vivo treatment with APAP (300 mg/kg) in warm PBS with or without Sab expression. The GSH assay is described under “Experimental Procedures.” Dashed line
(#), shlacZ-injected mice; solid line (M), shsab-injected mice (n = 3 or 4 per group). E and F,immunoblots assessing JNK and MKK4 activation in the cytoplasm
(E) and translocation to mitochondria (F) after in vivo treatment with APAP (300 mg/kg) in warm PBS with or without Sab expression. NS, nonspecific band. All

immunoblots are representative of three to five experiments.

RESULTS

Expression and Subcellular Localization of Sab in Mouse
Liver and Co-immunoprecipitation of Sab and p-JNK—At first,
we determined the expression and subcellular localization of
Sab in mouse liver. Sab was present in hepatic mitochondria
(supplemental Fig. S1A). The addition of proteinase K at
increasing concentrations to isolated mitochondria digested
Sab in parallel with the voltage-dependent anion channel, an
outer membrane protein (supplemental Fig. S1B). In contrast,
intermembrane cytochrome ¢ and matrix ornithine transcar-
bamylase were protected from digestion. Therefore, Sab resides
in the outer membrane of mitochondria. Next, we examined
the association of p-JNK and Sab by co-immunoprecipitation
and observed that immunoprecipitation with mouse anti-Sab
antibody brought down p-JNK and with rabbit anti-p-JNK anti-
body brought down Sab from protein extracts of mitochondrial
fractions after APAP treatment of PMHs (supplemental Fig.
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S1C). Similar results were seen with anisomycin in PMHs (data
not shown).

Effect of Sab Knockdown on APAP-induced JNK Activation
and Translocation to Mitochondria in Vivo—Adenoviral
shlacZ was used as a control and had no effect on Sab expres-
sion. In contrast, adenoviral shsab markedly decreased mito-
chondrial Sab (Fig. 14). However, no decrease in Cyp2el (cyto-
chrome P450 2E1) was observed (Fig. 1B). Cyp2el is
responsible for the bulk of activation of APAP to N-acetyl-p-
benzoquinone imine (NAPQI), the toxic metabolite (29, 30).
Also, much higher titers of adenovirus than used in our studies
have been associated with decreased expression of Cyp2el and
protection against APAP (31), but this was not the case under
our experimental conditions. Furthermore, silencing Sab did
not alter basal expression of MAPK ASK1, MKK4, MKK7, and
JNK levels or Bax levels (Fig. 1C). APAP-induced glutathione
depletion in whole liver and mitochondria was not affected by
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FIGURE 2. Effect of silencing Sab on APAP-induced hepatotoxicity. A, serum ALT of shlacZ- or shsab-pretreated mice at 24 h following APAP treatment. Error
bars represent S.D. *, p = 0.01 versus shlacZ group (Student’s t test; n = 4 per group). B, representative histology of hematoxylin/eosin-stained liver tissue of
mice from A. Scale bars = 100 um.Cand D, effect of decreased Sab expression on APAP-induced necrosis of PMHs isolated from adenoviral shlacZ- or adenoviral
shsab-treated mice 7 days after adenoviral injection. C, Sab expression in isolated hepatocytes assessed by Western blotting. D, cultured hepatocytes from
these mice were incubated with 5 mm APAP dissolved in warm medium. Fifteen hours after APAP addition, hepatocytes were stained with SYTOX Green, and

necrotic cells were counted. *, p < 0.05 (n = three experiments).

the adenoviral pretreatments (Fig. 1D). The rate and extent of
GSH depletion are a widely accepted surrogate for NAPQI pro-
duction. Therefore, silencing Sab expression did not affect
APAP conversion to NAPQI. Furthermore, comparison of
covalent binding of NAPQI in a Western blot of liver homoge-
nates 2 h after APAP treatment showed no differences in
shlacZ- and shsab-pretreated mice (supplemental Fig. S2).

