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JNK potentiates TNF-stimulated necrosis
by increasing the production of cytotoxic
reactive oxygen species
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The c-Jun NH,-terminal kinase (JNK) has been implicated in both cell death and survival responses to
different stimuli. Here we reexamine the function of JNK in tumor necrosis factor (TNF)-stimulated cell death
using fibroblasts isolated from wild-type, Mkk4~/~ Mkk7-/-, and Jnk1~/~ Jnk2~/- mice. We demonstrate that
JNK can act to suppress TNF-stimulated apoptosis. However, we find that JNK can also potentiate
TNF-stimulated necrosis by increasing the production of reactive oxygen species (ROS). Together, these data
indicate that JNK can shift the balance of TNF-stimulated cell death from apoptosis to necrosis. Increased
necrosis may represent a contributing factor in stress-induced inflammatory responses mediated by JNK.
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Tumor necrosis factor (TNF) is an important regulator of
immune responses that also influences cell differentia-
tion, survival, and apoptosis. The binding of TNF to the
cell surface receptor TNF-R1 causes the recruitment of
the adapter protein TRADD to the cytoplasmic domain
of the receptor. TRADD then serves to recruit additional
signaling molecules, including FADD, TRAF2, and RIP1
(Chen and Goeddel 2002). Apoptotic responses to TNF
can be mediated by the activation of caspase-8 by FADD
(Varfolomeev et al. 1998; Yeh et al. 1998), while anti-
apoptotic responses can be mediated by activation of the
NF-«kB pathway by TRAF2 and RIP1 (Yeh et al. 1997;
Kelliher et al. 1998). The cellular response to TNF, in
part, represents a balance between these opposing path-
ways (Varfolomeev and Ashkenazi 2004).

TNEF can also activate JNK (Kyriakis et al. 1994; Sluss
et al. 1994) by a TRAF2-dependent mechanism (Yeh et
al. 1997). It has been established that JNK activation is
critical for TNF-stimulated AP-1-dependent gene expres-
sion (Ventura et al. 2003). However, the role of JNK in
TNF-stimulated death signaling is unclear (Davis 2000).
Some studies indicate that JNK is not essential for TNF-
stimulated apoptosis (Liu et al. 1996; Natoli et al. 1997;
Yeh et al. 1997; Lamb et al. 2003; Sakon et al. 2003).
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Indeed, JNK may antagonize TNF-stimulated apoptosis
(Lee et al. 1997; Roulston et al. 1998; Reuther-Madrid et
al. 2002; Lamb et al. 2003). In contrast, other studies
indicate an essential role for JNK in TNF-induced cell
death (Guo et al. 1998; De Smaele et al. 2001; Tang et al.
2001, 2002; Deng et al. 2003; Papa et al. 2004). Further-
more, genetic analysis of Drosophila demonstrates that
JNK may mediate cell death caused by a TNF-related
signaling pathway (Igaki et al. 2002; Moreno et al. 2002;
Kauppila et al. 2003). Together, these studies suggest a
complex relationship between JNK and TNF-stimulated
cell death (Varfolomeev and Ashkenazi 2004).

The addition of TNF to many mammalian cells does
not cause a cytotoxic response. The lack of cell death is
most likely related to the ability of TNF to engage sur-
vival signaling pathways, including NF-«B (Beg and Bal-
timore 1996; Van Antwerp et al. 1996; Wang et al. 1996).
Consequently, inactivation of survival signaling is re-
quired to study TNF-stimulated cell death and most
studies have employed one of two different approaches:
(1) partial inhibition of macromolecular synthesis using
inhibitors of transcription or translation, and (2) inhibi-
tion of the NF-kB pathway. The use of these two differ-
ent experimental strategies may contribute, in part, to
the divergent conclusions reached in previous studies
concerning the role of JNK in TNF-stimulated cell death.
It is also possible that the role of JNK in TNF-stimulated
cell death markedly differs between individual cell

types.
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The purpose of this study was to reexamine the role of
JNK in TNF-induced cell death using comparative stud-
ies of fibroblasts isolated from wild-type, Mkk4~/-
Mkk7-/~, and Jnk17/~ Jnk2~/~ mice. We report that JNK
has a dual role in the TNF-stimulated death of fibro-
blasts. JNK can suppress TNF-stimulated apoptosis, but
can also potentiate TNF-stimulated necrosis. The in-
creased necrosis is mediated, in part, by a requirement of
JNK for TNF-induced production of cytotoxic reactive
oxygen species (ROS).

Results

Wild-type and juk1~/~ Jnk2~/~ (Jnk~/~) fibroblasts were
transduced with retroviruses to obtain populations of
cells that either do or do not express an inhibitor of the
NF-kB signaling pathway, a mutant form of IkBa that is
not phosphorylated by the IkB kinase (AN-IkBa) (Fig. 1A).
Control studies demonstrated that AN-IkBa inhibited
the expression of an NF-kB target gene (IL-6) in TNF-
stimulated cells (Fig. 1B). Furthermore, TNF-stimulated
NF-kB DNA binding activity was detected in nuclear
extracts prepared from wild-type and Juk~/~ fibroblasts,
but not from wild-type (AN-IkBa) or Juk™/~ (AN-IkBa) fi-
broblasts, in an electrophoretic mobility shift assay us-
ing an oligonucleotide probe with an NF-«kB-binding site
(data not shown). Immunofluorescence analysis con-
firmed that TNF-stimulated nuclear translocation of NF-
kB was inhibited in both wild-type and Jnk™’~ cells ex-
pressing AN-IkBa (Fig. 1C). We conclude that these cells
represent a defined group that can be used to test the role
of JNK in both of the major paradigms of experimentally
induced TNF-stimulated cell death (partial inhibition of
macromolecular synthesis or inhibition of NF-«B).

