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Abstract

Deregulation of c-Jun NH
2
-terminal kinase (JNK) signaling occurs frequently in a variety of human cancers, yet the exact role(s) of JNK deregulation in 

cancer cell biology remains to be fully elucidated. Our recent demonstration that the activity of JNK is required not only for self-renewal of glioma stem 
cells but also for their tumor initiation has, however, identified a new role for JNK in the control of the stemness and tumor-initiating capacity of cancer 
cells. Significantly, transient JNK inhibition was sufficient to cause sustained loss of the tumor-initiating capacity of glioma stem cells, suggesting that 
the phenotype of “lost tumor-initiating capacity” may be as stable as the differentiated state and that the tumor-initiating capacity might therefore be 
under the control of JNK through an epigenetic mechanism that also governs stemness and differentiation. Here, in this article, we review the role and 
mechanism of JNK in the control of this “stemness-associated tumor-initiating capacity” (STATIC), a new hypothetical concept we introduce in this 
review article. Since the idea of STATIC is essentially applicable to both cancer types that do and do not follow the cancer stem cell hypothesis, we 
also give consideration to the possible involvement of JNK-mediated control of STATIC in a wide range of human cancers in which JNK is aberrantly 
activated. Theoretically, successful targeting of STATIC through JNK could contribute to long-term control of cancer. Issues to be considered before 
clinical application of therapies targeting this JNK-STATIC axis are also discussed.
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Introduction
The c-Jun NH

2
-terminal kinases (JNKs) 

are a subgroup of mitogen-activated pro-
tein kinases that has long been impli-
cated in cancer development. Although 
accumulating evidence suggests that 
JNK may contribute to the development 
of cancer as a signal transducer of cellu-
lar proliferation, differentiation, survival, 
and migration, the exact role(s) of JNK 
in cancer still remains to be fully delin-
eated.1-4 Only recently, we and others 
have shown that JNK is required for self-
renewal and the tumor-initiating capacity 
of human glioma stem cells, giving rise 
to the novel possibility that the mainte-
nance of cancer stem/initiating cells may 
be one of the critical roles of JNK in can-
cer development.5,6 Most importantly, 
we have demonstrated for the first time 
using preclinical animal tumor models 
that therapeutic targeting of JNK is a safe 
and effective measure to selectively 
eliminate the tumor-initiating stem cell 
population of glioblastoma cells in vivo.5 

Given the presumed role of cancer stem/
initiating cells in therapy resistance and 
the recurrence of cancer,7,8 our study 
suggests that JNK could be a potential 
target molecule to control cancer stem/
initiating cells and thus overcome ther-
apy resistance and prevent recurrence, 
which leads to long-term survival and 
ultimately the cure of cancer patients. 
Here, in this review article, we discuss 
the possible role and mechanism of JNK 
in the regulation of cancer stem/initiating 
cells as well as those issues that need to 
be addressed before we can develop and 
institute the clinical application of JNK-
targeted therapies for the curative treat-
ment of cancer. In addition, since the 
plausibility of the cancer stem cell con-
cept per se is now being challenged and 
put to question,9-11 we also try to intro-
duce a novel perspective through which 
to view the cancer stem cell concept in a 
different way in order to overcome and 
reconcile the current controversies over 
the concept.

Tumor-Initiating Capacity and 
Self-Renewal: 2 Disparate 
yet Closely Associated 
Characteristics of Cancer Stem/
Initiating Cells That May Be 
under the Control of JNK
The cancer stem cell hypothesis posits 
that tumors are heterogeneous, being 
composed of a rare subpopulation of 
tumor cells termed cancer stem cells and 
the remaining cells accounting for the 
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vast majority of the tumor cells.12-16 The 
hypothetical cancer stem cells, but not 
the remaining tumor cells (nonstem can-
cer cells), possess the capacity to initiate 
a tumor that reproduces the heterogene-
ity and characteristics of the original 
tumor when transplanted in vivo, and at 
the same time, the cancer stem cells are 
“immature” tumor cells that retain the 
self-renewal capacity and potential to 
differentiate into multiple lineages simi-
larly to normal tissue stem cells. The 
hypothesis also holds that there is hierar-
chy between the cancer stem cells and 
the other cells: cancer stem cells are 
capable of giving rise to nonstem cancer 
cells but not vice versa. This 