We next examined the effect of Sab silencing on JNK activa-
tion and translocation to mitochondria and APAP hepatotox-
icity. JNK activation or association with mitochondria was not
seen in PBS-treated mice. Cytoplasmic JNK in sh/acZ controls
and Sab-silenced mice was equally activated at 1 h after APAP
treatment. Sustained activation of JNK and upstream MKK4
was seen in the cytoplasm of shlacZ controls up to 4 h, but JNK
and MKK4 activation was not sustained after 1 h in Sab-si-
lenced mice (Fig. 1E). At 1 and 2 h after APAP treatment, p-JNK
was associated with mitochondria in shlacZ controls, which
decreased at 4 h. In comparison, p-JNK binding to mitochon-
dria was markedly inhibited when Sab was silenced (Fig. 1F). No
translocation of ASK1, MKK?7, or p-MKK7 to mitochondria
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was observed after APAP treatment of controls (data not
shown). Lack of antisera to p-ASK1 precluded its assessment.
Thus, the sustained activation of MKK4 and JNK and the asso-
ciation of p-JNK with mitochondria required Sab. In APAP-
treated mice, prior knockdown of Sab markedly protected
against APAP toxicity as reflected in serum ALT and histolog-
ical hemorrhagic necrosis at 24 h (Fig. 2, A and B). Adenovirus
(shlacZ or shsab)-treated mice without APAP treatment had
normal ALT levels and histology (data not shown).

To verify that the effects of Sab knockdown directly protect
hepatocytes, we treated mice with adenoviral sh/acZ or adeno-
viral shsab and then isolated and cultured the hepatocytes. Sab
knockdown (Fig. 2C) markedly protected the cultured hepato-
cytes against APAP (5 mm)-induced necrosis (Fig. 2D). This
indicates that the protection against acetaminophen is due to
knockdown of Sab in hepatocytes.

We also assessed the electron transport chain respiratory
activity and coupling efficiency in mitochondria at various
times after APAP treatment in vivo. Isolated liver mitochondria
from shlacZ-pretreated mice showed the expected APAP-in-
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FIGURE 3. Effect of silencing Sab on mitochondrial respiratory control
ratio (state lll/state IV) and nitrotyrosine formation in APAP-induced
hepatotoxicity. A, respiratory control ratio (RCR) at various times after APAP
treatmentin shlacZ (dashed line (#))- or shsab (solid line (M))-pretreated mice.
Details are provided under “Experimental Procedures.” Error bars represent
S.D. *, p = 0.002 versus shsab group (Student’s t test; n = 3 or 5 per group).
B and G, representative immunohistochemical staining of nitrotyrosine liver
tissue from shlacZ (B)- and shsab (C)-pretreated mice after treatment with
APAP (n = 3 per group). Scale bars = 100 um. The inset shows punctate
nitrotyrosine staining (arrowhead) after APAP treatment in shlacZ-pretreated
mice.

duced progressive severe loss of mitochondrial respiratory
control ratio (state III/state IV) due mainly to decreased res-
piration. After APAP treatment, mitochondrial function in
Sab-silenced mice was largely unaffected (Fig. 3A). Nitroty-
rosine formation is believed to be important in APAP toxic-
ity by promoting mitochondrial permeability transition (32).
In shlacZ controls, APAP caused marked centrilobular
nitrotyrosine staining (Fig. 3B). This staining was punctate
(Fig. 3B, inset), consistent with the known predominance of
nitrotyrosine staining in mitochondria (32). In contrast,
when Sab was silenced, only minimal nitrotyrosine staining
was seen (Fig. 3C). Therefore, APAP-induced nitrotyrosine
formation in mitochondria requires the interaction of p-JNK
with Sab.
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Effect of Decreased Sab Expression on GalN/TNF-o-induced
Hepatotoxicity—We determined the effect of decreased Sab
expression on GalN/TNEF-a-induced hepatotoxicity. JNK is
known to play akey role in liver injury in this model (33, 34). We
confirmed this by showing that treatment with a JNK inhibitor
prevented hepatotoxicity in this model (supplemental Fig. S3).

