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Activation of c-Jun N-terminal kinase (JNK), a member of the mitogen-activated protein kinase
family, is an important cellular response that modulates the outcome of the cells which are exposed
to the tumor necrosis factor (INF) or the genotoxic stress including DNA damaging agents. Although
it is known that JNK is activated in response to genotoxic stress, neither the pathways to transduce
signals to activate JNK nor the primary sensors of the cells that trigger the stress response have
been identified. Here, we report that the receptor interacting protein (RIP), a key adaptor protein of
TNF signaling, was required to activate JNK in the cells treated with certain DNA damaging agents
such as adriamyein (Adr) and 1- A -D-arabinofuranosyleytosine (Ara-C) that cause slow and sustained
activation, but it was not required when treated with N-methyl-N-nitro-N-nitrosoguanidine (MNNG)
and short wavelength UV, which causes quick and transient activation. Our findings revealed that
this sustained JNK activation was not mediated by the TNF (tumor necrosis factor) receptor signaling,
but it required a functional ATM (ataxia telangiectasia) activity. In addition, JNK inhibitor SP-600125
significantly blocked the Adr-induced cell death, but it did not affect the cell death induced by MNNG.
These findings suggest that the sustained activation of JNK mediated by RIP plays an important role

in the DNA damage-induced cell death, and that the duration of JNK activation relays a different
stress response to determine the cell fate.
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INTRODUCTION

The cellular response to genotoxic stress, such as radia-
tion and DNA damage, includes activation of the tran-
seription factor AP-1 and NF-« B (Canman and Kastan,
1996; Houghton, 1999). An early event in AP-1 induction
by genotoxic stress is the activation of c-Jun N-terminal
kinase (JNK), also known as stress-activated protein kinase
(SAPK) which mediates the phosphorylation of c-jun at ser-
ines 63 and 73 located within its transactivation domain
(Derijard et al, 1994). Phosphorylation of these serine sites
results In not only an increased transactivation potential
of c-jun, a major component of AP-1, but also in other tar-
gets such as activating transcription factor 2 (ATF-2) and
Ets-like transcription factor (ELK) (Raingeaud et al, 1996;
Hayakawa et al, 2003). C-jun is a member of a multiprotein
family that has been implicated in a number of signal
transduction pathways associated with cellular growth, dif-
ferentiation and cellular stress (Angel and Karin, 1991).

Various forms of cellular stress, including genotoxic
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agents, inflammatory cytokines and UV irradiation, stim-
ulate the activation of JNK (Kyriakis et al, 1994; Kharbanda
et al, 1995; Chen et al, 1996; Liu et al, 1996; Fritz and Kaina,
1999; Tournier et al, 2001). The underlying molecular me-
chanism of JNK activation by TNF has been well established.
Upon TNF-receptor 1 (TNF-R1) trimerization in response
to TNF, the TNFR1 is recognized by the adaptor protein
TNF receptor-associated death domain (TRADD), which re-
cruits additional adaptor proteins, receptor interacting pro-
tein (RIP) and TNFR-associated factor 2 (TRAF2) (Shu et
al, 1996; Chen and Goeddel, 2002). RIP and TRAF2 seem
to be involved in both NF-« B and JNK activation. It is
also believed that several mitogen-activated protein (MAP)
kinases cascade in TNF signal transduction. Although
MEKK7/ JNKK2 has recently been identified as a specific
JNK kinase that follows TNF treatment (Tournier et al,
2001), the corresponding MAPKKK remains still unknown.
Several upstream kinases involved in this cascade, including
ABBREVIATIONS: JNK, c-Jun N-terminal kinase; GST, glutathione
S-transferase; RIP, receptor-interacting protein; Adr, adriamyein;
Ara-C, 1- 3-D-arabinofuranosyleytosine; MNNG, N-methyl-N-nitro-
N-nitrosoguanidine; ATM, ataxia telangiectasia; PARP, poly (ADP-
ribose) polymerase; 3-AB, 3-aminobenzamide; DPQ, 3,4-dihydro-5-[4-
(1-piperidinyl)butoxyl]- 1{2H)-isoquinolinone.
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MEKK]1 and apoptosis signal-regulating kinase 1 (ASK1),
have been suggested to mediate the TNF-induced JNK acti-
vation (Liu et al, 1996; Ichijo et al, 1997).

