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ABSTRACT

JINK isakey regulator of many cellular events, including programmed cell death (apoptosis). In the absence of NF-
kB activation, prolonged JNK activation contributes to TNF-a. induced apoptosis. INK isaso essential for UV induced
apoptosis. However, recent studies reveal that INK can suppress apoptosis in 1L-3-dependent hematopoietic cells via
phosphorylation of the proapoptotic Bcl-2 family protein BAD. Thus, INK has pro- or antiapoptotic functions, depend-
ing on cell type, nature of the death stimulus, duration of its activation and the activity of other signaling pathways.

Keywords: JNK, NF-xB, apoptosis, TNF-a., IL-3.

INTRODUCTION

Programmed cell death (apoptosis) playsacritical role
in many biological processes in multicellular organisms,
such as embryonic development, immune responses,
tissue homeostasis and normal cell turnover [1-4].
Deregulation of apoptosis has been implicated in cancer
[2, 4]. The initiation and execution of apoptosis depend
on activation of the extrinsic and/or intrinsic death path-
ways [5-8]. However, the apoptotic process is regulated
by many intracellular signaling pathways, including the
JINK pathway [9-12]. Understanding the molecular mecha-
nisms by which JNK regulates apoptosis should provide
insights into treatment and prevention of cancer.

c-Jun N-terminal protein kinase (JNK) is a subfamily
of the mitogen activated protein kinase (MAPK) super-
family [13]. INK has three isoforms (JNK 1, 2 and 3),
with dlicing variant [9]. Among them, INK1 and JNK2
are ubiquitoudly expressed while INK 3ismainly expressed
in neuronal and heart tissues [9-12]. INK was originally
identified by its ability to specifically phosphorylate the
transcription factor ¢-Jun on its N-terminal transactivation
domain at two serine residues, Ser63 and Ser73 [13].
Subsequent studies have shown that INK also phospho-
rylates and regulates the activity of transcription factors
other than c-Jun, including ATF2, Elk-1, p53 and c-Myc
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[9, 10, 12, 14] and non-transcription factors, such as mem-
bers of the Bcl-2 family (Bcl-2, Bcl-xL Bimand BAD) [15-
17], in response to avariety of extracellular stimuli.

Activation of INK ismediated by a M AP kinase module,
i.e., MAP3K—>MAP2K—MAPK [14], through sequential
protein phosphorylation. So far, two MAP2Ks (INKK 1/
MKK4/SEK 1 and INKK2/MKK7) for INK have been iden-
tified [18-22]. INKK's are dual -specificity protein kinases,
which phosphorylate INK at Thr183 and Tyr185, leading
toitsactivation. However, these two INKK s appear to have
different preferences for the phosphate-acceptor sites, with
JINKK1 preferring Tyr185 [18, 23], and INKK2 Thr183
[22-23]. Although phosphorylation of INK at both Thr183
and Tyr185 is required for its full activation, Tyr185
phosphorylation seems to be a predominant onein TNF-
o, induced JNK activation [22]. The biological significance
of differential phosphorylation of INK by INKK1 and
JNKK2isnot clear. Yet, it may allow JNK activation to be
fine-toned in response to various stimuli. MAP3K sfor INK
include members of the MEKK family, ASK1, MLK, TAK1
and TPL-2 [12]. Genetic disruption of MEKK1 in mice
abrogates JNK activation by certain stimuli [24-25].
However, the physiological relevance of other MAP3Ksin
JINK activation has yet to be determined. INK activity is
also regulated by protein phosphatases, scaffold proteins
such as JIP, B-arrestin and JSAP1, and NF-«B [12].