core concept of the cancer stem cell 
hypothesis has been formulated over 
several decades or even centuries.15,16 
Since the 19th century, the histological 
heterogeneity of tumors has been recog-
nized. Then, a series of tumor cell trans-
plantation studies demonstrated that 
tumors contain a small number of tumor 
cells capable of initiating tumors that 
retain the morphological heterogeneity 
of the original tumors.17-20 This was fol-
lowed by the landmark observations 
made by Pierce and others,21,22 which 
further embodied and formed the basis 
of the current cancer stem cell concept. 
What Pierce and colleagues21,22 found 
was that, just like their normal tissue 

counterparts, immature tumor cells are 
the actively proliferating cells within a 
tumor and are capable of tumor initia-
tion, and they also give rise to more dif-
ferentiated progenies that do not 
proliferate actively and are no longer 
capable of tumor formation. Also, based 
on such similarity between tumor tissue 
homeostasis and that of normal tissues, 
Pierce and Speers22 described “tumors 
as caricatures of the process of tissue 
renewal.” Subsequently, the validity of 
this hypothetical concept was under-
scored by the initial identification of a 
cancer stem cell in leukemia that fitted 
so nicely into the concept of the cancer 
stem cell hypothesis,23 and ever since, a 
large body of evidence has demonstrated 
that some cancers do follow this cancer 
stem cell hypothesis. However, on the 
other hand, mounting evidence now sug-
gests that there are other cancers that 
apparently do not.9 Significantly, can-
cers may not necessarily be heteroge-
neous and/or may have a large 
subpopulation of tumor-initiating cells, 
which means that it is indeed difficult 
and may even be dangerous to general-
ize the hypothesis as it is.9 If so, then, 
does it imply that cancer stem cell 
research is of no value to those cancer 
types that do not follow the hypothesis? 
Can we not view the cancer stem cell 
concept from a different perspective and 
formulate a new concept that may be 
more comprehensively applicable to a 
wide range of cancer types that do and 
do not follow the cancer stem cell 
hypothesis?

Here, we introduce a novel hypothet-
ical concept of “stemness-associated 
tumor-initiating capacity” (STATIC), an 
evolutionary version of the cancer stem 
cell hypothesis. Significantly, since 
Pierce’s observations, researchers have 
consistently observed that self-renew-
ing, undifferentiated tumor cells have a 
higher capacity to initiate a tumor com-
pared to their differentiated counter-
parts.15,24 This is, in a sense, quite 
surprising because the control of self-
renewal/differentiation and that of tumor 
initiation are both intricate cellular func-
tions apparently disparate from each 