Some efforts have been made to elucidate the underlying
molecular mechanism of JNK signaling in response to geno-
toxic stress. There is some evidence to suggest that ¢c-Abl,
ATM or protein kinase C-6 (PKC-0¢) functions upstream
to JNK in the cellular response to genotoxic stress (Khar-
banda et al, 1995; Liu et al, 1996; Wang 2000; Yoshida et
al, 2002). However, upstream signaling components induced
by genotoxic stress, leading to the activation of JNK or the
primary sensors of the cells that trigger the stress response
are still largely unidentified. Since we recently found that
RIP plays a key role in DNA damage-induced NF- ¢ B acti-
vation and p53-independent cell death (Hur et al, 2003; Hur
et al, 2006), the present study was undertaken to examine
the involvement of RIP in the activation of JNK by DNA
damaging agents, such as adriamycin (Adr), 1- 8 -D-arabi-
nofuranosylcytosine (Ara-c), and N-methyl-N-nitro-N-nitro-
soguanidine (MNNG) as well as UV irradiation.

The present study demonstrates that RIP was required
for the activation of JNK in the cells when treated with
certain DNA damaging agents such as Adr and Ara-C
which cause slow and sustained activation, but not required
by MNNG and UV-C which cause quick and transient
activation. Our results also showed that this response was
mediated by ATM-dependent or -independent mechanisms,
suggesting that the activation of JNK induced by DNA
damage is mediated through two distinct signaling path-
ways. Moreover, the long term activation of JNK was in-
volved in the activation of poly (ADP-ribose) polymerase
(PARP), thereby contributing to the DNA damage-induced
cell death.

METHODS
Reagents

Glutathione S-transferase (GST)-c-jun (1-79) was expre-
ssed and purified from Escherichia coli as described else-
where (Lin et al, 2000). Anti-JNK-1 and anti-PARP anti-
body were purchased from BD Pharmingen. Anti-RIP anti-
body was purchased from Transduction Laboratories.
MNNG and Ara-C were purchased from Sigma. PARP in-
hibitors (8-aminobenzamide, 3,4-dihydro-5-[4-(1-piperidinyl)
butoxyl]-1(2H)-isoquinolinone), Adr and SP600125 were
purchased from Calbiochem. Anti-TNF-R1 and recombinant
mouse TNF.-a were purchased from R & D Systems.
Protein A sepharose was purchased from Amersham Phar-
macia Biotech.

Cell culture and treatment

Wild-type (wt), RIP-/-, ATM-/- and TNFR1-/- mouse em-
bryonic fibroblast cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
2 mM glutamine, 100 U/ml penicillin and 100 zg/ ml
streptomycin. For UV irradiation of cells, the culture me-
dium was removed and UV-C irradiated (20 J/m?% where
indicated, and the original culture medium was added back
to the cells. Chemicals were added in the culture medium
from concentrated stock solutions, as described in the figure
legends.

Western blot analysis

After treatment with different reagents as described in
the figure legends, cells were collected and lysed in M2 buf-
fer (20 mM Tris at pH 7.5, 0.5% NP-40, 250 mM NaCl,
3 mM EDTA, 3 mM EGTA, 2 mM DTT, 0.5 mM PMSF,
20 mM 2 -glycerol phosphate, 1 mM sodium vanadate, 1
« g/ml leupeptin). Fifty micrograms of the cell lysates were
resolved by SDS-polyacrylamide gel and blotted onto PVDF
membrane, After blocking with 5% skim milk in PBST, the
membrane was probed with the relevant antibody and vi-
sualized by enhanced chemiluminescence (ECL), according
to the manufacturer's instruection (Amersham Biosciences).

JNK FEkinase assay

After various treatments as described in the figure leg-
ends, cells were collected and lysed in M2 buffer. JNKI1 was
immunoprecipitated with anti-JNK1 antibody and protein
A-sepharose beads by incubation at 4°C for 4 hrs to
overnight. The beads were washed with lysis buffer, and
kinase assay was then performed in complete kinase assay
buffer (20 mM HEPES at pH 7.5, 20 mM 2 -glycerol phos-
phate, 10 mM MgCl;, 1 mM DTT, 10 mM PNPP, 50 1M
sodium vanadate, 20 « M ATP) with the addition of 2hy
-ATP and 1 g of GST-c-Jun (1-79) as substrates. After 20
min at 30°C, sample buffer was added and proteins were
resolved in 4~20% SDS-polyacrylamide gels, and phos-
phorylated substrates were visualized by autoradiography.