Mice received GalN 30 min before TNF-«, and serum and
liver histology were examined 6 h later. Marked liver injury was
seen in shlacZ-pretreated mice, accompanied by a marked ALT
increase (Fig. 4A). In contrast, shsab-pretreated mice were
strikingly protected, with a minimal ALT increase and negligi-
ble histological injury (Fig. 4B).

Next, we assessed the effect of Sab silencing on TNF-a/TNF
receptor signaling. TNF-«a induced a transient increase in
p-IkBa and a decrease in IkBa, which were unaffected by
silencing Sab in the GalN-pretreated mice in vivo (Fig. 4C). The
lack of effect of silencing of Sab on TNF-« signaling was con-
firmed in PMHs exposed to TNF-« alone, which exhibited no
inhibition of p-IkBa formation or loss of IkBa (Fig. 4D). Of
note, p-JNK transiently associated with mitochondria after
exposure to TNF-a alone (supplemental Fig. S4). GalN/TNF-«
similarly activated cytoplasmic JNK at 15 min in the livers of
shlacZ- and shsab-pretreated animals, further indicating intact
TNF receptor signaling (Fig. 5A4). Sustained JNK and MKK4
activation was seen in shlacZ controls after GalN/TNF-« treat-
ment in vivo, but sustained JNK and MKK4 activation was not
seen when Sab was silenced (Fig. 54). p-JNK at 1 and 2 h and
p-MKK4 at 0.5, 1, and 2 h after TNF-« injection were associated
with mitochondria in shlacZ controls (Fig. 5B). In comparison,
when Sab was silenced, p-JNK and p-MKK4 binding to mito-
chondria was markedly inhibited (Fig. 5B). As in the APAP
model, ASK1, MKK7, and p-MKK?7 were not associated with
mitochondria (data not shown). Translocation of Bax to mito-
chondria, which participates in TNF-a-induced apoptosis (35),
was inhibited when sustained JNK activation was prevented by
silencing Sab. To confirm that the role of Sab is relevant to the
protection of hepatocytes from death due to sustained JNK
activation, we exposed cultured hepatocytes from shlacZ- or
shsab-pretreated mice to ActD plus TNF-a. shsab-silenced
hepatocytes were protected from sustained JNK activation (Fig.
5C) and apoptosis (Fig. 5D).

DISCUSSION

JNK plays a key role in cell death and hepatotoxicity (1, 2, 9).
In the context of TNF-a-induced toxicity, it has been noted that
sustained JNK activation, which occurs when NF-«B is inhib-
ited, promotes apoptosis (5, 33). Among the mechanisms for
the action of JNK are activation of Bax, inactivation of Bcl-x;,
degradation of cellular caspase-8 (FLICE)-like inhibitory pro-
tein (cFLIP), and increased mitochondrial oxidative stress (3,
18, 36). In the case of APAP hepatotoxicity, we have previously
described a critical role of JNK, independent of TNF-a signal-
ing (7, 8). Current evidence supports the role of mitochondrial
ROS release in response to the toxic metabolite of APAP,
NAPQ], leading to sustained JNK activation at least partially
due to activation of the extramitochondrial MAPK cascade ini-
tiated by ASK1 activation (37). However, other mechanisms of
MAPK activation such as endoplasmic reticulum stress may
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FIGURE 4. Effect of decreased Sab expression on GalN/TNF-a-induced hepatotoxicity in vivo and initial TNF receptor signaling in vivo and in PMHs.
A, serum ALT of shlacZ- or shsab-pretreated mice at 6 h following TNF-« treatment. Error bars represent S.D. rmTNF-«, recombinant mouse TNF-a. *, p = 0.008
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described under “Experimental Procedures.” C, 7 days after adenoviral injection, mice were injected with GalN/TNF-« intraperitoneally, and livers were
removed and fractionated. Immunoblotting of liver cytoplasm was performed at the indicated times after GaIN/TNF-« treatment in vivo. D, hepatocytes from
adenovirus-treated mice were cultured and incubated with TNF-« alone for the indicated times. Immunoblotting of PMH extracts was performed using
antisera against p-JNK, p-IkBe, IkBa, and GAPDH (loading control). Data are representative of three experiments.