Cross-talk between the NF-kB and the JNK signaling
pathways has been identified in previous studies (De
Smaele et al. 2001; Tang et al. 2001; Reuther-Madrid et
al. 2002). These studies have demonstrated that NF-«B
functions to suppress sustained JNK activation in cells
exposed to TNF. Increased expression of the NF-«B tar-
get genes GADD458 (De Smaele et al. 2001; Papa et al.
2004) and XIAP (Tang et al. 2001) has been implicated in
this process and it appears that NF-«B functions to sup-
press the TNF-stimulated ROS production that causes
sustained JNK activation (Sakon et al. 2003). We there-
fore performed control experiments to examine JNK ac-
tivity using the cells isolated in this study.

Treatment with TNF caused a rapid and transient in-
crease in JNK activation in wild-type cells that was
maximal at 15 min and declined to basal levels within 45
min (data not shown). Expression of AN-IkBa caused no
change in this early time course of JNK activation (data
not shown). A second phase of JNK activation was de-
tected during prolonged incubation of wild-type (AN-
IkBa) cells with TNF (e.g., 3 h), but was not observed in
experiments using wild-type cells (Fig. 1A). In contrast,
no JNK protein or activity were detected in Jnk™/~ or
Jnk™’~ (AN-IkBa) cells (Fig. 1A). Together, these data con-
firm the observation that NF-«B acts to suppress the sec-
ond phase of TNF-stimulated JNK activity that is ob-
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Figure 1. NF-«B inhibition increases TNF-stimulated JNK ac-
tivation. (A) Wild-type (WT) and Jnk~/~ fibroblasts were trans-
duced with a retrovirus that expresses Flag-tagged AN-IkBa. The
expression of AN-IkBa and JNK was detected by immunoblot
analysis. JNK activity in cells treated with 10 ng/mL TNF was
examined in an in vitro kinase assay (KA) using c-Jun as the
substrate. (B) The expression of IL-6 and ribosomal protein L32
mRNA was examined in a ribonuclease protection assay. The
cells were treated without and with 10 ng/mL TNF (45 min). (C)
The subcellular distribution of p65 NF-kB was examined in
wild-type (WT) and Jnk™/- fibroblasts. The cells were treated
without or with 10 ng/mL TNF (30 min). The effect of expres-
sion of AN-IkBa was examined. The nuclear accumulation of
p65 NF-kB (green) was examined by immunofluorescence analy-
sis. Nuclei stained with DAPI (blue) are shown in merged im-
ages.

served during the prolonged incubation of cells with
TNEF.

JNK can suppress TNF-stimulated apoptosis

We compared the apoptotic response of cells to TNF by
measuring the fragmentation of genomic DNA. Treat-
ment of wild-type and Jnk/~ cells with TNF did not
cause significant changes in DNA fragmentation (Fig.
2.A) or cell survival (Fig. 3A). In contrast, studies of wild-
type (AN-IkBa) and Jnk™~ (AN-IkBa) cells demonstrated
that TNF caused increased DNA fragmentation (Fig. 2A).
No marked differences between wild-type (AN-IkBa) and
Jnk~’~ (AN-IkBa) cells were detected (Fig. 2A). These data
demonstrate that JNK is not required for TNF-stimu-
lated apoptosis in cells lacking a functional NF-«B path-
way.
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TNF-stimulated apoptosis can also be detected follow-
ing partial inhibition of macromolecular synthesis.
Thus, in the presence of the protein synthesis inhibitor
emetine, TNF caused increased DNA fragmentation in
both wild-type and Jnk~’~ cells (Fig. 2B) and decreased
cell survival (Fig. 3A). This apoptotic response was sup-
pressed by caspase inhibition caused by the drug zZVAD-
fmk (data not shown). Interestingly, the apoptotic re-
sponse of Jnk™’~ cells under these conditions was in-
creased compared to that of wild-type cells (Figs. 2B, 3A).
TUNEL assays confirmed that treatment of /nk~" fibro-
blasts with TNF plus emetine caused increased apopto-
sis compared to wild-type cells (Fig. 2C). Time course
studies demonstrated that this increased apoptosis rep-
resents an acceleration of the rate of Juk™’~ fibroblast
death following treatment with TNF plus emetine com-
pared to wild-type fibroblasts and does not represent an
increase in the final extent of the apoptotic response
(Lamb et al. 2003). Together, these data establish that
JNK can suppress TNF-stimulated apoptosis.

It is interesting that the effect of JNK deficiency to
accelerate TNF-stimulated apoptosis was observed fol-
lowing partial inhibition of macromolecular synthesis
(Fig. 2B), but was not observed when the NF-kB pathway
was inhibited (Fig. 2A). These data suggest that the role
of JNK to suppress TNF-stimulated apoptosis requires a
functional NF-«B pathway. This conclusion is consistent
with previous studies that demonstrate that survival sig-
naling by JNK in TNF-treated cells is mediated, in part,
by cooperation between the JNK and NF-kB pathways
(Lamb et al. 2003). Nevertheless, in the presence of em-
etine, Jnk~’~ (AN-IkBa) cells exhibited increased TNF-
stimulated apoptosis compared with wild-type (AN-
IkBa) cells (Fig. 2B), indicating that this cooperative role

Apoptosis and necrosis regulation by JNK

Figure 2. JNK represses TNF-stimulated ap-
optosis. (A) Wild-type (WT) and nk/- fibro-
blasts were incubated with 10 ng/mL TNF (6
h). The effect of the expression of AN-IkBa

Jnk-/- was examined. Apoptosis was investigated by

measuring DNA fragmentation by ELISA.