Detection of cell death

Cells were seeded in 6-well plates and treated with in-
dicated concentrations of reagents as described in the figure
legends. Cell death, as observed by a microscope, was char-
acterized by rounding up and detaching of the cells from
the plates. Cell death was quantified by trypsinization, fol-
lowed by staining with trypan blue (Bioc-Whittaker) and
counting with a hemacytometer. The stained cells (blue)
were counted as dead cells and were expressed as the per-
centage of total cells. For each treatment, triplicate experi-
ments were performed three times.

Statistical analysis

Data are expressed as mean+SE from at least three sepa-
rate experiments, performed in triplicate. The differences
between groups were analyzed using a Student’s t-test, and
p values<0.05 were considered statistically significant.
Statistical analyses were carried out using Statistical Pack-
age for Social Science software program (version 11.0; SPSS
Inc. IL.).

RESULTS

RIP funetions in activation of JNK in response to Adr
and Ara-C, but not to MNNG and UV-C

Previous studies have demonstrated that genotoxic
stresses, including UV and certain classes of DNA-damag-
ing agents such as Adr, Ara-C and MNNG, activate JNK
(Osborn and Chambers, 1996; Fritz and Kaina, 1999; Parra
et al, 2000; Yoshida et al, 2002). In our present study, these
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Fig. 1. Different kinetics of DNA damage-induced JNK activation
in response to Adr/Ara-C and MNNG/UV-C treatment. Mouse wild-
type (WT) fibroblasts were treated with 10 zg/ml of adriamycin
(Adr), 50 £ M 1- 8-D-arabinofuranosyleytosine (Ara-C} {(A) or 100+ M
N-methyl-N(-nitro-N-nitrosoguanidine (MNNG), or exposed to 20
Jim® of UV-C (B) for various times as indicated on the figure. Cell
extracts were subjected to immunoprecipitation with anti- JNK1
antibody, and its activity was assayed by immune complex kinase
assay with [7 -*P]JATP and GST-c-Jun (1~79) as the substrate.
G8T-c-Jun phosphorylation was assessed by SDS-PAGE and
autoradiography (upper panel). JNK content was analyzed by
Western blotting with anti-JNK antibody (lower panel).

agents were chosen because they represent the widely stud-
ied DNA-damaging agents with different mechanisms of
action. Adr has a cytotoxicity through its ability to inter-
calate DNA and generate single or double-strand break;
Ara-c is an antimetabolite as an analog of 2-deoxycytidine;
MNNG is a monofunctional alkylating agent which reacts
with a variety of nucleophilic sites in DNA and protein, gen-
erating various types of adducts; and UV induces the for-
mation of thymidine dimmers and DNA strand breaks. To
determine whether the activation of JNK is a general re-
sponse to genotoxic stress, a time course study of UV and
DNA-damaging agents, including Adr, Ara-C and MNNG
treatment was conducted in wild-type mouse embryonic fi-
broblasts (WT), and the activity of JNK was measured at
different time points after treatment by in vitro kinase as-
say with GST-c-Jun (1-79) as the substrate. As shown in
Fig. 1, Adr and Ara-C induced a slow and sustained activa-
tion of JNK activity until after 12 hrs of treatment, whereas
MNNG and UV-C induced a quick and transient increase
of JNK activity, indicating that diverse DNA-damaging
agents can induce JNK activation with different kinetics,
Especially, the JNK activation induced by UV-C and MNNG
was detected as early as 5 min after treatment. As a control
of the amount of immunoprecipitates, the JNK protein level
in the same extracts was examined by Western blotting
with an anti-JNK antibody, and no difference was observed
(Fig. 1A, B, bottom panels).

