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Abstract

Stathmin 1 performs a critical function in cell proliferation by regulating microtubule polymerization. This proliferative
function is thought to explain the frequent overexpression of stathmin in human cancer and its correlation with a bad
prognosis. Whether stathmin also functions in cell death pathways is unclear. Stathmin regulates microtubules in part by
binding free tubulin, a process inhibited by stathmin phosphorylation from kinases including c-Jun N-terminal kinase (JNK).
The involvement of JNK activation both in stathmin phosphorylation, and in hepatocellular resistance to oxidative stress, led
to an examination of the role of stathmin/JNK crosstalk in oxidant-induced hepatocyte death. Oxidative stress from
menadione-generated superoxide induced JNK-dependent stathmin phosphorylation at Ser-16, Ser-25 and Ser-38 in
hepatocytes. A stathmin knockdown sensitized hepatocytes to both apoptotic and necrotic cell death from menadione
without altering levels of oxidant generation. The absence of stathmin during oxidative stress led to JNK overactivation that
was the mechanism of cell death as a concomitant knockdown of JNK1 or JNK2 blocked death. Hepatocyte death from JNK
overactivation was mediated by the effects of JNK on mitochondria. Mitochondrial outer membrane permeabilization
occurred in stathmin knockdown cells at low concentrations of menadione that triggered apoptosis, whereas mitochondrial
b-oxidation and ATP homeostasis were compromised at higher, necrotic menadione concentrations. Stathmin therefore
mediates hepatocyte resistance to death from oxidative stress by down regulating JNK and maintaining mitochondrial
integrity. These findings demonstrate a new mechanism by which stathmin promotes cell survival and potentially tumor
growth.
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Introduction

Stathmin 1 (STMN1) is a ubiquitous cytoplasmic protein that is

a critical regulator of microtubules [1,2]. Stathmin binds to

unpolymerized tubulin and acts to destabilize microtubules by

either sequestering free tubulin or promoting microtubule

catastrophe [3,4]. Stathmin regulates the microtubule dynamics

of the mitotic spindle and therefore is most highly expressed in

rapidly proliferating cells including many human cancers [3]. In

the liver stathmin is expressed embryologically, lost after birth and

re-expressed in hepatocytes and other cells in response to the

regenerative stimulus of partial hepatectomy [5–7]. Hepatocellular

carcinomas frequently express increased levels of stathmin that

correlate with high tumor grade, vascular invasion and early

recurrence [8]. Stathmin is also highly expressed in many other

human cancers including breast, leukemia and prostate, and has

been associated with poor histology, increased metastasis,

increased drug resistance and decreased survival in these cancers

as well [9–12].

Stathmin is regulated both transcriptionally and post-transla-

tionally. Central to stathmin regulation is its post-translational

modification by phosphorylation at four serine residues (Ser-16, -

25, -38 and -63) which acts to block stathmin association to free

tubulin [3]. A number of kinases have been implicated in stathmin

phosphorylation including cAMP-dependent protein kinase,

cyclin-dependent kinases, and the mitogen-activated kinases

(MAPK) extracellular signal-regulated kinase 1/2 (ERK1/2) and

p38 [13–16]. Stathmin has also been identified as a substrate of the

MAPK c-Jun N-terminal kinase (JNK) [17,18], and stathmin

expression is regulated transcriptionally by JNK-dependent c-Jun

activation [19]. The fact that multiple kinases mediate stathmin

phosphorylation suggests the importance of stathmin phosphory-

lation in cellular responses to a variety of stresses. However, the

functional effects of phosphorylation are unclear as for example

stathmin phosphorylation has been reported to both promote and

inhibit cell death [17,20].

JNK is a critical regulator of hepatocyte death resulting from a

variety of forms of liver injury [21–23]. Among the forms of death

regulated by JNK is that occurring from injurious levels of

oxidative stress which is a common mechanism of hepatocyte

death [24]. Studies in the menadione model of oxidant stress have

demonstrated that RALA [21,25,26] and primary [27] hepato-

cytes are sensitized to death from menadione-induced oxidative

stress in association with sustained overactivation of JNK/c-Jun

signaling. In RALA hepatocytes, death from menadione is blocked

by a genetic knockout of JNK1 [25], or the c-Jun dominant
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negative TAM67 [28], demonstrating that overactivation of JNK/

c-Jun signaling mediates cell death from oxidant stress.

The known function of JNK in cellular resistance to hepatocyte

death from oxidative stress, together with the fact that stathmin is

a JNK substrate, led us to examine the role of stathmin in JNK-

dependent hepatocyte death from oxidant stress. Menadione

induced JNK-dependent stathmin phosphorylation. A stathmin

knockdown sensitized cells to death from menadione in association

with overactivation of JNK/c-Jun signaling. Death was JNK

dependent as selective knockdown of JNK1 or JNK2 in cells

lacking stathmin blocked death. These findings demonstrate a

mutual regulation between stathmin and JNK that mediates

cellular resistance to death from oxidative stress, and may impart a

survival advantage from stathmin overexpression that occurs in

human hepatocellular carcinoma.

Materials and Methods

Cell culture and treatments
Studies were performed in the rat hepatocyte line RALA255-

10G (RALA hepatocytes) which is conditionally immortalized with

a mutant SV40 virus expressing a temperature sensitive T antigen

(kindly provided by Janice Y. Chou, NIH) [29]. Cells were

routinely cultured in Dulbecco’s modified Eagle’s medium

(Mediatech, Manassas, VA), 4% fetal bovine serum (Atlanta

Biologicals, Lawrenceville, GA) and antibiotics (Invitrogen,

Carlsbad, CA) at the permissive temperature of 33uC. Unless

otherwise noted, for experiments trypsinized cells were plated and

cultured at 33uC for 24 h, and then cultured in Dulbecco’s

modified Eagle’s medium, 2% fetal bovine serum, antibiotics and

1 mM dexamethasone (Sigma, St. Louis, MO) at the restrictive

temperature of 37uC for 72 h, as previously described [30]. These

culture conditions suppress T antigen expression, and the cells

Table 1. shRNA Sequences.