The function and regulation of INK has been the subject
of several recent reviews [9-12]. This review will focus
on the role of JNK in apoptosis, with emphasis on the
molecular mechanisms by which INK promotes or sup-
presses apoptosis.
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JNK ASA PROAPOPTOTIC PROTEIN KINASE

Numerous evidence shows that JINK can function as a
proapoptotic kinase [9, 12]. Biochemical studies revealed
that apoptosis induced by nerve growth factor (NGF)
withdrawal in rat PC-12 pheochromocytoma cells was
suppressed by inhibiting the INK pathway, whereas acti-
vation of the INK pathway by expressing a constitutively
active MEKK1 [26] induced apoptosisin PC-12 cells[27-
28]. Genetic disruption experiments also showed that INK
has a proapoptotic role in apoptosis of neurons. In neu-
ronal specific Jnk3 null mice, hippocampal neurons were
resistant to apoptosis induced by kainate, an excitotoxic
glutamate-receptor agonist [29] and isolated sympathetic
neurons were resistant to NGF-withdrawal induced
apoptosis [30]. In addition, mice deficient in both jnkl
and jnk2 had decreased apoptosisin the hindbrain neuroepi -
thelium at E9.25 during development [31-32]. Genetic
disruption of jipl, which is a putative scaffold protein of
the INK pathway, aso rendered hippocampal neurons re-
sistant to kainate induced apoptosis [33]. Itislikely that in
neuronal apoptosis the proapoptotic function of INK is
mediate by c-Jun. Inhibition of c-Jun activity by neutraliz-
ing antibodies or atruncated mutant of ¢-Jun suppressed
apoptosis induced by NGF withdrawal [34], whereas
overexpression of ¢c-Jun resulted in apoptosisin cultured
sympathetic neurons [34]. Furthermore, sympathetic c-
Jun®*%¥7 neyrons, in which endogenous c-Jun alleles
were replaced with a non-phosphorylatable c-Jun(AA63/
73) mutant, were resistant to apoptosis induced by kainite
[35]. Yet, the molecular mechanism by which ¢c-Jun me-
diates the proapoptotic function of JNK remains to be
elucidated.

JINK isasoinvolved in apoptosisinduced by other death
stimuli in non-neuronal cells[9, 10, 12]. Mouse embryonic
fibroblasts (MEFs) deficient in both jnk1 and jnk2 were
resistant to ultraviolet (UV) irradiation induced apoptosis
[36]. Recent studies showed that genetic disruption of Jnk1
alleles alone was sufficient to render immortalized mouse
fibroblastsresistant to UV induced apoptosis[37]. Whether
c-Jun mediates the proapoptotic function of INK in UV
induced apoptosisin fibroblasts was controversial. It was
proposed that the proapoptotic role of INK in UV killing is
independent of c-Jun-mediated transcription, since it was
not affected by the protein synthesis inhibitor cyclohex-
imide or themRNA synthesisinhibitor actinomycin D [36].
However, MEFsisolated from c-Jur%"%/c-Jun**%” mice
wereinsensitive to UV-induced cell death [35], suggesting
that c-Jun phosphorylation and activation is required for
UV killing. Furthermore, it wasreported that in response
to UV, c-Jduninhibits p53-mediated cell cycle arrest, thereby
promoting p53-mediated apoptosis [11]. Recent studies
showed that ¢c-Jun partialy restored the apoptosis response
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of Jnk1 null fibroblasts when cells were exposed to low
dose of UV but failed to do so when cells were irradiated
with high dose of UV [37]. Since high dose of UV does
not induce cell cycle arrest, c-Jun would not be able to
regulate high dose of UV induced apoptosis [37]. Taken
together, c-Jun transcription activity is likely required for
apoptosis induced by low dose of UV but dispensable for
apoptosis induced by high dose of UV.

Another exampleis the involvement of INK in TNF-a
induced apoptosis. TNF-a is aproinflammatory cytokine,
which exertsitsbiological functions by activating multiple
downstream signaling pathways, including caspases, |xB
kinase (IKK) and JNK [12, 38, 40]. While activation of
caspasesis required for apoptosis, IKK activation inhibits
apoptosis via the transcription factor NF-xB, whose
target genesinclude inhibitors of apoptosis (IAPs) family
[39-40]. Thus, TNF-a does not typically induce apoptosis
unless NF-«kB activation isinhibited [40]. Therole of INK
activation in TNF-a induced apoptosis, however, was
highly controversial, being suggested to have proapoptotic,
antiapoptotic or no role in this process [41-43].