Wild-type fibroblasts were also incubated
DAPI with TNF plus the protein synthesis inhibitor
emetine (2 pM). The data shown are the
mean = SD of triplicate determinations. The
data are representative of three independent
experiments. (B) Wild-type (WT) and Jnk~/~ fi-
broblasts incubated without and with 10 ng/
mL TNF (6 h) in the presence of the protein
synthesis inhibitor emetine (2 nM) were ex-
amined. The effect of the expression of AN-
IkBa was examined. Apoptosis was investi-
gated by measuring DNA fragmentation by
ELISA. The data shown are the mean + SD of
triplicate determinations. The data are repre-
sentative of three independent experiments.
(C) Wild-type (WT) and Jnk~/~ fibroblasts were
TUNEL  incubated (6 h) without and with 10 ng/mL

TNF plus 2uM emetine. Nuclear DNA was

stained with DAPI (blue). Apoptotic cells

were detected by using a TUNEL assay (red).

TUNEL

DAPI

of NF-kB may be redundant with other survival signaling
pathways. Indeed, cooperative anti-apoptosis signaling
by JNK together with the PI-3’ Kinase/AKT pathway has
also been described (Lamb et al. 2003).

JNK can potentiate TNF-stimulated necrosis

Nonapoptotic (necrotic) cell death can be induced by
TNF. Thus, the TNF-stimulated necrotic death of mouse
L929 cells can be mediated by reactive oxygen species
(ROS) and is increased by caspase inhibition (Vercam-
men et al. 1998; Fiers et al. 1999). Similarly, TNF-stimu-
lated necrotic death of fibroblasts caused by ROS is in-
creased by inhibition of the NF-«B pathway (Sakon et al.
2003). We therefore examined the potential role of JNK
in TNF-stimulated necrotic death using wild-type and
Jnk~'~ fibroblasts incubated in the absence of the protein
synthesis inhibitor emetine. As expected, measurement
of cell survival indicated that wild-type cells were not
killed by TNF (Fig. 3A), but were rapidly killed by TNF
if the NF-«B pathway was inhibited by AN-IkBa (Fig. 3B).
This TNF-stimulated cell death was not blocked by the
caspase inhibitor zVAD-fmk and was attenuated in
Jnk~’~ cells (Fig. 3B). Time course analysis demonstrated
that JNK deficiency delayed cell death for at least 24 h
(Fig. 3B). Measurement of cell number confirmed that
TNF caused decreased viability of wild-type (AN-IkBa)
fibroblasts, but did not cause decreased viability of wild-
type, Jnk™’~, or Jnk”~ (AN-IkBa) fibroblasts (Fig. 3D).
Similarly, studies of cell viability following TNF treat-
ment using colony formation assays demonstrated that
TNF killed wild-type (AN-IkBa) fibroblasts, but not
Jnk~~ (AN-IkBa) fibroblasts (Fig. 3E). Complementation
analysis demonstrated that the expression of JNK1 or
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Figure 3. JNK promotes TNF-stimulated necrosis. (A)
Wild-type (WT) and Jnk/~ fibroblasts were incubated
without and with 10 ng/mL TNF. The effect of the ad-
dition of emetine (2 pM) was examined. Cell survival A
was measured by staining the cells with crystal violet.
The data shown are the mean + SD of triplicate deter-
minations. The data are representative of three inde-

pendent experiments. (B) Wild-type (WT) (AN-IkBa) and 120

Jnk~/~ (AN-IkBa) fibroblasts were incubated without
and with 10 ng/mL TNEF. The effect of the caspase in-
hibitor zVAD-fmk (10 pM) was examined. Cell survival
was measured by staining with crystal violet. The data
shown are the mean = SD of triplicate determinations.
The data are representative of three independent experi- B
ments. (C) Complementation analysis was performed

using wild-type (WT) (AN-IkBa) and jnk~~ (AN-IkBa) .

fibroblasts incubated without and with 10 ng/mL TNF.
The effect of expression of JNK1 or JNK2 was exam-
ined. Cell survival was measured by staining with crys-
tal violet. The data shown are the mean = SD of tripli-
cate determinations. The data are representative of
three independent experiments. (D) Wild-type (WT) and
Jnk~/- fibroblasts were incubated without and with 10
ng/mL TNEF. The effect of AN-IkBa expression was ex-
amined. Cell survival was measured by counting cells C
using a Neubauer hemacytometer. The data shown are
the mean = SD of triplicate determinations. The data .,
are representative of three independent experiments. (E) %
Wild-type (WT) (AN-IkBa) and Jnk~/~ (AN-IkBa) fibro- 3
blasts were incubated without (Control) and with 10 T

w

Survival (%)

ng/mL TNF (6 h). The cells were then replated in 10-cm o
dishes in fresh culture medium and incubated (5 d). Sur- 20
viving colonies were stained with crystal violet and 0

photographed. The data shown are representative of
three independent experiments.