Stmn1 #1 59- GGAGGAAATTCAGAAGAAA-39

Stmn1 #2 59- GCAGAAGAAAGACGCAAGT-39

Jnk 59-GCATGGGCTACAAGGAGAA-39

Jnk1 59-GGAATAGTGTGTGCAGCTT-39

Jnk2 59-GGAATTGTTTGTGCTGCTT-39

c-Jun 59-GCTGATTACTGTCTATAAT-39

doi:10.1371/journal.pone.0109750.t001

Figure 1. Menadione induces stathmin phosphorylation. (a) Wild-type RALA hepatocytes were treated with 40 or 50 mMmenadione (Men) for
the indicated times. Total cellular protein was isolated and immunoblotted for total stathmin (Stath), the indicated phospho-serine (P-) stathmin
forms, and b-actin as a loading control. (b) Relative immunoblot band intensities for the indicated stathmin proteins normalized to the signal for b-
actin as quantified by scanning densitometry in cells untreated or treated with 40 mM menadione for the indicated times (*P,0.02, #P,0.003 as
compared to untreated cells; n = 5–7). (c) Densitometry scanning of immunoblots for cells treated with 50 mM menadione (*P,0.03, #P,0.005 as
compared to untreated cells; n = 4–7).
doi:10.1371/journal.pone.0109750.g001
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become nontransformed and differentiated [29]. Cells were then

placed in serum-free medium containing antibiotics and dexa-

methasone for 18 h prior to the start of an experiment.

Cells were treated as indicated with 40 270 mM menadione

(Sigma), 10 mM SP600125 (BD Biosciences, San Diego, CA),

actinomycin D 15 ng/ml (Sigma) followed 1 h later by 15 ng/ml

TNF (R&D Systems, Minneapolis, MN) or 10 mM Q-VD-OPh

(MP Biomedicals, Aurora, OH). SP600125 and Q-VD-OPh were

given for 1 h prior to menadione administration. Control cells

received an equivalent amount of DMSO vehicle alone for studies

involving SP600125 or Q-VD-OPh. Oleic acid (Sigma) was

conjugated to bovine serum albumin as previously described [31],

and administered at same time as the menadione.

Protein isolation and Western blotting
Cellular total protein and mitochondrial and cytosolic protein

fractions, were isolated as previously described [26,32]. Protein

concentrations were determined by the Bio-Rad (Hercules, CA)

protein assay according to the manufacturer’s instructions.

Western blotting was performed, as previously described [33],

except transfers were performed with a Bio-Rad Trans-Blot Turbo

Transfer System. Nitrocellulose membranes were exposed to

antibodies that recognize phospho-Ser-16-stathmin, phospho-Ser-

38-stathmin, total JNK, phosphorylated c-Jun, phosphorylated

and total ERK1/2, phosphorylated MAPK kinase 4, caspase 3

and 7, tubulin (Cell Signaling, Beverly, MA), phosphorylated JNK,

total c-Jun (Santa Cruz Biotechnology, Santa Cruz, CA), total

stathmin (EMD Millipore, Billerica, MA), phospho-Ser-25-stath-

min (Abcam, Cambridge, MA), b-actin (Sigma), cytochrome c (BD

Biosciences) and cytochrome oxidase (MitoSciences, Eugene, OR).

Western blot signals were quantitated by a FluorChem densitom-

eter (Alpha Innotech), and stathmin signals were normalized to

that for b-actin.

Lentivirus construction and infection
The shRNA nucleotide sequences for Stmn1, Jnk and c-Jun are

shown in Table 1. The shRNAs to Jnk, Jnk1 and Jnk2 have been

successfully employed previously [25]. Oligonucleotides were

annealed and cloned into the BglII-XhoI site of pSUPER (Life

Technologies, Grand Island, NY). The SmaI-XhoI fragments of

the corresponding pSUPER plasmids, which included the H1

promoter-shRNA cassette, were subcloned into the EcoRV-XhoI

sites of the lentiviral vector pCCL.sin.PPT.hPGK.GFPWpre [34].

Lentiviral stocks were produced by Fugene 6 (Promega,

Madison, WI)-mediated transfection of the modified transfer

vectors and the packaging vectors pMDLg/pRRE, pRSV-Rev

and pMD2.VSVG into HEK-293T cells. Supernatants harvested

at 48 h were titered by plaque assay, and the virus was infected

into RALA hepatocytes at a multiplicity of infection of 5. Infection

efficiency was determined by the numbers of green fluorescent

protein positive cells under fluorescence microscopy at 72 h which

exceeded 98% for all constructs. All experiments were performed

in polyclonal, stably-infected cells.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay
Menadione-induced cell death was quantified by MTT assay

[35]. At 24 h after menadione treatment, the cell culture medium

was replaced by an equal volume of a 1 mg/ml MTT solution,

pH 7.4, in Dulbecco’s modified Eagle’s medium. After incubation

at 37uC for 1 h, the MTT solution was removed, the formazan

product solubilized with 1-propanol and the absorbance of this

compound measured at 560 nm in a spectrophotometer. The

Figure 2. Menadione-induced stathmin phosphorylation is JNK dependent. (a) Wild-type cells were pretreated with dimethyl sulfoxide
(DMSO) as vehicle control or SP600125, treated with 40 mM menadione for the indicated times, and their total protein isolated and immunoblotted
with the antibodies shown. (b–e) Densitometric scanning of immunoblot band intensities for total stathmin (b), and stathmin phosphorylated at Ser-
16 (c), Ser-25 (d) and Ser-38 (e) (*P,0.01, as compared to cells treated with DMSO; n = 3–6).
doi:10.1371/journal.pone.0109750.g002
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percentage of cell death was determined by dividing the optical

density of the treated group by the optical density for untreated,

control cells, multiplying by 100, and subtracting that number

from 100.

Fluorescence microscopy
The steady-state levels of apoptotic and necrotic cells were

determined by acridine orange and ethidium bromide costaining

cells under fluorescence microscopy, as previously described [36].

Hepatocytes with condensed or fragmented nuclei and a shrunken

Figure 3. Stathmin blocks death from menadione-induced oxidant stress. (a) Total protein was isolated from RALA hepatocytes stably
infected with a lentivirus containing vector alone (VEC), or expressing either of two shRNAs for stathmin (siStath #1 and #2), and immunoblotted
with antibodies for stathmin and b-actin. (b) Percentage cell death by MTT assay in VEC and stathmin knockdown cells treated with the indicated
concentrations of menadione for 24 h (*P,0.0001 as compared to VEC cells treated with the same concentration of menadione; n = 6). (c) Percentage
cell death at 24 h in cells cultured under transformed conditions at 33uC and treated with the menadione concentrations shown (*P,0.0001 as
compared to VEC cells treated with the same concentration of menadione; n = 5). (d) VEC and siStath cells were untreated or treated for 8 h with 40
(M40) or 50 (M50) mMmenadione, costained with acridine orange/ethidium bromide, and the numbers of necrotic and apoptotic cells determined by
fluorescence microscopy (*P,0.004 as compared to VEC cells treated with the same concentration of menadione; n = 4). (e) Total protein was isolated
from VEC and siStath cells treated for 24 h with 40 or 50 mM menadione (Men) or actinomycin D+TNF (ActD/TNF) and immunoblotted with
antibodies to caspase 3 or 7 and tubulin as a loading control. The procaspase (Pro) and cleaved caspase 3 (p17) and caspase 7 (p19) forms are
indicated. (f) Percentage cell death by MTT assay in VEC and siStath cells after 24 h of treatment with actinomycin D (ActD) or actinomycin D+TNF
(ActD/TNF) (*P,0.003 as compared to VEC cells with the same treatment; n = 4).
doi:10.1371/journal.pone.0109750.g003