contribute. Once sustained activation of JNK occurs in
response to APAP, its translocation to mitochondria is seen.
We have previously shown that the addition of activated JNK to
isolated mitochondria from APAP-treated mice directly leads
to worsening mitochondrial function (8). Most importantly,
inhibition of JNK or silencing the expression of JNK1 and JNK2
markedly protects mice from APAP toxicity (8). In the GalN/
TNF-a model, sustained JNK activation is also known to
depend on continued mitochondrial ROS release (33, 34). Thus,
JNK plays a key role in hepatotoxicity, and sustained activation
of JNK leads to its translocation to mitochondria. To under-
stand the mechanism of toxicity induced by JNK and the impor-
tance of translocation to mitochondria, we set out to identify
the protein in mitochondria with which JNK associates.

In searching the literature, we identified previous work in
other contexts in cell culture models in which JNK activated by
anisomycin was associated with a mitochondrial protein known
as Sab (19, 20). While in the process of preparing this manu-
script, a report appeared showing that, in HeLa cells, anisomy-
cin-induced cell death required the binding of p-JNK to Sab,
and silencing of p-JNK or Sab was protective; it was demon-

35076 JOURNAL OF BIOLOGICAL CHEMISTRY

strated that the addition of activated JNK to mitochondria from
anisomycin-treated HeLa cells promoted increased ROS pro-
duction (22). Our initial studies in HepG2 cells revealed similar
findings: JNK activation by anisomycin led to JNK-dependent
mitochondrial depolarization, and silencing Sab expression
protected against depolarization (supplemental Fig. S5).

In this study, we addressed the role of Sab in liver injury. We
confirmed that Sab is present exclusively in the mitochondrial
fraction of mouse liver and co-immunoprecipitated with p-JNK
after APAP treatment of PMHs. Having established that Sab is
in the outer membrane and that it binds p-JNK, we examined
the role of Sab in two models of acute liver injury in which
hepatotoxicity is dependent on JNK and in which inhibition of
JNK protects against toxicity, namely the APAP and GalN/
TNE-a models. In both models in vivo and in PMHs, silencing
the expression of Sab provided dramatic protection against
liver toxicity. In shlacZ controls in both models, sustained JNK
activation was seen, accompanied by mitochondrial transloca-
tion of p-JNK. In the APAP model, initial JNK activation was
unaffected by silencing Sab, but association of p-JNK with
mitochondria was prevented. However, subsequent JNK acti-
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FIGURE 5. Effect of decreased Sab expression on TNF-a-induced signaling activation in hepatotoxicity. A and B, immunoblots assessing JNK and MKK4
activation in the cytoplasm (A) and translocation to mitochondria (B) after in vivo treatment with GalN/TNF-a with or without Sab expression. NS, nonspecific
band. Results are representative of three to five experiments. C, effect of decreased Sab expression on ActD/TNF-a-induced JNK activation of PMHs. Seven days
after adenoviral injection, hepatocytes were isolated. Cultured hepatocytes from these mice were incubated with PBS or ActD/TNF-«, and whole cell extracts
were examined by Western blotting for p-JNK and JNK at the indicated times. GAPDH was used as a loading control. D, PMHs from shlacZ- or shsab-pretreated
mice were incubated with ActD/TNF-a for 6 h, and hepatocytes were stained with Hoechst 3325. Apoptotic cells (shrunken/fragmented nuclei) were counted
as described under “Experimental Procedures.” *, p < 0.05 versus shlacZ group (n = three experiments).