JNK?2 increased the TNF-stimulated death of Jnk/~ (AN-
IkBa) fibroblasts (Fig. 3C), indicating that the increased
survival of TNF-stimulated Jnk~/~ (AN-IkBa) cells com-
pared to wild-type (AN-IkBa) cells was caused by JNK
deficiency. Together, these data indicate that TNF can
cause cell death that is dependent on JNK when the NF-
kB pathway is inhibited.

To confirm that the JNK-dependent TNF-induced cell
death was not apoptosis, we examined the morphology
of the cells by electron microscopy (Fig. 4). TNF-treated
wild-type (AN-IkBa) cells displayed altered morphology,
including the presence of distended cytoplasmic or-
ganelles and rupture of nuclear and plasma membranes,
in the absence of obvious apoptotic bodies. These
data indicate that the JNK-dependent TNF-stimulated
cell death observed in wild-type (AN-IkBa) cells is medi-
ated, at least in part, by a nonapoptotic (necrotic) mecha-
nism.

JNK pathway mutations can suppress
TNF-stimulated cell death

Complementation analysis indicates that the effect of
JNK deficiency to cause reduced TNF-stimulated necro-
sis is most likely caused by the loss of JNK signaling (Fig.
3C). To obtain independent evidence for a role of JNK
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signaling in TNF-stimulated necrosis, we examined the
effect of Mkk4 and Mkk7 gene disruption. It has been
established in previous studies that the MAP kinase ki-
nases MKK4 and MKK?7 are required for JNK activation
(Tournier et al. 2001). Compound mutation of the Mkk4
and Mkk?7 genes prevents JNK activation (Tournier et al.
2001). Indeed, TNF-stimulated JNK activation was ob-

Control

Figure 4. JNK-dependent cell death caused by TNF is associ-
ated with necrotic cellular morphology. TNF-treated wild-type
(WT) and Juk~/~ fibroblasts were examined by transmission elec-
tron microscopy. The effect of the expression of AN-IkBa was
examined. Representative images are presented.
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served in wild-type fibroblasts, but not in Mkk4~/~
Mkk7-/~ fibroblasts (Fig. 5A). Previous studies of primary
embryonic fibroblasts have demonstrated that MKK7
has an essential role while MKK4 plays a collaborative
role in TNF-stimulated JNK activation because TNF se-
lectively increases the activity of MKK7, but not MKK4
(Tournier et al. 2001). In this study, using 3T3 fibroblasts
derived from primary embryonic fibroblasts, we found
that TNF was able to activate both MKK4 and MKK7
(Fig. 5B). Consistent with this observation, we found a
partial loss of TNF-stimulated JNK activation in both
Mkk4~/~ and Mkk7~/~ fibroblasts (Fig. 5A). Thus, in 3T3
fibroblasts, the MKK4 and MKK7 protein kinases appear
to serve partially redundant functions in TNF-stimu-
lated JNK activation. These data (Fig. 5), together with
previous studies (Tournier et al. 2001), suggest that the
roles of MKK4 and MKK7 in TNF-stimulated JNK acti-
vation may differ between cell types.

Measurement of JNK activity using an in vitro protein
kinase assay demonstrated that TNF caused rapid and
transient JNK activation in wild-type, Mkk4~/-, and
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Mkk7-/~ fibroblasts (Fig. 5D). Expression of AN-IkBa did
not markedly alter this early phase JNK activation, but
did cause a second and more sustained phase of JNK
activation at later times following treatment with TNF.
As expected, JNK activity was not detected in the com-
pound mutant Mkk4~/~ Mkk7~/~ fibroblasts (Fig. 5D).
These fibroblasts, which lack JNK activity, provide the
possibility for an alternative test of the role of JNK in
TNF-stimulated necrosis.

Survival studies performed in the absence of emetine
demonstrated that TNF did not cause decreased fibro-
blast viability. However, TNF-stimulated killing was ob-
served if AN-IkBa was expressed in the fibroblasts. Sur-
vival assays demonstrated that the death response of
wild-type, Mkk4~/-, and Mkk7~/~ fibroblasts was similar
(Fig. 5C). In contrast, the compound mutant Mkk4~/~
MKkk7-/~ fibroblasts that lack JNK activity (Fig. 5D) were
found to be resistant to the cytotoxic effects of TNF (Fig.
5C). These data provide independent evidence in favor of
the hypothesis that JNK activity contributes to TNF-
stimulated death when the NF-«kB pathway is inhibited.
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Figure 5. Effect of Mkk4 and Mkk7 gene disruption on TNEF-stimulated JNK activation and necrosis. (A) Wild-type (WT), Mkk4~/-,
Mkk7-/~, and Mkk4~/~ Mkk7-/~ fibroblasts were incubated (10 min) without and with 10 ng/mL TNF. The amount of tubulin, JNK, and
phospho-JNK was examined by immunoblot analysis. The data shown are representative of three independent experiments. (B)
Wild-type (WT) fibroblasts were incubated with 10 ng/mL TNF. The amount of tubulin, MKK4, phospho-MKK4, MKK7, and phospho-
MKK?7 was examined by immunoblot analysis. The data shown are representative of three independent experiments. (C) Wild-type
(WT), Mkk4~/-, Mkk7-/-, and Mkk4~/~ Mkk7-'~ fibroblasts that express AN-IkBa were incubated without and with 10 ng/mL TNF. Cell
survival after incubation for 6 and 24 h was examined by staining with crystal violet. The data shown are the mean + SD of triplicate
determinations. The data are representative of three independent experiments. (D) Wild-type (WT), Mkk4~/~, Mkk7~/-, and Mkk4~/~
Mkk7-/~ fibroblasts were incubated with 10 ng/mL TNF. The effect of AN-IkBa expression was examined. The amount of tubulin,
AN-IkBa, and JNK was examined by immunoblot analysis. JNK activity was examined in an in vitro kinase assay (KA) using the
substrate c-Jun. The data shown are representative of three independent experiments.
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ROS production contributes
to TNF-stimulated necrosis