Figure 4. Cell death is blocked by caspase inhibition and Bcl-2. (a) Percentage cell death by MTT assay 24 h after treatment with vehicle
dimethyl sulfoxide (DMSO) or the caspase inhibitor Q-VD-OPh (QVD) (*P,0.001, #P,0.01 as compared to VEC cells; n = 4). (b) Percentage cell death in
siStath cells infected with the control adenovirus AdLacZ or a Bcl-2-expressing adenovirus and treated with 40 or 50 mM menadione for 24 h (*P,
0.001, #P,0.02 as compared to VEC cells; n = 9–10). (c) Levels of hydrogen peroxide (H2O2) generated in VEC and siStath cells that were untreated
controls (Con) or treated with 50 mM menadione for 1 or 2 h (n = 4–6).
doi:10.1371/journal.pone.0109750.g004
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Figure 5. Loss of stathmin leads to JNK overactivation in response to oxidant stress. (a) RALA hepatocytes were treated with 40 mM
menadione for the indicated number of hours. Total protein was isolated and immunoblotted for phospho- (P-JNK) and total (JNK) JNK, phospho- (P-
c-Jun) and total (c-Jun) c-Jun, phospho- (P-ERK1/2) and total (ERK1/2) ERK1/2, phospho-MKK4 (P-MKK4) and tubulin. (b) Immunoblots of protein from
cells treated with actinomycin D+TNF for the indicated number of hours. (c) siStath cells were infected with the control virus AdLacZ or the catalase-
expressing virus AdCat, treated with 40 mM menadione for number of hours indicated and cells harvested for total protein isolation and
immunoblotting with the antibodies shown.
doi:10.1371/journal.pone.0109750.g005
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cytoplasm by acridine orange staining were considered apoptotic,

and necrotic cells were detected by positive staining with ethidium

bromide. A minimum of 400 cells per dish were examined, and the

numbers of apoptotic and necrotic cells expressed as a percentage

of the total number of cells.

Adenoviruses
Adenoviruses were grown in 293 cells, purified on cesium

chloride gradients, tittered by plaque assay and infected into

RALA hepatocytes at an multiplicity of infection of 20, as

previously described [30,35]. Cells were infected with the control

adenovirus Ad5LacZ which expresses the b-galactosidase gene

[37], a Bcl-2-expressing adenovirus [38] or an adenovirus that

expresses catalase [39].

Superoxide assay
Superoxide production was determined by lucigenin chemilu-

minescence. Cells were exposed to 1 mg/ml of lucigenin in Krebs-

Ringer solution. Chemiluminescence was measured by microplate

reader and normalized to cellular protein.

ATP assay
Intracellular ATP concentrations were determined by colori-

metric kit (BioVision, Mountain View, CA) using the manufac-

turer’s instructions. Values were normalized to protein concen-

tration and expressed relative to untreated control cells.

b-oxidation assay
Rates of fatty acid b-oxidation were determined by a

modification of the method of Hoppel et al. [40], as previously

described [31]. Rates of b-oxidation were measured from the

production of radioactive carbon dioxide from the oxidation of

[14C]-oleate. Rates are expressed as counts per million normalized

to total protein.

Statistical analysis
Numerical results are reported as mean 6 S.E. and derived

from at least three independent experiments. Groups were

compared by the Student’s t-test with statistical significance

defined as P,0.05 using Sigma Plot (Jandel Scientific, San Rafael,

CA).

Results

Stathmin is regulated by oxidant stress
To begin to delineate the function of stathmin in hepatocyte

death from oxidant stress, we examined whether levels of total

stathmin or its phosphorylated forms are altered in response to

injurious oxidative stress. Stathmin expression was examined over

time after treatment of RALA hepatocytes with the superoxide

generator menadione at two concentrations that have been

demonstrated to be nontoxic (40 mM) or to induce modest

amounts of cell death (50 mM) [28]. Stathmin was constitutively

expressed and levels of total stathmin determined by immuno-

blotting were unaffected with menadione treatment (Figure 1a).

However, the levels of stathmin phosphorylated at Ser-16, Ser-25

Figure 6. Overactivation of JNK/c-Jun signaling mediates cell death from menadione in stathmin knockdown cells in association
with activation of the mitochondrial death pathway. (a) Immunoblots of total protein from wild-type (WT) and siStath cells with knockdowns
of JNK and c-Jun for stathmin, b-actin, total JNK, c-Jun and ERK1/2. The p54 and p46 JNK forms are indicated. (b) Percentage cell death at 24 h by MTT
assay in JNK and c-Jun knockdown cells after treatment with the indicated menadione concentrations (*P,0.001 as compared to VEC cells; n = 6). (c)
Immunoblots of mitochondrial protein from VEC, siStath and siStath-siJNK1 cells untreated or treated with 40 mM menadione and probed for
cytochrome c (Cyt c) and cytochrome oxidase (Cyt ox) as a loading control. (d) Cytosolic protein from the same cells immunoblotted for cytochrome c
and b-actin.
doi:10.1371/journal.pone.0109750.g006
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and Ser-38 were all increased at both concentrations of menadione

(Figure 1a). Densitometry scanning of band intensity confirmed

that total stathmin protein levels were unaffected by menadione,

whereas all three phosphorylated forms were significantly

increased with both 40 mM (Figure 1b) and 50 mM (Figure 1c)

menadione treatment. These findings suggest the possibility that

post-translational modifications of stathmin modulate menadione

toxicity.

To determine whether the phosphorylation of stathmin in

response to oxidant stress is JNK mediated, we examined the effect

of the JNK inhibitor SP600125 on menadione-induced stathmin

phosphorylation. As compared to cells treated with dimethyl

sulfoxide (DMSO) vehicle, SP600125 decreased levels of Ser-16,

Ser-25 and Ser-38 phosphorylation in response to menadione

without affecting total stathmin expression (Figure 2a). Densito-

metric scanning results demonstrated a significant decrease in all

three phosphorylated forms but not of total stathmin with JNK

inhibition (Figures 2b–e). These results demonstrate that superox-

ide-induced oxidant stress induced stathmin phosphorylation in

hepatocytes through a JNK-dependent mechanism.