Because our previous study indicated that RIP plays a

A

Fig. 2. RIP plays a role in JNK activation by Adr and Ara-C, but
not by MNNG and UV-C. Wild-type (WT) and RIP-/- fibroblasts
were left untreated () or treated with Adr (10 #g/ml) and Ara-C
(50 #M) for 12 hrs (A), or MNNG (100 M) and exposed to UV (20
J/m® for 30 min (B). JNK activity and expression were measured
as described in the legend of Fig 1. The protein expression levels
of RIP and £-actin in WT and RIP-/- fibroblasts. (C) The same
amount of cell extracts from each cell line was applied to
SDS-PAGE for Western blotting with anti-RIP and anti- £ -actin
antibodies.

key role in DNA damage-induced NF- « B activation (Hur
et al, 2003), we investigated whether RIP was involved also
in JNK activation by these agents. To address this issue,
we treated the cells, which were deficient in RIP (RIP-/-)
cells, with DNA damaging agents and UV-C. Interestingly,
JNK activation at 12 hrs after treatment with, either Adr
or Ara-C was dramatically impaired in RIP-- cells (Fig. 2A),
whereas this was intact upon MNNG or UV-C treatment
for 30 min (Fig. 2B). There was no expression of RIP protein
in RIP-/- cells, and no change in (-action expression in these
cells (Fig. 2C). These results suggest that RIP is required
also for the activation of JNK by Adr and Ara-C, but not
required for MNNG and UV-C.

Adr and Ara-C-induced JNK activation is indepen-
dent of TNF signaling, but requires functional ATM

Previous studies have suggested that UV and DNA dam-
age can induce the synthesis and release of cytokines, and
that JNK activation by genotoxic stress is mediated
through cell surface receptors such as TNF receptor 1
(TNFR1) and G protein-coupled receptors (Coso et al, 1996;
Rosette and Karin, 1996; Sheikh et al, 1998; Tobin et al,
1998). Since our present data suggested that RIP, the adap-
tor protein of TNF signaling, was required for the activation
of JNK in response to Adr or Ara-C, we examined the JNK
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activation in wild-type and TNFR1-/- MEF cells in response
to Adr and Ara treatment to rule out the involvement of
TNF signaling in Adr- or Ara-C-induced JNK activation.
The result showed that all these treatments (Adr/Ara-C as

WT TNFR1 A

Fig. 3. Genotoxic stress-induced JNK activation is independent of
TNF receptor 1 signaling. Wild-type (WT) and TNFR1-/- fibroblasts
were left untreated (-) or treated with Adr (10 #g/ml) and Ara-C
(50 £ M) for 12 hrs , MNNG (100 #M) for 30 min or TNF-a (15
ng/ml) for 15 min and exposed to UV (20 J/m? for 30 min. JNK
activity (top) was measured as described in the legend of Fig 1.
The same cell lysates were also analyzed for the expression of
TNFR1 (middle) and JNK (bottom) by Western blotting with
corresponding anti-TNFR1 and anti-JNK antibodies.

well as MNNG/UV-C) resulted in a similar level of JNK
activation in the TNFR1-/- cells, compared to wild-type cells
(Fig. 3, top panel), suggesting that Adr or Ara-C stimulates
the JNK activation by TNF-signaling independent. The ex-
pression of TNF-R1 in these two types of cells is shown
in the middle panel of Fig. 3. To be sure that TNF signaling

GST.Cjun

Ee

Fig. 4. ATM is required for JNK activation by Adr and Ara-C, but
not by MNNG and UV-C. Wild-type (WT) and ATM-/- fibroblasts
were left untreated (-) or treated with Adr (10 # g/ml) and Ara-C
(50 «M) for 12 hrs or MNNG (100 ¢ M) for 30 min, and exposed
to UV (20 J/m® for 30 min. JNK activity and expression were
measured as described in the legend of Fig. 1.
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Fig. 5. Duration of JNK activation has an important role in DNA damage-induced cell death. (A) Long term activation of JNK is associated
in the Adr-induced cell death. Wild-type (WT) fibriblasts were pretreated with SP-600125 (20 #M) for 30 min and then treated with various
doses of Adr as indicated on the figure. At 24 hrs after treatment, the percentage of cell death was determined by trypan blue exclusion
assay, as described under "Materials and Methods”. Each bar shows mean+SE of at least three independent experiments. *p<0.05, when
compared with Adr-treated group. (B) SP-600125 abrogates the Adr-induced JNK activation. WT fibriblasts were pretreated with SP-600125
(20 #M) for 30 min and treated with Adr (10 #g/ml) for 12 hrs. JNK activity and expression were measured as described in the legend
of Fig. 1. (C) Rapid and short term activation of JNK is not associated with the MNNG- induced cell death. (WT) fibriblasts were pretreated
with SP- 600125 (20 #M) for 30 min and treated with various doses of MNNG as indicated on the figure. At 24 hrs after treatment, the
percentage of cell death was determined as described in (A). (D) WT fibriblasts were pretreated with SP-600125 (20 #M) for 30 min and
then treated with MNNG (100 #M) for 30 min, and JNK activity was determined as described in (B).
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is defective in TNFR1-/- cells, the TNF-induced JNK activa-
tion was examined. As shown in the top panel of Fig. 3,
no JNK activation was detected in TNFRU/- cells after TNF
treatment, as compared with wild-type cells.