Recent studies have shown that in addition to inhibition
of caspase activation, NF-xB negatively regulates TNF-a
induced JNK activation [12, 40, 44, 45, 46]. Activation of
JNK by TNF-a was transient in wildtype fibroblasts, but
was prolonged in cells deficient in either IKK, which is
essential for NF-xB activation by TNF-a [44] or RelA,
which is a major transactivating subunit of NF-xB [44].
The molecular mechanism by which NF-kB inhibits INK
activation remains to be determined. Among the candi-
dates of NF-kB-induced JNK inhibitors are X-chromosome-
linked 1AP (xiap) and gadd45 [40]. However, genetic dis-
ruption of either gene has no significant effect on INK
activation in vivo [40, 47, 48], suggesting that a compen-
sation mechanism may exist or the true inhibitor(s) is still
at large. NF-xB-mediated inhibition on JNK activation may
target a unique component(s) in the TNF-a activated INK
pathway since it does not inhibit INK activation by
interleukin (IL)-1[44] or UV (unpublished results). Since
MAP2Ks (INKK1/MKK4 and INKK2/MKK7) are com-
mon components shared by TNF-q, IL-1 and UV signal-
ing pathways, among which only TNF-a induced JINK
activated isinhibited by NF-xB, INKK2/MKK7 isunlikely
targeted by NF-xB-mediated inhibition. It is possible that
NF-kB-mediated inhibition targets a unique MAP3K in
TNF-a signaling pathway (unpublished results).

Although the mechanism by which NF-xB inhibits INK
activation is still elusive, it is clear that NF-kB-mediated
inhibition on INK activationiscritical for cell survival [12,
40, 44, 45, 46]. In the absence of NF-xB activation, INK
activation was prolonged in response to TNF-a. [12, 40,
44, 45, 46]. Inhibition of prolonged JNK activation by
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expressing INKK2 (K149M), a dominant negative mutant
of the INK pathway [44] or using SP600125, a specific
JINK inhibitor suppressed TNF-a induced apoptosisin
RelA” or Ikk’ fibroblasts (unpublished results).
Furthermore, TNF-a induced JNK activation was tran-
sient in TNF-a resistant human breast carcinoma M CF-
7-R cells, but was prolonged in TNF-a sensitive MCF-7
cells[45]. Restoration of transient INK activationin MCF-
7 cells blocked TNF-a induced apoptosis [45].

HOW JNK CONTRIBUTES TO APOPTOSIS

Itisclear that activation of the INK pathway isinvolved
in apoptosis induced by certain death stimuli, yet the
underlying molecular mechanism is incompletely
understood. Two hypotheses have recently been proposed
to explain how JNK activation may contribute to apoptosis.
The mgjor difference between these two hypotheses is
whether INK activation is sufficient to induce or only
promote apoptosis, as discussed below.

The key evidence that suggests JNK could induce
apoptosis came from the observation that jnk1”jnk2" mice
were resistant to apoptosis induced by UV irradiation,
anisomycin and MM S [36]. Since UV was unable to
induce cytochrome C release or depolarization of mito-
chondrial membrane potential in jnk1”jnk2"mice, it was
proposed that INK is an intrinsic component of the mito-
chondrial-dependent death pathway during stress-induced
apoptosis [9]. In support of this conclusion, it was
reported that in CHO cellsthe constitutively active INKK 2-
JNK 1 fusion protein was sufficient to induce apoptosis by
activating the intrinsic death pathway [49]. However,
overexpression of a INKK2-JNK 1 fusion protein, which
has constitutive INK activity, did not induce apoptosisin
RelA” fibroblasts[44] or in other cellsincluding wildtype
or Ikk™ fibroblasts and Hela cells (unpublished results).
In addition, no increased caspase activation or DNA frag-
mentation occurred in cells that express the congtitutively
active INK when compared to cells that express control
vector or a kinase-deficient INKK2 (K149M)-JNK 1 mu-
tant (unpublished results). Identification of INK target(s)
in apoptosisis critical to test these two hypotheses. Re-
cent studies suggested that INK might induce apoptosis
viamodulating the proapoptotic Bcl-2 family protein BIM
[50]. However, the physiologica significance of the phos-
phorylation remains to be determined. Further studies are
needed to determine whether INK activation is sufficient
to induce or only promote apoptosis.