Knockdown of stathmin sensitizes RALA hepatocytes to
menadione-induced apoptosis and necrosis
The increase in stathmin phosphorylation with oxidative stress

suggested that this protein may modulate cellular resistance to

oxidant-induced cell injury by either promoting or inhibiting cell

death. To determine whether stathmin functions in oxidant-

induced hepatocyte injury, RALA hepatocytes with a genetic

knockdown of Stmn1 were established. Two short hairpin RNAs

(shRNAs) expressed by a lentiviral vector were identified that

induced an effective knockdown of stathmin protein on immuno-

blots (Figure 3a). To determine the function of stathmin in oxidant

stress, polyclonal RALA hepatocytes stably infected with a

lentivirus containing vector alone (VEC cells) or expressing a

Stmn1 shRNA (siStath cells) were treated with increasing

concentrations of menadione. The two independent knockdowns

of stathmin sensitized the cells to death from low, normally

nontoxic concentrations of 40–50 mM menadione, and increased

levels of cell death from a higher, toxic concentration of 60 mM
menadione, as determined by 24 h 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assay (Figure 3b). Stath-

min therefore mediates hepatocellular resistance to oxidant injury.

siStath #1 cells (hereafter referred to as siStath cells) were

employed for subsequent studies.

To additionally assess the function of stathmin in transformed

cells, the effect of a stathmin knockdown on menadione-induced

cell death was examined in RALA hepatocytes cultured at the

permissive temperature of 33uC. Although RALA hepatocytes at

33uC were somewhat more resistant to death from menadione as

expected of transformed cells with greater levels of antioxidants,

knockdown of stathmin sensitized cells under these culture

conditions to death from oxidant stress similar to findings in

nontransformed RALA cells (Figure 3c). Thus, stathmin mediates

hepatocyte resistance to oxidant injury in both transformed and

nontransformed hepatocytes. These findings also indicate that the

specific cell culture conditions required to maintain differentiated,

Figure 7. Loss of stathmin compromises mitochondrial function. (a) Relative ATP levels in VEC and siStath cells at the indicated times after
treatment with 40 mM menadione (n = 4–5). (b) Relative ATP levels in VEC and siStath cells at the indicated times after treatment with 50 mM
menadione (*P,0.01, #P,0.001 as compared to VEC cells with the same menadione treatment; n = 5–6). (c) Levels of b-oxidation measured as counts
per million (cpm) per mg of cellular protein in VEC and siStath cells treated with menadione for 2 or 4 h (*P,0.03 as compared to untreated VEC cells;
#P,0.03 as compared to VEC cells identically treated with menadione; n = 3). (d) Relative ATP levels in untreated control (Con), 8 h 50 mMmenadione
treated (Men) and menadione and 0.5 mM oleate cotreated (Men Ol) siStath cells (*P,0.002 as compared to menadione-treated cells without oleate;
n = 4–6). (e) Percentage cell death by MTT assay in siStath cells 24 h after 40 or 50 mM menadione treatment alone (None) or with 0.25 or 0.5 mM
oleate (Ol) cotreatment (*P,0.002 as compared to cells without oleate; n = 4–6). (f) VEC and siStath cells were treated with 40 mM menadione alone
or cotreated with 0.5 mM oleate for the indicated hours. Total protein was isolated and immunoblotted for the proteins shown.
doi:10.1371/journal.pone.0109750.g007
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nontransformed cells such as the inclusion of dexamethasone did

not alter stathmin function in menadione-induced death.

To further confirm the increase in cell death in siStath cells

cultured at the nontransformed temperature, and to determine the

mode of death, the numbers of apoptotic and necrotic cells after

menadione treatment were determined by fluorescence microsco-

py of acridine orange/ethidium bromide costained cells. With

both 40 and 50 mM menadione, siStath cells had significantly

increased steady-state numbers of apoptotic and/or necrotic cells

(Figure 3d). At the lower 40 mM menadione concentration the

levels of apoptosis and necrosis were significantly increased in

knockdown cells but death was primarily apoptotic (Figure 3d). At

the higher 50 mM menadione concentration, cell death in siStath

cells was overwhelmingly necrotic (Figure 3d), reflecting the ability

of higher levels of oxidant stress to convert apoptosis to death by

necrosis [24], including that induced by menadione [41].

Consistent with the fluorescence microscopy findings of apoptosis,

caspase 3 and 7 activation, as determined by the appearance of the

cleaved, active forms of these proteins on immunoblots, increased

in siStath cells with 40 mM menadione treatment (Figure 3e).

Significant increases in caspase cleavage did not occur in siStath

cells at the 50 mM menadione concentration (Figure 3e), in

agreement with the fluorescence findings that death occurred

from caspase-independent necrosis at this higher concentration.

Significant caspase activation was not seen in VEC cells at either

menadione concentration (Figure 3e).

To determine whether a generalized sensitization to caspase-

dependent death had occurred in siStath cells, the effects of the

stathmin knockdown on caspase-dependent apoptosis induced by

the alternative death stimulus of actinomycin D and tumor

necrosis factor (TNF) cotreatment was examined. Equivalent

caspase activation occurred in both VEC and siStath cells from the

apoptotic stimulus of actinomycin D/TNF cotreatment (Fig-

ure 3f). Consistent with equivalent actinomycin D/TNF-induced

caspase activation in both cell types, death from actinomycin D/

TNF was unaffected by stathmin knockdown and death from

actinomycin D alone was even slightly decreased (Figure 3f).

These data demonstrate that the protective effect of stathmin is

specific for the death stimulus of oxidant stress as the stathmin

knockout failed to sensitize cells to TNF death receptor-induced

caspase activation.

To further demonstrate that loss of stathmin sensitizes to both

apoptosis and necrosis from oxidant stress, we investigated the

effect of caspase inhibition on cell death. The caspase inhibitor Q-

VD-OPh markedly reduced cell death from 40 mM menadione

and had a much smaller, albeit still significant, effect on death

from 50 mM menadione (Figure 4a). Similarly adenoviral expres-

sion of the anti-apoptotic protein Bcl-2 also blocked death at both

Figure 8. Working model of the regulation by stathmin of JNK-dependent hepatocyte death from oxidative stress. Increased
superoxide generation triggers phosphorylation of MKK4 which then phosphorylates and activates JNK. If activated for a long enough period of time,
JNK compromises mitochondrial integrity leading to cytochrome c (Cyt c) release and apoptosis or ATP depletion and necrosis. However, JNK also
phosphorylates stathmin which acts through a negative feedback loop to suppress phosphorylation of MKK4 and its downstream substrate JNK to
promote cell survival.
doi:10.1371/journal.pone.0109750.g008
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menadione concentrations, but to a greater extent at the lower,

apoptotic dose (Figure 4b). In total the findings demonstrate that

stathmin has an essential function in mediating resistance to both

apoptotic and necrotic hepatocyte death from oxidative stress.