Figure 1.  Stemness (= capacity to self-renew as immature, undifferentiated cells) and tumor-
initiating capacity may be 2 disparate yet closely associated properties of cancer cells that are 
controlled by a common regulatory module and are also subject to modulation by cell-extrinsic 
inputs. (A) A hypothetical model for the control of the stemness and tumor-initiating capacity of 
cancer stem cells. In this hypothetical model, we assume that the cancer stem cell population is 
kept small within the tumor through feedback inputs from the environment. (B) Once the feedback 
control mechanism is disrupted, the cancer stem cell population may not be kept small, and 
consequently, the tumor could lose heterogeneity. (C) Tumor-initiating cells may not necessarily 
have stem-like properties. Once the mechanism for self-renewal loses the upstream control, 
cancer cells that do not look like a stem cell may nevertheless have the tumor-initiating capacity 
regulated in a similar manner to cancer stem cells. (D) Cancer cells that look like a stem cell may not 
necessarily be tumor-initiating cells. Once the mechanism for tumor initiation loses the upstream 
control, the small population of immature, stem-like cancer cells may no longer be capable of 
tumor initiation. Put another way, the self-renewal capacity of the cancer cells may not necessarily 
reflect their tumor-initiating capacity in this type of cell. CRM = common regulatory module; SRC = 
self-renewing capacity; TIC = tumor-initiating capacity; CEI = cell-extrinsic input.
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other except that both may be associated 
with the capacity to undergo limitless 
cellular replication. The close associa-
tion between these apparently distinct 
cellular mechanisms, however, points to 
the possibility that they share a common 
regulatory module. Also, the regulatory 
module most likely involves epigenetic 
mechanisms since the control of self-
renewal and differentiation is known to 
be epigenetically controlled.25,26 In addi-
tion, the mechanism controlling self-
renewal/differentiation should originally 
be subject to control by cell-extrinsic 
factors,27 so that cell fate decision may 
be coordinated to maintain the homeo-
stasis of the whole tissue (e.g., to keep 
the stem cell population small relative to 
the entire population). Put together, 
these ideas are schematically presented 
in Figure 1A. Figure 1A illustrates that 
1) the tumor-initiating capacity is under 
the control of a common mechanism that 
maintains the self-renewal capacity/
undifferentiated state (= stemness), 2) 
the mechanism is most likely epigenetic, 
and 3) the mechanism is subject not only 
to cell-intrinsic but also to cell-extrinsic 
factors. According to this hypothetical 
model (STATIC), the subpopulation of 
immature tumor-initiating cells may not 
necessarily be small in cancers in which 
the extrinsic factor–mediated control 
mechanism is disrupted (Fig. 1B). In 
cancers in which the epigenetic control 
of differentiation is lost (Fig. 1C), 
tumor-initiating cells may no longer be 
sorted by markers associated with a cel-
lular stem/differentiation status. It is 
also possible that self-renewing tumor 
cells may not necessarily be tumor-initi-
ating cells in some cancers (Fig. 1D). 
Thus, while being applicable to cancers 
that do not follow the cancer stem cell 
hypothesis, on one hand, this hypotheti-
cal model, on the other hand, inherits the 
advantages of the original cancer stem 
cell hypothesis and has even more:

1.	 The identification of genes/mol-
ecules controlling tumor initiation 
is time consuming and laborious be-
cause it inevitably involves animal 

xenograft studies. However, both the 
cancer stem cell hypothesis and our 
new one predict that we can greatly 
facilitate the identification process 
by focusing on surrogate markers 
of tumor initiation. For instance, by 
using stem cells derived from cancers 
that conform to the cancer stem cell 
hypothesis as a model, exploration 
of candidate molecules can be done 
simply by in vitro screening of mol-
ecules controlling the cellular stem/
differentiation status (= surrogate 
marker of tumor-initiating capacity).

2.	 According to the hypotheses, tran-
sient targeting of the identified 
genes/molecules is supposed to pro-
vide a sustained inhibitory effect 
on the tumor-initiating capacity of 
tumor cells because the condition of 
“lost tumor-initiating capacity” is ex-
pected to be as epigenetically stable 
as the differentiated state. In case 
the loss of tumor-initiating capac-
ity is “irreversible,” the therapeutic 
intervention could have a “curative” 
effect.

3.	 Once identified, it would be feasible 
and relevant to explore the role of 
the genes/molecules involved in the 
regulation of STATIC even in can-
cers that do not conform to the cancer 
stem cell hypothesis, as may be ex-
plained by Figure 1B and 1C.

Based on a prototypical idea of this 
hypothetical STATIC model, we set out 
to search for molecules involved in the 
control of the tumor-initiation capacity 
of glioblastoma cells. Consequently, we 
discovered that JNK is among the key 
molecules regulating STATIC of glio-
blastoma cells.5

Role of JNK in the Control of 
STATIC of Glioblastoma Cells

JNK is more activated in glioma stem 
cells than in their differentiated counter-
parts. In our recently reported study,5 we 
searched for molecules differentially 
expressed and/or activated in self-
renewing glioma stem cells and in those 

that have undergone serum-induced dif-
ferentiation, with the intention to iden-
tify molecules involved in the control of 
STATIC of glioblastoma cells. Examina-
tion using 6 glioma stem cell lines estab-
lished directly from patient glioblastoma 
tissues or from conventional glioblas-
toma cell lines revealed that the JNK 
pathway is consistently more activated 
in self-renewing glioma stem cells than 
in their differentiated counterparts, sug-
gesting that JNK may be involved in the 
maintenance of the undifferentiated 
stem cell state (i.e., stemness) of glio-
blastoma cells.