Emerging evidence suggests that INK may function as
amodulator to “break the brake” on apoptosis, rather as a
genetic component of the apoptotic machinery to induce
apoptosis. The best example is the regulation of TNF-a
induced apoptosis by INK activation. As discussed earlier,
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Fig. 1 The“breaking the brake” on apoptosis model that explainsthe
roleof INK activationin TNF-o induced apoptosis. (A) While caspase
activation initiates and executes apoptosis, prolonged INK activa-
tion promotes apoptosis by inactivating suppressors of the mito-
chondrial-dependent death pathway, i.e., breaking the brake on
apoptosis. Activation of NF-kB by TNF-a blocks caspase activa-
tion and prevents prolonged JNK activation, thereby inhibiting TNF-
o induced apoptosis. (B) Inactivation of NF-kB removes inhibition
on both caspases and JINK, allowing TNF-a to induce apoptosis.

NF-kB suppresses TNF-ainduced apoptosis by inhibiting
caspases and preventing prolonged JNK activation [12,
40, 45]. In the absence of NF-kB activation, TNF-a in-
duces apoptosis via activation of caspases and prolonged
JINK activation [12, 40, 45]. However, prolonged JINK
activation aone did not induce apoptosis, but was able to
promote TNF-o induced apoptosis in the absence of NF-
kB activation [12, 40, 45]. Recent studies have shown
that only INK 1, but not INK2, is activated by TNF-o and
isrequired for TNF-a induced apoptosis in the absence
of NF-xB activation [37]. Not only was JNK2 activation
by TNF-a negligible, INK 2 appeared to interferewith INK 1
activation by TNF-a. [37]. Consistently, Jnk2" fibroblasts
were even more sensitive to TNF-a induced apoptosis
[37]. Thus, INK activation may contribute to apoptosis
only if the apoptotic process has already been activated
(Fig. 1). Thisideais supported by a recent report that
prolonged INK activation resulted in the production of jBID,
which isanovel proteolytic fragment of BID [51]. It has
been shown that jBID specifically induced the release of
Smac from mitochondria and subsequently Smac displaced
caspase8 inhibitor c-IAP1 from TNF-receptor 1 complex,
thereby alowing the initiation of apoptosis[51]. However,
it is not clear how prolonged JNK activation results in
proteolysis of BID and whether jBID isthe effector down-
stream of prolonged JNK activation in vivo. It also re-
mains to be determined whethere the model of “breaking
the brake” on apoptosis can explain the proapoptotic role
of JNK in apoptosis induced by other death insults.
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JNK ASAN ANTI-APOPTOTIC PROTEIN KINASE

JINK isnot smply aproapoptotic protein kinase. JINK is
activated by a variety of extracellular stimuli, only some
of which induce apoptosis. When JNK does contribute to
apoptosis, it is likely that it promotes, rather induces,
apoptosis, as discussed above. Not surprisingly, evidence
has been accumulating that suggests the involvement of
JNK in cell survival or antiapoptosis. In mice deficient in
both jnk1 and jnk2, hindbrain [31] and forebrain regions
[31-32] had enhanced apoptosis at E10.5. These observa-
tions suggest that INK may be involved in cell survival in
these brain regions during development, although the
underlying molecular mechanism remainsto be el ucidated.
JNK may be involved in T cell survival, since Jnkk1™
immature thymocytes and peripheral mature T cells were
highly sensitive to apoptosis mediated by Fas/CD95 and
CD3[52]. However, it has yet be determined whether the
survival role of INKK1 is mediated by JNK activation.

JNK may function as an anti-apoptotic protein kinase
in certain tumors. Specific anti-sense oligonucleotides of
JNK (INKAS), which inhibits INK activation, inhibited
growth of certain types of tumor cells, probably by pro-
moting apoptosis [53-54]. The anti-apoptotic function of
JNK may be related to the status of p53 since INKAS
inhibited growth of certain p53-deficient, but not p53
positive, tumor cells[55]. Thisislikely that activation of
the INK pathway inhibits p53-induced cell cycle arrest
and therefore promotes p53-induced apoptosis [11]. Thus,
JINK may only exert its anti-apoptotic function in p53-
deficient tumor cells.