Loss of stathmin does not increase superoxide
production from menadione
A potential mechanism by which stathmin could modulate

menadione toxicity is through an effect on the amount of

menadione-generated reactive oxygen species. To examine this

possibility, levels of menadione-induced superoxide were deter-

mined in control and knockdown cells. Previous studies demon-

strated that superoxide generation peaks at 1 h after menadione

administration in RALA hepatocytes [42]. Equivalent, low levels

of superoxide were present in untreated VEC and siStath cells

(Figure 4c). In response to menadione, superoxide levels increased

markedly, but equally, at 1 and 2 h in VEC and siStath cells

(Figure 4c), indicating that sensitization to menadione toxicity by

stathmin knockdown was not due to increased superoxide

production.

Loss of stathmin leads to overactivation of JNK/c-Jun
signaling
Previous studies have demonstrated that RALA [21,25,26] and

primary [27] hepatocytes are sensitized to death from menadione-

induced oxidative stress by the mechanism of prolonged JNK/c-

Jun activation. In RALA hepatocytes, this conclusion is supported

by findings that death from menadione is blocked by a genetic

knockout of JNK1 [25] or expression of the c-Jun dominant

negative TAM67 [28]. Given this critical involvement of JNK

signaling in hepatocyte death from oxidant stress, we examined

whether loss of stathmin function affected JNK activation by

menadione. In the absence of stathmin, increased and temporally

sustained JNK and c-Jun activation occurred from menadione-

induced oxidant stress as indicated by increased levels of

phosphorylated JNK and c-Jun (Figure 5a). ERK1/2 overactiva-

tion also occurred in concert with increased JNK/c-Jun activation

(Figure 5a), as we have previously reported [28]. In contrast, JNK

activation in response to actinomycin D/TNF was unaffected by a

stathmin knockdown (Figure 5b), consistent with the failure of the

loss of stathmin to affect death from ActD/TNF (Figure 3f). JNK

overactivation was secondary to upstream kinase activation as

MAPK kinase 4 (MKK4) phosphorylation was also increased in

knockdown cells (Figure 5a).

JNK/c-Jun activation in knockdown cells was dependent on

oxidative stress generated by menadione. Adenoviral overexpres-

sion of the antioxidant enzyme catalase to block menadione-

induced oxidant stress almost completely inhibited JNK and c-Jun

phosphorylation from menadione treatment (Figure 5c). Although

JNK/c-Jun overactivation could be secondary to the greater

amount of cell death occurring in siStath cells, increased JNK/c-

Jun phosphorylation was seen in knockdown cells within 1 h of

menadione treatment, long before the 8 h onset of cell death.

Thus, JNK/c-Jun overactivation is a primary effect of the stathmin

knockdown, indicating that a negative feedback loop exists in

which JNK-stimulated stathmin then functions to down regulate

JNK.

Increased JNK/c-Jun signaling mediates menadione
toxicity from the loss of stathmin
Knockdown of stathmin promoted JNK/c-Jun overactivation

suggesting that increased JNK/c-Jun signaling may be the

mechanism sensitizing siStath cells to menadione killing. To

examine this possibility, we established siStath cells with stable,

lentiviral shRNA-mediated knockdowns of Jnk1 (siStath-siJNK1

cells), Jnk2 (siStath-siJNK2 cells), both Jnk genes (siStath-siJNK

cells) and c-Jun (siStath-sicJun cells). Control cells were siStath

cells secondarily infected with vector alone (siStath-VEC cells). As

previously described [25], the Jnk1 shRNA predominantly

decreased levels of p46 JNK, the Jnk2-targeted shRNA reduced

p54 JNK, and the shRNA directed against a common sequence of

both genes reduced both protein forms (Figure 6a). The shRNA to

c-Jun decreased c-Jun protein levels without affecting JNK

(Figure 6a). ERK1/2 levels were unaffected by the Jnk and c-
Jun knockdowns (Figure 6a). siStath-VEC and siStath-JNK/c-Jun

knockdown cells were treated with menadione and the amount of

death determined at 24 h by MTT assay. Knockdown of both

JNK forms failed to protect against cell death and in fact

significantly increased death (Figure 6b), consistent with our

previous finding that pharmacological global JNK inhibition

promotes cell death by blocking the beneficial cell proliferative

effects of early, transient JNK activation [25]. In contrast, a

selective knockdown of either JNK1 or JNK2 significantly

decreased death from menadione in siStath cells, as did the

knockdown of c-Jun (Figure 6b). These findings demonstrate that

overactivation of JNK/c-Jun signaling is the mechanism of the

increased sensitivity of stathmin-deficient cells to death from

oxidant stress.

Loss of stathmin increases death from menadione by
compromising mitochondrial integrity
A central mechanism of hepatocyte death, including that from

menadione-induced oxidant stress, is mitochondrial membrane

permeabilization and dysfunction [43]. Cell injury can lead to

permeabilization of the outer mitochondrial membrane and

release of cytochrome c that triggers caspase 3 and 7 activation

and apoptosis, or opening of the mitochondrial permeability

transition pore in the inner membrane leading to membrane

depolarization, cessation of ATP synthesis and necrosis. Our

previous studies demonstrated that a critical determinant of

hepatocyte resistance to oxidative stress from menadione is the

maintenance of cellular ATP content [42], and that JNK signaling

is essential to maintain rates of mitochondrial b-oxidation at levels

that generate sufficient ATP for cell survival [25]. With findings

that stathmin increases both death from oxidant stress and JNK

activation, we examined menadione-treated cells for mitochon-

drial effects from a loss of stathmin.

Outer mitochondrial membrane permeabilization occurred in

siStath cells treated with 40 or 50 mM menadione as indicated by

the decrease in mitochondrial levels of cytochrome c (Figure 6c

and data not shown) and its presence in the cytosol (Figure 6d and

data not shown) in knockdown but not control cells. Cytochrome c

release was JNK-dependent as it was largely blocked in siStath

cells with a JNK1 knockdown (Figures 6c and 6d). No significant

change in cellular ATP content occurred in VEC or siStath cells

after treatment with 40 mM menadione (Figure 7a). In contrast, at

50 mMmenadione a significant decrease in ATP occurred in VEC

cells within 2 h after menadione treatment with levels returning to

normal by 4 h (Figure 7b). In siStath cells the decrease in ATP was

significantly greater at 2 h and was sustained over 8 h (Figure 7b).

Apoptotic menadione-induced death resulting from an absence of

stathmin was therefore associated exclusively with outer mem-

brane permeabilization, whereas the higher, necrosis-inducing

concentration of menadione also led to compromise of ATP

homeostasis.