Activation of JNK in human glioblas-
toma. So far, a series of studies examin-
ing the expression and activation (= 
expression of the phosphorylated form) 
of JNK in human glioblastoma tissues 
by immunoblot analysis have demon-
strated that JNKs are expressed and acti-
vated in the majority of glioblastoma 
cases.28-30 Strong expression of phos-
phorylated JNK in the majority (>90%) 
of glioblastoma cases has been con-
firmed independently by an immunohis-
tochemical study, which also showed 
that JNK activation is associated with 
the histological grade of glioma and is 
virtually nil in the normal brain.31 A sub-
cutaneous xenograft experiment using 
serum-cultured U87 glioblastoma cells 
constitutively expressing a dominant-
negative form of JNK showed that the 
tumor growth of glioblastoma is retarded 
when JNK activity is inhibited.30 
Together, the reports consistently dem-
onstrated that JNK is activated in glio-
blastoma tissues and also suggested that 
the activation of JNK may have a role in 
promoting the tumor growth of glioblas-
toma. Nevertheless, the exact role(s) of 
JNK in glioblastoma biology still 
remained to be fully elucidated.

JNK is essential for the maintenance of 
the stemness of glioma stem cells. To 
determine, therefore, whether the main-
tenance of stemness is among the critical 
roles of JNK in glioblastoma cells, we 
examined, in a recently reported study,5 
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the impact of JNK inhibition on the stem 
cell properties of glioma stem cells. 
Both pharmacological and genetic inac-
tivation of JNK in glioma stem cells in 
vitro resulted in inhibition of the stem 
cell–like properties of glioma stem cells, 
such as the expression of stem cell mark-
ers and the capacity to self-renew as 
spheres, and induced their differentia-
tion. Thus, the activity of JNK is essen-
tial for the maintenance of the stemness 
of glioma stem cells, which was also 
reproduced by an independent study.6 
Notably, both studies demonstrated that 
knockdown of either JNK1 or JNK2 is 
sufficient to inhibit the stemness of gli-
oma stem cells, suggesting that JNK1 
and JNK2, instead of being redundant to 
each other, may function in a coordi-
nated manner as previously reported32 in 
the control of the stemness of glioma 
stem cells. The demonstration of the 
consistently essential role of JNK in a 
variety of glioma stem cells derived 
directly from glioblastoma tissues and 
from conventional glioblastoma cell 

lines in independent studies5,6 strongly 
supports the idea that JNK may be a fun-
damental regulator of the stemness of 
glioblastoma cells.

JNK is essential for the maintenance of 
the tumor-initiating capacity of glioma stem 
cells. We then examined whether JNK, 
which has just been shown to control the 
stemness of glioma stem cells, is also 
involved in the maintenance of the 
tumor-initiating capacity in a manner 
associated with the stemness of glioma 
stem cells. Orthotopic xenograft experi-
ments demonstrated that transient JNK 
inactivation in vitro results in sustained 
inhibition of brain tumor formation by 
glioma stem cells. Whereas control gli-
oma stem cells invariably formed brain 
tumors and killed the host animals 
within 100 days, those undergoing tran-
sient JNK inactivation failed to form 
lethal brain tumors within the life span 
of the host animals (>300 days) in most 
cases, clearly indicating that the number 
of cells capable of tumor initiation was 
reduced by transient inactivation of JNK 
below the threshold for tumor forma-
tion. In support of our finding, it has 
been independently shown that shRNA-
mediated inhibition of JNK2 results in 
delayed brain tumor formation by gli-
oma stem cells.6 Since JNK2 knock-
down failed to “prevent” brain tumor 
formation in that study, the data alone 
may not discriminate whether the JNK2 
knockdown simply delayed the tumor 
growth or actually reduced the number 
of tumor-initiating cells, although insuf-
ficiently, to prevent tumor formation. 
However, combined with our results, the 
data strongly suggest that the latter is the 
case.