The serine/threonine protein kinase ATM (ataxia te-
langiectasia mutated) has previously been suggested to be
activated in response to genotoxic stresses such as IR and
DNA damaging agents, and that it is required for DNA dou-
ble breaks-induced JNK activation (Zhang et al, 2002;
Bakkenist and Kastan, 2003). Furthermore, our present
study indicated above that Adr (or Ara-C) and MNNG (or
UV-C) may induce the JNK activation through a different
upstream signaling component (Fig. 2), therefore we fur-
ther examined whether ATM also has a role in the JNK
activation as an upstream event after treatment with UV
or these agents. As shown in Fig. 4, the JNK activation

could not be detected in ATM-/- fibroblasts after treatment
with either Adr or Ara-C for 12 hrs. On the other hand,
treatment of ATM-/- cells with MNNG or UV-C for 30 min
resulted in the JNK activation, almost comparable with
that in the wild-type cells, suggesting that, unlike MNNG
or UV-C, the Adr- or Ara-C induced JNK activation re-
quired ATM.

Duration of JNK activation has an important role in
DNA damage-induced cell death

The signaling pathway in response to TNF and genotoxic
stress is thought to modulate cell death, although JNK
alone may not be sufficient to induce cell death (Karin and
Lin, 2002; Tang et al, 2002). Since our data suggested that
Adr and MNNG have different kinetics of JNK activation
(Fig. 1), we next investigated whether the duration of JNK
activation may contribute to determination of proliferation
or death of cell. Thus, we first tested whether the specific
JNK inhibitor SP600125 can inhibit the Adr- or MNNG-in-
duced cell death in wild-type cells. As shown in Fig. bA,
pretreatment of the wild-type cells with SP600125 led to
a significant suppression of Adr-induced cell death. The re-
sults of an in vitro kinase assay showed that SP600125 effi-
ciently inhibited the Adr-induced JNK activation (Fig. 5B),
and that this JNK inhibition was correlated with the in-
hibition of cell death. However, SP600125 failed to protect
the MNNG-induced cell death (Fig. 5C), although it could
completely block the JNK activation induced by MNNG
treatment (Fig. 5D). These data suggest that the sustained
activation of JNK in response to Adr, but not in response
to MNNG, may contribute to directing the outcome to cell
death.

Recent reports indicated that the activation of PARP and
the depletion of ATP also may play a role in stress-induced
nonapoptotic cell death, including DNA damaging agents
or oxidative stress (Byun et al, 2006; Lewis and Low, 2007;
Heeres and Hergenrother, 2007; Zhang et al, 2007). Since
sustained JNK activation contributed to DNA damage-in-
duced cell death (Fig. 5A), we evaluated the relationships
between each of these signaling components. Pretreatment
with either PARP inhibitors, 3-aminobenzamide (3-AB) or
3,4-dihydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-isoquino-
linone (DPQ), suppressed the DNA damage-induced cell
death to an extent comparable to that by the specific JNK
inhibitor SP600125 (Fig. 6A), indicating that the activity
of PARP may participate in the DNA damage-induced cell
death. Furthermore, immunoblotting with anti-PAR anti-