Mitochondrial b-oxidation maintains ATP levels during men-

adione-induced oxidant stress [42], and decreased ATP at the
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higher menadione concentration suggested compromise of this

metabolic pathway in knockdown cells. At 2 h after menadione

treatment, levels of b-oxidation were decreased equally in control

and knockdown cells only with 50 mM menadione (Figure 7c).

After 4 h of menadione treatment the levels of b-oxidation were

significantly decreased in siStath cells with both 40 and 50 mM
menadione, but only at the higher concentration in VEC cells

(Figure 7c). For both concentrations of menadione the decrease in

b-oxidation was significantly greater in stathmin knockout cells

(Figure 7c). Thus, in the absence of stathmin hepatocytes

developed a more profound decrease in rates of mitochondrial

b-oxidation and cellular ATP content.

To determine whether the decrease in ATP mediated death in

stathmin knockout cells, the effect on cell death of supplementa-

tion with the free fatty acid oleate to increase b-oxidation rates and

ATP content was examined. Oleate supplementation effectively

reversed the menadione-induced decrease in ATP in siStath cells

(Figure 7d). A concentration-dependent inhibition of cell death by

oleate occurred at both the 40 and 50 mM menadione concen-

trations (Figure 7e), demonstrating that mitochondrial compro-

mise and ATP depletion were a mechanism of death in stathmin-

deficient cells. Interestingly, an effect was even seen at 40 mM
menadione, a concentration at which ATP depletion was not

detected. This effect may have resulted from the ability of oleate to

block JNK activation as detected by the prevention by oleate of

JNK and c-Jun phosphorylation in menadione-treated siStath cells

(Figure 7f).

Discussion

Stathmin is phosphorylated during mitosis and this post-

translational modification has been mechanistically linked to cell

proliferation. In addition, injurious stress from hyperosmotic shock

and TNF has been demonstrated to increase stathmin phosphor-

ylation [17,20]. Although oxidative stress from hydrogen peroxide

has been previously reported not to alter stathmin phosphorylation

[17], the present study demonstrates that superoxide-mediated

oxidant stress induces stathmin phosphorylation at serine-16, -25

and -38 in hepatocytes. In contrast to findings with hyperosmotic

stress and TNF in which knockdowns of stathmin reduced cell

death [17,20], stathmin knockdown in hepatocytes under oxida-

tive stress demonstrated that stathmin has a critical function in

hepatocyte resistance to death from superoxide. These findings

therefore delineate a new survival function for post-transcription-

ally modified stathmin in cells under oxidant stress.

Stathmin protects against hepatocyte death from oxidant stress

by a novel mechanism that is independent of this protein’s main

function of regulation of microtubule stability. Stathmin down

regulated JNK/c-Jun signaling in hepatocytes which promoted cell

survival by preventing the deleterious effects of sustained JNK

activation on mitochondria. Overactivation of JNK/c-Jun is the

central mechanism of a variety of forms of liver injury [23].

Whereas transient JNK activation has beneficial cellular effects

such as the promotion of proliferation, sustained activation has

been demonstrated to sensitize hepatocytes to death from oxidant

stress [27,44], TNF [32,45,46], and acetaminophen [47]. How

prolonged JNK activation promotes cell death remains unclear.

However, evidence to date has implicated JNK compromise of

mitochondrial integrity. Reported effects of sustained JNK

signaling on hepatocytes have included mitochondrial outer

membrane permeabilization [32] and impairment in energy

homeostasis [25,48]. Stathmin prevented both the release of

apoptogenic mitochondrial proteins such as cytochrome c and

ATP depletion that compromised cellular energy homeostasis and

led to necrosis. These findings are consistent with the concept that

apoptosis and necrosis are part of a continuum of cell death that

shifts to necrosis in the absence of ATP. Stathmin has a central

function in maintaining mitochondrial integrity during oxidant

stress by down regulating JNK to prevent both forms of cell death.

Interestingly the effect was specific for the death stimulus of

oxidant stress as TNF toxicity was unaffected by a loss of stathmin.

The reason for this specificity is that TNF, in contrast to

menadione, failed to alter hepatocyte stathmin expression or

phosphorylation and as a result loss of stathmin did not affect

TNF-induced JNK activity (data not shown). These findings are in

contrast to those in L929 cells in which TNF induced stathmin

phosphorylation that promoted cell death [20], again emphasizing

the cell type specific nature of stathmin phosphorylation and

function.

Free tubulin can bind to and close the voltage-dependent anion

channel of the mitochondrial outer membrane to regulate

mitochondrial membrane permeability and metabolic function

[49–51]. Stathmin binds free tubulin preventing its interaction

with other proteins. Stathmin binding to tubulin is blocked by

JNK-dependent phosphorylation, suggesting that JNK may

promote menadione-induced cell death by decreasing stathmin-

tubulin interactions, increasing tubulin binding to the mitochon-

drial voltage-dependent anion channel and thereby promoting loss

of mitochondrial integrity and cell death. However, no increase in

mitochondrial tubulin was detected by immunoblotting in

menadione-treated cells with a knockdown of stathmin (data not

shown), further indicating that the effect of stathmin in oxidant

stress was unrelated to its ability to interact with free tubulin.

The present findings establish a new inhibitory feedback loop

between stathmin and JNK/c-Jun signaling (Figure 8). JNK

activation that occurred in response to oxidative stress led to

stathmin phosphorylation and stathmin down regulated injurious

JNK overactivation. The effect was not due to a direct stathmin-

JNK interaction, but occurred upstream above the level of

MKK4, and was oxidant stress dependent as it was blocked by

catalase overexpression. Augmentation of mitochondrial energy

stores by oleate supplementation blocked JNK overactivation in

the absence of stathmin. This finding is consistent with the

existence of a mitochondrial amplification loop whereby JNK-

mediated mitochondrial damage generates increased reactive

oxygen species that promote further JNK activation as recently

described for endoplasmic stress-induced JNK overactivation in

hepatocytes [52]. Oleate by maintaining mitochondrial energy

homeostasis and integrity stops this amplification and blocks the

prolongation of JNK activation.

The inhibitory effect of stathmin on JNK had the beneficial

effect of promoting hepatocyte survival from injurious oxidant

stress. Stathmin-JNK crosstalk may play a role in tumor biology as

maintenance of mitochondrial integrity leading to cell survival

during oxidant stress could explain in part the tumor-promoting

effects of stathmin overexpression. JNK/c-Jun signaling also

functions in tumor promotion [53], suggesting that JNK/c-Jun

down regulation by stathmin may suppress tumorigenesis.