The production of ROS has been implicated as a mecha-
nism of TNF-stimulated necrotic death (Vercammen et
al. 1998; Fiers et al. 1999). To examine whether ROS may
be relevant to TNF-stimulated JNK-dependent necrotic
cell death, we investigated the effect of butylated hy-
droxyanisole (BHA), a scavenger of ROS. Measurement
of cell survival demonstrated that BHA inhibited the
TNF-induced death of wild-type (AN-IkBa) cells (Fig.
6A). Similar results were obtained when wild-type (AN-
IkBa) and Juk™/~ (AN-IkBa) fibroblasts were examined by
flow cytometry (data not shown). These data indicate
that JNK-dependent TNF-stimulated necrosis may be
mediated by ROS.

To test whether JNK may play a role in ROS-mediated
cell death, we examined the effect of the exposure of
wild-type and Jnk™/~ cells to exogenous peroxide (Fig.
6B). Both wild-type and Juk/~ cells were killed by
peroxide. Dose response analysis indicated that a lower
concentration of peroxide was required to kill Jnk/~
fibroblasts than wild-type fibroblasts (Fig. 6B). Time
course analysis demonstrated that the increased sen-
sitivity of Jnk™/~ fibroblasts to peroxide was associated
with an accelerated rate of cell death but not with
an increase in the final extent of the cell death re-
sponse (Fig. 6C). Together, these data indicate that
JNK can play a protective role in cells exposed to redox
stress.

JNK contributes to TNF-stimulated ROS production

The increased sensitivity of Juk~/~ fibroblasts to peroxide
compared to wild-type fibroblasts (Fig. 6A,B) contrasts
with resistance of Juk™/~ fibroblasts to ROS-dependent
necrotic cell death caused by TNF (Fig. 6A). These find-
ings suggest that the resistance of Jnk™/ fibroblasts to
TNF-stimulated necrosis was not caused by differences
in the response of wild-type and /nk™/~ fibroblasts to
ROS. Instead these data suggest that wild-type and Jnk~/~
fibroblasts may differ in their ability to produce ROS
following treatment with TNF.

To test whether JNK is relevant to TNF-induced ROS
production, we used the probe CM-H,DCFDA that ex-
hibits increased fluorescence following exposure to per-
oxide and hydroxyl radicals. ROS were not detected in
studies of wild-type and Jnk~’~ cells treated with TNF. In
contrast, studies of wild-type (AN-IkBa) cells indicated
that TNF caused a marked increase in ROS production
(Fig. 7A), consistent with previous observations (Sakon
et al. 2003). However, TNF did not cause ROS produc-
tion in Jnk/~ (AN-IkBa) cells (Fig. 7A). To confirm the
requirement of JNK, we examined TNF-stimulated ROS
production in mixed cultures of wild-type (AN-IkBa) and
Jnk~’~ (AN-IkBa) fibroblasts; this analysis demonstrated
that ROS production was only detected in wild-type
(AN-IkBa) fibroblasts (Fig. 7B). Interestingly, new gene
expression was not required for TNF-stimulated ROS
production since treatment of wild-type (AN-IkBa) fibro-
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Figure 6. TNF-stimulated necrosis requires ROS production.
(A) Wild-type (WT) and Jnk~/~ fibroblasts expressing AN-IkBa
were treated with 10 ng/mL TNF (12 h). Cell survival was mea-
sured by staining with crystal violet. The effect of the addition
of butylated hydroxyanisole (BHA; 100 nM) was examined. The
data shown are the mean = SD of triplicate determinations. The
data are representative of three independent experiments. (B)
Wild-type (WT) and Jnk~/~ fibroblasts were incubated (4 h) with
different concentrations of hydrogen peroxide. The effect of AN-
IkBa expression was examined. Cell survival was measured by
staining with crystal violet. The data shown are the mean + SD
of triplicate determinations. The data are representative of three
independent experiments. (C) Wild-type (WT) (AN-IkBa) and
Jnk~/~ (AN-IkBa| fibroblasts were incubated with 50 uM hydro-
gen peroxide. Cell survival was measured by staining with crys-
tal violet. The data shown are the mean = SD of triplicate de-
terminations. The data are representative of three independent
experiments.

blasts with emetine did not prevent TNF-stimulated
ROS production (Fig. 7A).

Together, these data indicate that JNK is essential for
TNF-induced ROS production by fibroblasts when the
NF-«B pathway is inhibited (Fig. 7). In contrast, JNK is
not required for cell death caused by ROS (Fig. 6). To-
gether, these data indicate that JNK-dependent ROS pro-
duction may account for the requirement of JNK for ef-
ficient TNF-stimulated necrosis.