The antiapoptotic function of INK in tumor cells sug-
gests that INK may be involved in tumorigenesis. Indeed,
it has been reported that INK functions as an antiapoptotic
molecule in an isoform-specific manner in certain tumors.
Tumor promoter 12-O-tetradecanolyphorbol-13-acetate
(TPA)- induced skin papillomas were significantly sup-
pressed in jnk2 null mice, due to enhanced apoptosis when
compared to wild-type mice [56]. In contrast, TPA-
induced skin tumors were augmented in jnk1 null mice
[57]. It has been proposed that this is due to the unique
stimulatory effect of INK2 on AP-1 activity through acti-
vation of ERK, rather than c-Jun phosphorylation [57].
However, recent studies revealed that INK 1, but not INK 2,
is activated by various extracellular stimuli, such as TNF-
a, UV, IL-1 and TPA, and is required for TNF-o induced
apoptosis[37]. Furthermore, INK2 may interferewith INK1
activity viaitsown “futile” phosphorylation [37]. The dif-
ferential regulation of INK1 and INK2 by TPA may pro-
vide a molecular explanation about the distinct effects of
JINK1 and JNK2 on TPA-induced skin papillomas.

HOW JNK SUPPRESSES APOPTOSIS
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The molecular mechanism by which JNK suppresses
apoptosisisincompletely understood. The best studied case
about INK-mediated cell survival so far is perhapsthein-
volvement of JNK in suppression of apoptosisin pro-B
lymphocytes [17]. In IL-3-dependent hematopoietic cells,
IL-3 exerts its survival effects by inducing phospho-
rylation of the proapoptotic Bcl-2 family protein BAD, trig-
gering its sequestration by 14-3-3 in the cytoplasm [58].
This preventsinactivation of the pro-survival Bcl-2 family
protein Bcl-xL by BAD [58] (Fig. 2). Previous studies
showed that the survival role of I1L-3 is mediated by Akt
and mitochondria-membrane anchored PKA, which are
responsible for phosphorylation of BAD at serine 112, 136
and 155, thereby decreasing its association with Bcl-xL
[59]. Recent studies showed that JINK also mediates the
survival role of 1L-3 [17]. JNK activity was suppressed
by IL-3 withdrawal but activated by IL-3 re-addition [17].
IL-3 withdrawal induced apoptosis was promoted by
inhibition of JNK but suppressed by a constitutively
active INK [17]. Unlike Akt and PKA that phosphorylate
BAD at serine residues, INK phosphorylated BAD at a
novel Thr201 residue. Phosphorylation of BAD at Thr201
by JNK reduced its association with Bcl-xL and replace-
ment of Thr201 by aniline produced a BAD mutant that
has enhanced proapoptotic activity [17]. In contrast to an
early report [60], INK does not phosphorylates BAD at
Ser128 at al [17]. Thus, INK functions as an antiapoptotic
protein kinase in IL-3-dependent hematopoietic cells via
phosphorylation and inactivation of the proapoptotic
molecule Bad. The antiapoptotic function of INK may pro-
vide a molecular mechanism by which JNK contrib-
utes to B lineage lymphomalleukemia [17]. Future studies
are needed to elucidate how JNK suppresses apoptosis
induced by other death insults.

CONCLUDING REMARKS

The function of JINK in apoptosisis complex, as being
suggested to have proapoptotic, antiapoptotic, or no role
inthe process. It is clear that INK activation can contribute
to apoptosis induced by certain death insults. Yet, it is
debatable whether INK is an intrinsic component of the
apoptotic machinery or it only modul ates apoptosis. INK
activation also leads to suppression of apoptosisinduced
by IL-3 withdrawal via phosphorylation and inactivation
of the proapoptotic Bcl-2 family protein BAD. It is pos-
sible that INK may suppress apoptosis induced by other
death insults aswell. It is most likely that INK activation
modul ates the apoptotic processin a cdl type and stimulus
dependent manner. Since JNK deregulation has been im-
plicated in cancer [9-12], investigation of the molecular
mechanisms by which JNK regulates the apoptotic
process should provide novel strategiesto target the INK
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Fig. 2 INK suppresses apoptosis in | L-3-depedent cells via phosphorylation of the pro-apoptotic Bcl-2 family protein BAD. In IL-
3-dependent hematopoietic cells, IL-3 activated INK phosphorylates BAD at Thr201. The phosphorylation results in reduced
association of BAD with Bcl-xL, thereby suppressing apoptosis.

pathway for prevention and treatment cancer.
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