body, specific for poly (ADP-ribose) polymers, showed that
poly(ADP-ribosyl)ation was increased significantly by Adr,
and pretreatment of JNK inhibitor SP600125 markedly
suppressed PARP activation (Fig. 6B), suggesting that the
sustained JNK activation contributes to the activation of
PARP. Because RIP was required for sustained activation
of JNK upon treatment with DNA damaging agent (Fig.
2), we next compared the extent of poly(ADP-ribosyDation
of RIP-/- and wild type MEF cells after Adr treatment. As
expected, when wild-type cells were treated with Adr, the
amount of poly(ADP-ribosyl)ation increased gradually in a
time-dependent manner (Fig. 6C, left panel). In RIP-/- cells,
however, the PARP activity did not increase (Fig. 6C, right
panel). These data provide additional evidence that the ac-
tivation of PARP mediated by RIP contributes to DNA dam-
age-induced cell death.
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Fig. 6. JNK plays as an upstream effector of DNA damage-induced
PARP activation. (A) Wild-type (WT) fibriblasts were pretreated
with either SP-600125 (20 #M) or PARP inhibitors (1 mM 3-AB
or 30 «M DPQ). They were then treated with Adr (10 #g/ml) for
24 hrs, and cell death was then quantified by trypan blue exclusion
assay, as described in the legend of Fig 5A. Each bar shows mean
+SE of at least three independent experiments. *p<0.05, when
compared with Adr-treated group. (B) Wild-type (WT) fibriblasts
were treated with Adr (10 #g/ml) for 12 hrs in the absence or
presence of SP-600125 or PARP inhibitors (1 mM 3-AB or 30 «M
DPQ), as indicated. Cell extracts were analyzed by 8DS-PAGE and
Western blotting with antibodies against PAR and 8 -actin. (C)
Wild-type and RIP-/- cells were treated with Adr (10 zg/mly for
various times, as indicated. Cell extracts were analyzed by SDS-
PAGE and Western blotting with antibodies against PAR and £-
actin.
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DISCUSSION

The cellular response to genctoxic stress such as UV, IR
and DNA-damaging agents has been analyzed extensively,
and it is known to activate different MAPKs (ERK, JNK,
and p38) as well as NF- # B depending on the cell systems
(Kyriakis et al, 1994; Kharbanda et al, 1995; Canman and
Kastan, 1996; Chen et al, 1996; Bulavin et al, 1999; Fritz
and Kaina, 1999; Houghton, 1999; Tang et al, 2002),
Although some efforts have been made to elucidate the un-
derlying molecular mechanism of JNK signaling in re-
sponse to genotoxic stress, the pathway to transduce sig-
nals to JNK remained unsolved. We have recently demon-
strated that RIP plays a key role in DNA damage-induced
NF- « B activation (Hur et al, 2003). On the basis of this
observation, the present study was undertaken to elucidate
whether RIP, an important effector of TNF signaling, is in-
volved in JNK activation in response to various genotoxic
stresses, including different types of DNA-damaging agents
and UV-C. In particular, to address the question of primary
cellular targets that induce the JNK activation by this gen-
otoxic stress, we investigated physiological significance of
JNK activation in the DNA damage-induced cell death.

It has been reported that the activation of JNK after IR
or DNA-damaging agent treatment appears to be mediated
by ATM or ¢-Abl, but is not entirely dependent on it (Liu
et al, 1996; Pandey et al, 1996), therefore, suggesting that
ATM or c-Abl might be an upstream effector of the JNK
pathway in response to certain types of genotoxic stress.
In the present study, we demonstrated that diverse types
of genotoxic stress can induce JNK activation through dif-
ferent signaling pathways: Adr- and Ara-C-induced JNK ac-
tivation was greatly decreased in RIP-/- cells, however,
MNNG and UV-C elicited the same extents of JNK activa-
tion in RIP-/- cells as compared to wild-type fibroblasts (Fig.
2). These findings provided a novel evidence for the involve-
ment of RIP as an upstream effector in the Adr and
Ara-C-induced JNK activation. On the other hand, MNNG
and UV-C induced the activation of JNK by a RIP-indepen-
dent mechanism. Since the present data suggested that this
key TNF signaling molecule had an important role in the
Adr- and Ara-C-induced JNK activation, we further inves-
tigated whether TNFR1 signaling was involved. Consistent
with our recent study that the DNA damage-induced NF-« B
activation is TNFR1-independent (Hur et al, 2003), Adr-
and Ara-C-induced JNK activation was not affected in
TNFR1-/- cells, suggesting that the JNK activation induced
by these DNA damaging agents was not achieved through
TNF signaling, although RIP was required (Fig. 3). Therefore,
the mechanism of how RIP mediates the JNK activation
after DNA damage remains unclear. One possibility is that
DNA damage may induce a complex between RIP and other
adaptor proteins such as TRAFZ, leading to the JNK activa-
tion, as previously shown for TNF signaling. Unfortunately,
we failed to detect the complex of RIP and TRAF2 by an
immunoprecipitation (data not shown). Therefore, further
studies are necessary to elucidate the role of RIP and other
adaptor proteins in the DNA damage-induced JNK
activation.