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press
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Jnk-/- (AN-1kB)

Figure 7. JNK-dependent ROS produc-
tion contributes to TNF-stimulated necro-
sis. (A) Wild-type (WT) and Jnk™/~ fibro-
blasts expressing AN-IkBa were incubated
(4 h) without or with 10 ng/mL TNF or 10
ng/mL TNF plus 2 uM emetine. The cells
were stained with 1 uM CM-H,DCFDA to
examine ROS production (upper panels;
green) and with DAPI to detect nuclear
DNA (lower panels; blue). The data shown

Control

DAPI Jnk-/- (AN-1xB)

Discussion

It is known that TNF can cause cell death by both apo-
ptotic and nonapoptotic (necrotic) mechanisms (Tracey
and Cerami 1993). TNF-stimulated apoptotic cell death
is mediated by caspase activation (Chen and Goeddel
2002). Indeed Caspase 8/~ fibroblasts are resistant to
TNF-stimulated apoptosis when protein synthesis is par-
tially inhibited (Varfolomeev et al. 1998). In contrast, it
is established that ROS play a critical role in TNF-stimu-
lated necrotic death (Vercammen et al. 1998; Fiers et al.
1999). The results of the present study demonstrate that
JNK can have opposing actions on these two mecha-
nisms of cell death: inhibition of TNF-stimulated apo-
ptosis and potentiation of TNF-stimulated necrosis.

It is interesting that both the timing and the mecha-
nism of JNK activation associated with these effects of
JNK on TNEF-stimulated cell death are different. Thus,
anti-apoptotic JNK signaling is associated with the rapid
and transient activation of JNK mediated by TRAF2
(Lamb et al. 2003), while pro-necrotic JNK signaling is
associated with the later and more sustained phase of
JNK activation that is mediated by ROS (Sakon et al.
2003).

TNF-stimulated ROS production requires [NK and is
suppressed by NF-xB

Necrotic cell death caused by TNF is promoted by inhi-
bition of NF-kB and is mediated, in part, by increased
ROS production (Lin et al. 2003; Sakon et al. 2003).
These data indicate that NF-kB acts to suppress ROS
production in cells exposed to TNF. This function of
NF-kB may be mediated by increased expression of NF-
kB target genes, including manganese-dependent super-
oxide dismutase (Tanaka et al. 2002). Endogenously pro-
duced ROS can be scavenged by superoxide dismutases,
glutathione peroxidases, and peroxiredoxins (Thannickal

TNF plus Emetine

Jnk- / AN -IiB)

.... A

are representative of three independent ex-
periments. (B) Jnk™/~ (AN-IkBa) fibroblasts
were stained with CellTracker Red
CMTPX, cocultured with wild-type (WT)
(AN-IkBa) fibroblasts, and incubated (4 h)
with 10 ng/mL TNF. The cells were
stained with 1 pM CM-H,DCFDA to ex-
amine ROS production (green) and with
DAPI to detect nuclear DNA (blue). The
data shown are representative of three in-
dependent experiments.

DAPI, ROS
Jnk-/- (AN-1xB)

and Fanburg 2000). TNF-stimulated ROS production
may therefore not be detected in normal cells, but can be
observed following inhibition of the NF-kB pathway (Sa-
kon et al. 2003).

It is established that TRADD, RIP1, and TRAF2 are
required for TNF-stimulated ROS production (Chan et
al. 2003; Lin et al. 2003). Here we demonstrate that JNK
is also required for TNF-stimulated ROS production.
Since TRADD and TRAF2 are required for rapid TNF-
stimulated JNK activation (Chen and Goeddel 2002), it is
possible that TRADD, TRAF2, and JNK function within
a signaling module that can initiate ROS production.
Nevertheless, the mechanism that accounts for the re-
quirement of JNK for TNF-stimulated ROS production is
unclear. Since JNK has been implicated in the regulation
of mitochondria (an important source of endogenous cel-
lular ROS), it is likely that JNK may regulate ROS pro-
duction by mitochondria (Davis 2000).

Cells deficient in NF-kB signaling exhibit greatly in-
creased sustained TNF-stimulated JNK activity (De
Smaele et al. 2001; Tang et al. 2001; Reuther-Madrid et
al. 2002). This sustained JNK activation is mediated by
increased ROS production in NF-kB-deficient cells (Sa-
kon et al. 2003). It is therefore interesting that TNF-
stimulated ROS production is JNK dependent (Fig. 7).
These data suggest that a positive feedback cycle oper-
ates in NF-kB-deficient cells in which TNF-stimulated
ROS production causes increased JNK activity that leads
to a further increase in ROS production (Fig. 8). This type
of positive feedback involving JNK may generate suffi-
cient amounts of ROS to cause necrosis (Fig. 8).

JNK can suppress TNF-stimulated apoptosis

Treatment of cells with TNF causes rapid and transient
activation of JNK by a TRAF2-dependent mechanism
(Yeh et al. 1997). A second and more sustained phase of
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Figure 8. Schematic illustration of the role of JNK in fibro-
blasts during TNF-stimulated cell death. TNF causes transient
JNK activation that is mediated by a TRAF2-dependent mecha-
nism. This transient activation of JNK acts to inhibit TNF-
stimulated apoptosis observed following partial inhibition of
mRNA or protein synthesis. This effect of JNK is mediated, in
part, by cooperation between JNK and the NF-kB and PI-3’ ki-
nase survival signaling pathways (Lamb et al. 2003). TNF also
causes activation of the NF-«kB pathway. One function of NF-xB
is to suppress TNFE-stimulated ROS production, in part, by in-
creased expression of manganese-dependent superoxide dismu-
tase. However, when NF-kB signaling is reduced, TNF causes
ROS production. The TNF-stimulated ROS acts in a positive
feedback cycle that activates JNK, which then leads to more
ROS production, and ultimately to necrotic cell death. It is pos-
sible that the transient activation of JNK can initiate this pos-
titive feedback cycle (dashed line), but other signaling pathways
are likely to play an important role. Nevertheless, JNK is required
for the sustained phase of ROS production. Consequently, JNK
can potentiate TNF-stimulated necrosis in fibroblasts.