However, recent evidence has suggested that JNK may also act

as a tumor suppressor in hepatocellular carcinoma [54], and

stathmin inhibition of JNK may reduce this tumor suppressor

effect as another mechanism by which stathmin acts as a tumor

promoter. Further investigations are needed to delineate the

mutual interactions between stathmin and JNK that may regulate

liver injury and tumorigenesis.

Stathmin Mediates Resistance to Oxidant Stress

PLOS ONE | www.plosone.org 10 October 2014 | Volume 9 | Issue 10 | e109750



Acknowledgments

We thank Janice Y. Chou for the RALA255-10G cell line, and David A.

Brenner and Arthur I. Cederbaum for supplying adenoviruses.

Author Contributions

Conceived and designed the experiments: EZ MJC. Performed the

experiments: EZ MA YL MJC. Analyzed the data: EZ MA MJC.

Contributed to the writing of the manuscript: EZ MJC.

References

1. Belletti B, Baldassarre G (2011) Stathmin: a protein with many tasks. New

biomarker and potential target in cancer. Expert Opin Ther Targets 15: 1249–
1266.

2. Cassimeris L (2002) The oncoprotein 18/stathmin family of microtubule
destabilizers. Curr Opin Cell Biol 14: 18–24.

3. Belmont LD, Mitchison TJ (1996) Identification of a protein that interacts with
tubulin dimers and increases the catastrophe rate of microtubules. Cell 84: 623–

631.

4. Jourdain L, Curmi P, Sobel A, Pantaloni D, Carlier MF (1997) Stathmin: a
tubulin-sequestering protein which forms a ternary T2S complex with two

tubulin molecules. Biochemistry 36: 10817–10821.

5. Koppel J, Loyer P, Maucuer A, Rehak P, Manceau V, et al. (1993) Induction of

stathmin expression during liver regeneration. FEBS Lett 331: 65–70.

6. Okazaki T, Himi T, Peterson C, Mori N (1993) Induction of stathmin mRNA

during liver regeneration. FEBS Lett 336: 8–12.

7. Schubart UK, Xu J, Fan W, Cheng G, Goldstein H, et al. (1992) Widespread

differentiation stage-specific expression of the gene encoding phosphoprotein

p19 (metablastin) in mammalian cells. Differentiation 51: 21–32.

8. Yuan RH, Jeng YM, Chen HL, Lai PL, Pan HW, et al. (2006) Stathmin

overexpression cooperates with p53 mutation and osteopontin overexpression,
and is associated with tumour progression, early recurrence, and poor prognosis

in hepatocellular carcinoma. J Pathol 209: 549–558.

9. Alli E, Yang JM, Ford JM, Hait WN (2007) Reversal of stathmin-mediated

resistance to paclitaxel and vinblastine in human breast carcinoma cells. Mol

Pharmacol 71: 1233–1240.

10. Brattsand G, Roos G, Marklund U, Ueda H, Landberg G, et al. (1993)

Quantitative analysis of the expression and regulation of an activation-regulated
phosphoprotein (oncoprotein 18) in normal and neoplastic cells. Leukemia 7:

569–579.

11. Ghosh R, Gu G, Tillman E, Yuan J, Wang Y, et al. (2007) Increased expression

and differential phosphorylation of stathmin may promote prostate cancer
progression. Prostate 67: 1038–1052.

12. Saal LH, Johansson P, Holm K, Gruvberger-Saal SK, She QB, et al. (2007)

Poor prognosis in carcinoma is associated with a gene expression signature of
aberrant PTEN tumor suppressor pathway activity. Proc Natl Acad Sci U S A

104: 7564–7569.

13. Beretta L, Dobransky T, Sobel A (1993) Multiple phosphorylation of stathmin.

Identification of four sites phosphorylated in intact cells and in vitro by cyclic
AMP-dependent protein kinase and p34cdc2. J Biol Chem 268: 20076–20084.

14. Larsson N, Melander H, Marklund U, Osterman O, Gullberg M (1995) G2/M

transition requires multisite phosphorylation of oncoprotein 18 by two distinct
protein kinase systems. J Biol Chem 270: 14175–14183.

15. Lovric J, Dammeier S, Kieser A, Mischak H, Kolch W (1998) Activated raf
induces the hyperphosphorylation of stathmin and the reorganization of the

microtubule network. J Biol Chem 273: 22848–22855.

16. Mizumura K, Takeda K, Hashimoto S, Horie T, Ichijo H (2006) Identification

of Op18/stathmin as a potential target of ASK1-p38 MAP kinase cascade. J Cell
Physiol 206: 363–370.

17. Ng DC, Zhao TT, Yeap YY, Ngoei KR, Bogoyevitch MA (2010) c-Jun N-

terminal kinase phosphorylation of stathmin confers protection against cellular
stress. J Biol Chem 285: 29001–29013.

18. Tararuk T, Ostman N, Li W, Bjorkblom B, Padzik A, et al. (2006) JNK1
phosphorylation of SCG10 determines microtubule dynamics and axodendritic

length. J Cell Biol 173: 265–277.

19. Yeap YY, Ng IH, Badrian B, Nguyen TV, Yip YY, et al. (2010) c-Jun N-

terminal kinase/c-Jun inhibits fibroblast proliferation by negatively regulating
the levels of stathmin/oncoprotein 18. Biochem J 430: 345–354.

20. Vancompernolle K, Boonefaes T, Mann M, Fiers W, Grooten J (2000) Tumor

necrosis factor-induced microtubule stabilization mediated by hyperphosphory-
lated oncoprotein 18 promotes cell death. J Biol Chem 275: 33876–33882.

21. Czaja MJ (2003) The future of GI and liver research: editorial perspectives. III.
JNK/AP-1 regulation of hepatocyte death. Am J Physiol Gastrointest Liver

Physiol 284: G875–G879.

22. Czaja MJ (2010) JNK regulation of hepatic manifestations of the metabolic

syndrome. Trends Endocrinol Metab 21: 707–713.

23. Seki E, Brenner DA, Karin M (2012) A liver full of JNK: signaling in regulation

of cell function and disease pathogenesis, and clinical approaches. Gastroenter-

ology 143: 307–320.

24. Singh R, Czaja MJ (2007) Regulation of hepatocyte apoptosis by oxidative stress.

J Gastroenterol Hepatol 22: S45–S48.

25. Amir M, Liu K, Zhao E, Czaja MJ (2012) Distinct functions of JNK and c-Jun in

oxidant-induced hepatocyte death. J Cell Biochem 113: 3254–3265.

26. Wang Y, Schattenberg JM, Rigoli RM, Storz P, Czaja MJ (2004) Hepatocyte

resistance to oxidative stress is dependent on protein kinase C-mediated down-
regulation of c-Jun/AP-1. J Biol Chem 279: 31089–31097.