One of the interesting findings in this study was that
the induction kinetics of JNK activation in response to
these DNA-damaging agents were quite different. The Adr-
and Ara-C- induced JNK activation peaked at 12 hrs and
showed a sustained activation, whereas the MNNG-induced
JNK activation occurred much earlier and was as transient

as that of UV-C exposure, showing a maximal activation
at 10 min to 1 hr after the treatment (Fig. 1): Indeed, the
MNNG-induced JNK activation could be detected as early
as 5 min after the treatment. Previous studies have pro-
vided clear evidence that UV-C can affect targets at the
cell membrane, suggesting that UV responses are in-
dependent of nuclear event (Devary et al, 1993; Rosette and
Karin, 1996; Sheikh et al, 1998). On the basis of these ob-
servations, we hypothesized that the primary cellular tar-
gets of Adr (or Ara-C) and MNNG might be different, even
though it is generally accepted that nuclear DNA is the crit-
ical target of these agents. Interestingly, we found that
ATM, which is crucial for initiation of signaling pathway
in the nucleus following DNA damage, was required for the
induction of JNK activation by Adr (or Ara-C), but was not
required by MNNG (Fig. 4). These finding indicate that Adr
and MNNG clearly affect different primary targets to trig-
ger the initiation of signaling pathway which involves JNK.
However, the signaling event that was initially triggered
by MNNG, but leading to JNK activation, remains to be
identified. Since it has been reported that UV induces a
ligand-independent clustering of TNFR1 to recruitment of
TRAF2Z (Tobin et al, 1998), it is possible that MNNG may
activate the cell surface receptor such as TNFR1, which is
sufficient for JNK activation in this case. We found in the
present study that the TNFR1-/- cells did not show a sig-
nificant difference from wild-type cells in response to the
MNNG-induced JNK activation, therefore it is unlikely that
TNFR1 is responsible for the induction of JNK activation
in response to MNNG.

Several studies have demonstrated that JNK is involved
both in cell growth and cell death pathways (Karin and Lin,
2002; Tang et al, 2002). However, the factors which deter-
mine the various outcomes of JNK signaling are still
unknown. Recently, Tang et al. (2002) have reported that
the duration of activation appears to be critical for deter-
mining whether JNK affects the susceptibility of cells to
TNF killing. Consistent with this finding, we also found
that difference in the duration of the activation of JNK is
correlated with DNA damage-induced cell death. Inhibition
of the sustained JNK activation by specific JNK inhibitor
SP600125 significantly reduced Adr-induced cell death,
whereas inhibition of the early MNNG-induced JNK activa-
tion had no effect (Fig. 5). Although we cannot rule out the
possibility that SP600125 can block Adr-induced cell death
by inhibiting targets other than JNK, it is likely that the
sustained JNK activation is involved in cell death induced
by Adr. This possibility is further supported by our recent
observation (Hur et al, 2006) that the Adr-induced cell
death was more resistant in JNK1-/- as well as RIP-/- cells.

Overall, our findings show that the signals generated by
distinct forms of DNA damage are transduced by different
signaling pathways. We demonstrated that RIP has a cru-
cial function in Adr- or Ara-C-induced JNK activation
through ATM. On the other hand, MNNG induces JNK acti-
vation through RIP-independent mechanism and a hitherto
unknown sensor. These findings led us to conclude that the
activation of JNK by different signaling pathways may re-
lay different stress responses to determine the cell fates.
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