JNK activation occurs at later times, is mediated by
TNF-stimulated ROS production, and is suppressed by
NF-«kB (Sakon et al. 2003). The TRAF2-mediated early
phase of JNK activation is not required for TNF-stimu-
lated apoptosis (Yeh et al. 1997). Indeed, the rapid and
transient activation of JNK caused by TNF appears to
mediate an anti-apoptotic response (Lee et al. 1997;
Roulston et al. 1998; Reuther-Madrid et al. 2002; Lamb
et al. 2003). Thus, JNK-deficient fibroblasts exhibit ac-
celerated TNF-stimulated apoptosis following partial in-
hibition of protein synthesis. Complementation analysis
indicates that this anti-apoptotic action of JNK involves
JunD and is mediated, in part, by functional cooperation
of JNK with survival signaling pathways (including NF-
kB and PI-3’ kinase) to cause increased expression of
anti-apoptotic genes (Lamb et al. 2003). The observation
that NF-kB inhibition does not prevent the increased
TNF-stimulated apoptosis of Juk~/~ cells following par-
tial inhibition of protein synthesis (Fig. 2B) suggests that
there is some functional redundancy between the sur-
vival signaling pathways that can cooperate with JNK.

Signaling cell death by TNF-R1 and TNF-R2

Gene disruption studies have demonstrated that TNF-
R1, but not TNF-R2, is essential for TNF-stimulated ne-
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crosis (Chan et al. 2003; Lin et al. 2003). Nevertheless, an
important role for TNF-R2 in death signaling has been
established by the observation that TNF-R2 can cause
degradation of the adapter protein TRAF2 (Chan and Le-
nardo 2000; Fotin-Mleczek et al. 2002; Li et al. 2002).
Since TRAF2 activates the NF-«B and JNK anti-apopto-
sis signaling pathways, TRAF2 degradation caused by
TNF-R2 may enhance death signaling by TNF-R1. Stud-
ies of wild-type and Jnk~/~ fibroblasts indicate that the
level of TNF-R1 and TNF-R2 expression is similar, but
TNF-induced TRAF2 degradation was not detected
(Lamb et al. 2003). However, TNF-R2-stimulated TRAF2
degradation may be critical for TNF-stimulated cell
death under different experimental conditions or in
other cell types. Thus, disruption of the IkB kinase gene
Ikkp in murine liver causes reduced (but not eliminated)
NF-kB activation and results in increased liver damage in
response to membrane-bound TNF (that binds both
TNF-R1 and TNF-R2), but not in response to soluble
TNEF (that primarily binds TNF-R1) (Maeda et al. 2003).
Interestingly, the liver damage caused by membrane-
bound TNF is dependent upon JNK. Since TRAF2 is de-
graded, it is possible that the mechanism of JNK activa-
tion in this model is mediated by ROS (rather than by
TRAF2). This form of liver damage may therefore be me-
diated by necrosis in addition to apoptosis. The ability of
TNF-R2 to cause TRAF2 degradation, and thus suppress
TNF-R1 stimulated NF-kB activation, may represent an
important mechanism in vivo that promotes JNK-depen-
dent TNEF-stimulated cell death. The relative expression
of TNF-R1 and TNF-R2 by different types of cells may
therefore be an important factor that influences the role
of JNK in death signaling. These considerations suggest
that the role of JNK in TNF-induced cell death may be
cell type dependent. Our study of fibroblasts reported
here indicates that JNK can inhibit TNF-induced apopto-
sis and potentiate necrosis. It will be important to extend
our analysis of fibroblasts in future studies to examine
the role of JNK in other cell types.

Increased necrosis and reduced apoptosis may
contribute to [NK-induced inflammation

Cell death in vivo can be mediated by apoptotic and no-
napoptotic (necrotic) responses. Both of these mecha-
nisms can contribute to cell death in response to one
stimulus. Thus, brain ischemia can cause necrosis at the
site of injury followed by a delayed apoptotic response in
surrounding tissues. Similarly, cell death in model sys-
tems in vitro can be a mixture of both apoptotic and
necrotic processes. For example, treatment of NF-kB-de-
ficient fibroblasts with TNF causes both an apoptotic
response (Fig. 2) and a necrotic response (Figs. 3, 4). The
presence of both types of cell death is significant for in-
flammatory responses in vivo. It is established that apo-
ptosis represents an anti-inflammatory form of cell
death, whereas necrosis leads to marked inflammation.
Since JNK can suppress apoptosis and potentiate necro-
sis caused by TNF, it is possible that this shift in the
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balance of cell death from apoptosis to necrosis may be a
contributing factor in JNK-induced inflammation.

Conclusions

The JNK signaling pathway has a complex relationship
with TNF-stimulated cell death. The results of the pres-
ent study of fibroblasts indicate that JNK may have no
role in TNF-stimulated apoptosis (Fig. 2A), may provide
an anti-apoptotic signal (Fig. 2B,C), or may potentiate
TNF-stimulated necrosis (Fig. 3B), depending on the ex-
perimental conditions of the analysis. It is likely that
this complexity of JNK function may account for the
divergent conclusions reached in previous studies con-
cerning the role of JNK in TNF-stimulated cell death. An
important future goal will be to extend our analysis of
fibroblasts to other cell types.