vation was not sustained in the shsab-pretreated mice. Similar
results were seen in the GaIN/TNF-a model. Although the ini-
tial JNK activation in response to TNF-a was unaffected, the
delayed and sustained activation of JNK was not observed in
Sab-silenced mice. In addition, in both models, the upstream
kinase of JNK, MKK4, exhibited sustained activation and also
translocated to mitochondria, supporting the role of binding to
Sab in facilitating sustained activation of the MAPK pathway.
Our current findings, along with our previous work (8) and
that of others (22), support the hypothesis that the lack of sus-
tained JNK activation in the absence of Sab reflects the inhibi-
tion of J]NK-mediated mitochondrial ROS production needed
for sustained JNK activation. Furthermore, Sab may provide a
platform for the MAPK module to assemble and generate sus-
tained JNK activation. Although we could find no evidence of
translocation of ASK1, MKK?7, or p-MKK?7 to mitochondria in
either model, MKK4 and p-MKK4 translocation to mitochon-
dria was observed and was prevented when Sab was silenced. In
the case of APAP, based on our previous work showing that the
addition of p-JNK directly to mitochondria from APAP-treated
mice impairs mitochondrial function (8), p-JNK binding to
mitochondrial Sab may directly affect mitochondrial function,
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leading to further increased ROS production, sustaining JNK
activation in a feed-forward vicious cycle, ultimately leading to
the mitochondrial permeability pore transition pore opening,
which causes cellular demise by necrosis. Our findings showing
that silencing Sab markedly inhibited APAP-induced mito-
chondrial nitrotyrosine formation strongly support the role of
JNK binding to Sab in enhanced and sustained mitochondrial
ROS and reactive nitrogen species production. Although the
source of NO in this model is controversial, the formation of
nitrotyrosine in mitochondria points to increased mitochon-
drial O; as a target of NO, which leads to peroxynitrite forma-
tion. In addition, the recent finding of Sab-dependent JNK-
mediated inhibition of complexes I and III in HeLa cells further
supports this hypothesis (22). In contrast to APAP-induced
necrosis, GalN/TNF-a- or ActD/TNF-a-induced cell death is
mainly apoptotic and involves caspases and Bcl-2 family mem-
bers such as Bax (which are dispensable in APAP necrosis) (38,
39). Nevertheless sustained JNK activation is known to depend
on mitochondrial ROS in TNF-«a-induced apoptosis (33, 34,
36). Thus, the mode of cell death is different in the two models:
necrotic cell death due to cell stress-induced JNK-dependent
loss of function in mitochondria made more vulnerable by
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APAP metabolite versus apoptosis due to TNF-a-induced sig-
naling (caspase, tBid (truncated BH3-interacting domain death
agonist), Bax) to mitochondria, leading to outer membrane per-
meabilization under the condition of NF-kB inhibition. How-
ever, in both models, inhibition of JNK protects, and the bind-
ing of p-JNK to outer mitochondrial membrane Sab is
necessary for sustained JNK activation to occur, which is a
requirement for cell death in both models (see overall model in
supplemental Fig. S6).

At present, several important unanswered questions derive
from our work. The mechanism of how the interaction of
p-JNK and Sab leads to sustained JNK activation requires fur-
ther work. Is this a direct effect on mitochondria, leading to
increased ROS production as suggested in other studies (8, 22),
and/or is this a consequence of Sab serving as a platform for the
MAPK pathway module, leading to indirect effects of sustained
activated JNK released into the cytoplasm on other pathways
that then affect mitochondria? Both are likely to be important,
and the relative contribution of each may be model-dependent.
Are the signaling mechanisms we describe in mouse hepato-
cytes relevant to human hepatocytes? Is phosphorylation of Sab
by p-JNK an important aspect of the downstream effects of Sab
on mitochondria? The answer to these important questions will
require additional work. Nevertheless, irrespective of these
uncertainties, we have demonstrated that Sab plays a key role as
the binding partner of JNK and other MAPKs on mitochondria
and that the inhibition of this interaction prevents sustained
JNK activation and offers a new target to protect against chem-
ical-induced necrosis and death receptor-induced apoptosis.
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