27. Conde de la Rosa L, Schoemaker MH, Vrenken TE, Buist-Homan M, Havinga

R, et al. (2006) Superoxide anions and hydrogen peroxide induce hepatocyte
death by different mechanisms: involvement of JNK and ERK MAP kinases.

J Hepatol 44: 918–929.

28. Czaja MJ, Liu H, Wang Y (2003) Oxidant-induced hepatocyte injury from
menadione is regulated by ERK and AP-1 signaling. Hepatology 37: 1405–

1413.

29. Chou JY (1983) Temperature-sensitive adult liver cell line dependent on

glucocorticoid for differentiation. Mol Cell Biol 3: 1013–1020.

30. Jones BE, Lo CR, Liu H, Srinivasan A, Streetz K, et al. (2000) Hepatocytes
sensitized to tumor necrosis factor-a cytotoxicity undergo apoptosis through

caspase-dependent and caspase-independent pathways. J Biol Chem 275: 705–
712.

31. Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, et al. (2009) Autophagy

regulates lipid metabolism. Nature 458: 1131–1135.

32. Wang Y, Singh R, Lefkowitch JH, Rigoli RM, Czaja MJ (2006) Tumor necrosis

factor-induced toxic liver injury results from JNK2-dependent activation of
caspase-8 and the mitochondrial death pathway. J Biol Chem 281: 15258–

15267.

33. Singh R, Wang Y, Schattenberg JM, Xiang Y, Czaja MJ (2009) Chronic
oxidative stress sensitizes hepatocytes to death from 4-hydroxynonenal by JNK/

c-Jun overactivation. Am J Physiol Gastrointest Liver Physiol 297: G907–G917.

34. Piva R, Chiarle R, Manazza AD, Taulli R, Simmons W, et al. (2006) Ablation of

oncogenic ALK is a viable therapeutic approach for anaplastic large-cell

lymphomas. Blood 107: 689–697.

35. Xu Y, Bialik S, Jones BE, Iimuro Y, Kitsis RN, et al. (1998) NF-kB inactivation

converts a hepatocyte cell line TNF-a response from proliferation to apoptosis.
Am J Physiol 275: C1058–C1066.

36. Xu J, Xu Y, Nguyen Q, Novikoff PM, Czaja MJ (1996) Induction of hepatoma

cell apoptosis by c-myc requires zinc and occurs in the absence of DNA
fragmentation. Am J Physiol 270: G60–G70.

37. Bradham CA, Hatano E, Brenner DA (2001) Dominant-negative TAK1 induces
c-Myc and G0 exit in liver. Am J Physiol Gastrointest Liver Physiol 281: G1279–

G1289.

38. Liedtke C, Plumpe J, Kubicka S, Bradham CA, Manns MP, et al. (2002) Jun
kinase modulates tumor necrosis factor-dependent apoptosis in liver cells.

Hepatology 36: 315–325.

39. Bai J, Cederbaum AI (2001) Adenovirus-mediated overexpression of catalase in

the cytosolic or mitochondrial compartment protects against cytochrome P450
2E1-dependent toxicity in HepG2 cells. J Biol Chem 276: 4315–4321.

40. Hoppel C, DiMarco JP, Tandler B (1979) Riboflavin and rat hepatic cell

structure and function. Mitochondrial oxidative metabolism in deficiency states.
J Biol Chem 254: 4164–4170.

41. Nishikawa Y, Carr BI, Wang M, Kar S, Finn F, et al. (1995) Growth inhibition

of hepatoma cells induced by vitamin K and its analogs. J Biol Chem 270:
28304–28310.

42. Wang Y, Singh R, Xiang Y, Czaja MJ (2010) Macroautophagy and chaperone-
mediated autophagy are required for hepatocyte resistance to oxidant stress.

Hepatology 52: 266–277.

43. Malhi H, Gores GJ, Lemasters JJ (2006) Apoptosis and necrosis in the liver: a
tale of two deaths? Hepatology 43: S31–S44.

44. Czaja MJ (2007) Cell signaling in oxidative stress-induced liver injury. Semin
Liver Dis 27: 378–389.

45. Liu H, Lo CR, Czaja MJ (2002) NF-kB inhibition sensitizes hepatocytes to TNF-

induced apoptosis through a sustained activation of JNK and c-Jun. Hepatology
35: 772–778.

46. Schwabe RF, Uchinami H, Qian T, Bennett BL, Lemasters JJ, et al. (2004)
Differential requirement for c-Jun NH2-terminal kinase in TNFa- and Fas-

mediated apoptosis in hepatocytes. FASEB J 18: 720–722.

47. Gunawan BK, Liu ZX, Han D, Hanawa N, Gaarde WA, et al. (2006) c-Jun N-
terminal kinase plays a major role in murine acetaminophen hepatotoxicity.

Gastroenterology 131: 165–178.

48. Hanawa N, Shinohara M, Saberi B, Gaarde WA, Han D, et al. (2008) Role of

JNK translocation to mitochondria leading to inhibition of mitochondria
bioenergetics in acetaminophen-induced liver injury. J Biol Chem 283: 13565–

13577.

49. Carre M, Andre N, Carles G, Borghi H, Brichese L, et al. (2002) Tubulin is an
inherent component of mitochondrial membranes that interacts with the

voltage-dependent anion channel. J Biol Chem 277: 33664–33669.

50. Rostovtseva TK, Gurnev PA, Chen MY, Bezrukov SM (2012) Membrane lipid

composition regulates tubulin interaction with mitochondrial voltage-dependent

anion channel. J Biol Chem 287: 29589–29598.

51. Maldonado EN, Patnaik J, Mullins MR, Lemasters JJ (2010) Free tubulin

modulates mitochondrial membrane potential in cancer cells. Cancer Res 70:
10192–10201.

Stathmin Mediates Resistance to Oxidant Stress

PLOS ONE | www.plosone.org 11 October 2014 | Volume 9 | Issue 10 | e109750



52. Win S, Than TA, Fernandez-Checa JC, Kaplowitz N (2014) JNK interaction

with Sab mediates ER stress induced inhibition of mitochondrial respiration and
cell death. Cell Death Dis 5: e989. Available: http://www.nature.com/cddis/

journal/v5/n1/full/cddis2013522a.html. Accessed 2014 January 9.

53. Bubici C, Papa S (2014) JNK signalling in cancer: in need of new, smarter

therapeutic targets. Br J Pharmacol 171: 24–37.
54. Das M, Garlick DS, Greiner DL, Davis RJ (2011) The role of JNK in the

development of hepatocellular carcinoma. Genes Dev 25: 634–645.

Stathmin Mediates Resistance to Oxidant Stress

PLOS ONE | www.plosone.org 12 October 2014 | Volume 9 | Issue 10 | e109750