Materials and methods

Tissue culture

Wild-type, Juki/~ Jnk2”/- (jnk™’-), Mkk4~'-, Mkk7”/-, and
Mkk4~/- Mkk7-/~ fibroblasts were established in culture from
mouse strain 129sv] E13.5 embryos (Tournier et al. 2000, 2001;
Kennedy et al. 2003) using a standard 3T3 protocol. All animals
were housed in a facility accredited by the American Associa-
tion for Laboratory Animal Care and the animal studies were
approved by the Institutional Animal Care and Use Committee
of the University of Massachusetts. The fibroblasts were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat inactivated fetal bovine serum (FBS), 2
mM glutamine, 100 units/mL of penicillin, 100 pg/mL of strep-
tomycin (Invitrogen) at 37°C in a humidified atmosphere with
5% CO,. The fibroblasts were transduced with the retroviral
vectors pBABE-IRES- Puro® or pBABE-Flag-AN-IkBa-IRES-Puro®
(Wisdom et al. 1999) and selected by incubation in medium
containing 2 pg/mL puromycin. The fibroblasts were also trans-
duced with the retroviral vectors pMSCV-Flag-JNK1-IRES-eGFP
or pMSCV-Flag-JNK2-IRES-eGFP (Lamb et al. 2003) and se-
lected by flow cytometry. All experiments were performed us-
ing pools of clones (>10%) to prevent problems of interpretation
caused by clonal variability.

Cell number in proliferation assays was assessed using a Neu-
bauer hemacytometer. Relative cell number was also assessed
by staining with crystal violet (Tournier et al. 2000). Colony
survival assays were performed by incubating cells in 35-mm
dishes with 10 ng/mL TNF (6 h) and then replating the cells in
10-cm dishes in fresh culture medium; surviving cells growing
in colonies were detected after incubation for 5 d using crystal
violet.

Protein kinase studies

Immunoblot analysis was performed by probing with antibodies
to JNK (Pharmingen), phospho-JNK1/2 (Cell Signaling), MKK4
(SantaCruz), phospho-MKK4 (Cell Signaling), MKK7 (Pharmin-
gen), phospho-MKK?7 (Biosource), a-Tubulin (Sigma), or Flag epi-
tope tag (M2) (Sigma) and immune complexes were detected by
enhanced chemiluminescence (NEN). JNK activity was mea-
sured by an in vitro kinase assay using c-Jun as the substrate
(Whitmarsh and Davis 2001).

Apoptosis assays

TUNEL assays and DNA fragmentation assays were performed
using the In Situ Cell Death Detection Kit (TMR red) and the

Apoptosis and necrosis regulation by JNK

Cell Death Detection ElisaP™™* kit, respectively, following the
manufacturer’s recommedations (Roche). The fibroblasts on
coverslips were mounted in Vectashield with 4’-6’-diamino-2-
phenylindole (DAPI; Vector Laboratories) and examined by fluo-
rescence microscopy with a Zeiss Axioplan microscope.

RNase protection assays

Total RNA (5 ng) was examined using the “Multi-probe RNase
protection assay” (Pharmingen) with the template set mCK2b
following the manufacturer’s recommendations. The products
were separated on a 5% sequencing gel, detected by autoradi-
ography, and quantitated by PhosphorImager analysis (Molecu-
lar Dynamics).

Measurement of ROS

Exponentially growing fibroblasts were incubated with TNF (4
h) and with 1 pM 5-(and-6)-chloromethyl-2’,7’-dichlorodihydro-
fluorescence diacetate (CM-H,DCFDA; Molecular Probes) in
PBS (15 min) (Sakon et al. 2003). Fluorescence was detected
using 488-nm laser illumination with a Leica confocal micro-
scope or by flow cytometry. In some experiments, wild-type and
Jnk~/~ cells were examined in mixed culture; the wild-type and
Jnk~/~ cells were distinguished by selective labeling of one cell
population with CellTracker Red CMTPX (Molecular Probes).
Nuclei were stained with DAPI (1:10,000; Molecular Probes,
Inc.).

Electron microscopy

Fibroblasts were incubated without and with TNF (4 h), fixed
with 2.5% glutaraldehyde, and processed for electron micros-
copy using standard techniques.

Immunofluorescence microscopy

Cells were grown on glass coverslips and fixed with 4% para-
formaldehyde (Ted Pella, Inc.) in PBS (10 min), washed with
PBS, incubated with 50 mM NH,CI in PBS (10 min), and per-
meabilized with 0.1% Triton X-100 in PBS. After incubation (1
h) with 5% (w/v) bovine serum albumin (BSA) in PBS, the cov-
erslips were incubated (1 h) with an antibody to p65 NF-kB
(Santa Cruz) in PBS with 3% BSA. Immune complexes were
detected with fluorescein-conjugated anti-rabbit Ig secondary
antibody (Jackson ImmunoResearch Inc.) in PBS with 1% BSA.
Nuclei were stained with DAPI (1:10,000; Molecular Probes,
Inc.). Coverslips were mounted with polyvinylalcohol 30,000~
70,000 (Sigma). Fluorescence microscopy was performed with a
conventional Zeiss Axioplan microscope.
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