Therapeutic targeting of JNK to control 
STATIC of glioma stem cells in vivo. Given 
that cancer stem cell research is an 
applied medical science in contrast to 
normal stem cell research, which is 
essentially a basic one, it was of utmost 
importance for us to demonstrate the 
medical significance of our findings. To 
test, therefore, the clinical relevance of 

JNK as a therapeutic target, we exam-
ined whether in vivo inhibition of JNK 
successfully controls STATIC of glioma 
stem cells. To this end, the effect of tran-
sient systemic administration of 
SP600125, a JNK inhibitor, was studied 
using the serial xenograft transplanta-
tion assay, the most reliable “gold stan-
dard” in the human cancer stem cell 
assay field.16 The results indicated that 
systemic JNK inhibitor treatment of pre-
established primary tumors successfully 
prevents the formation of secondary 
brain tumors during the extended obser-
vation period, which were invariably 
formed when primary tumors were con-
trol treated. Systemic JNK inhibitor 
treatment for a defined period of only 10 
days was also sufficient to inhibit brain 
tumor formation by glioma stem cells 
implanted in the brain parenchyma and 
to confer a survival advantage that 
would be equivalent to the reduction of 
tumor-initiating cells by 1 to 2 orders of 
magnitude. Finally, we confirmed that 
the above treatment protocol has no 
long-term (= for the life span of nude 
mice) adverse effects on the general 
health status of the treated animals and 
does not cause overt deficits in their 
cognitive function. Together, our study 
demonstrated for the first time that ther-
apeutic targeting of JNK safely and 
effectively inhibits STATIC of glioblas-
toma cells at least in preclinical animal 
models.5

Mechanism of JNK-Mediated 
Regulation of the Stemness and 
Tumor-Initiating Capacity of 
Glioblastoma Cells
While it is now clear from what has been 
described so far that JNK plays a pivotal 
role in the control of the stemness and 
tumor-initiating capacity of glioblas-
toma cells, much remains to be shown as 
to how JNK is activated in glioblastoma 
cells and how JNK controls the stemness 
and tumor-initiating capacity of glio-
blastoma cells. We therefore discuss 
possible mechanisms in this section 
(Fig. 2).
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Figure 2.  A hypothetical model for JNK-
mediated regulation of the stemness and 
associated tumor-initiating capacity in 
glioma stem cells. The possible mechanistic 
components that are assumed to control or to 
be under the control of JNK in glioma stem cells 
are schematically depicted. See text for details. 
Also note that not all the functional interactions 
depicted in the figure have been demonstrated 
in glioma stem cells. CRM = common regulatory 
module; SRC = self-renewing capacity; TIC = 
tumor-initiating capacity.
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How is JNK activated in glioblastoma 
cells?. EGFR gene amplification and/or 
intragenic deletion of the EGFR gene 
(EGFR vIII) are among the most com-
mon genetic aberrations occurring in 
glioblastoma.33 Because overexpression 
of wild-type or the vIII mutant of EGFR 
causes JNK activation in vitro,31,34,35 
EGFR may be responsible for JNK acti-
vation in glioblastoma cells. In support 
of this idea, an immunohistochemical 
analysis of glioblastoma tissues revealed 
that EGFR expression shows some posi-
tive correlation with JNK activation.31 
Nevertheless, the same study also dem-
onstrated that JNK activation is detected 
in more than 80% of EGFR-“negative” 
glioblastomas,31 suggesting that there 
exist EGFR-independent JNK-activat-
ing mechanisms in glioblastoma. In this 
regard, activating aberrations of the 
PDGFRA and MET receptor tyrosine 
kinase genes, which occur in small but 
significant populations of glioblasto-
mas,36 may be among the possible mech-
anisms for EGFR-independent JNK 
activation. Indeed, both PDGFRα and 
MET are known to activate JNK,37-39 
and PDGF-B, a ligand for PDGFR, and 
MET have been implicated in the main-
tenance of glioma stem cells.40-42 Intrigu-
ingly, MET expression was mutually 
exclusive with that of EGFR in glioma 
stem cells.42 MET, therefore, may 
account for the JNK activation in EGFR-
negative glioblastoma cells. On the 
other hand, a recent study reported that 
PDGFRβ, rather than PDGFRα, is pref-
erentially expressed with a functional 
role in glioma stem cells.43 Given that 
PDGFRβ reportedly activates JNK,44 
PDGFRβ-mediated JNK activation 
could contribute to the maintenance of 
glioma stem cells.

Then, how do these receptor tyrosine 
kinases control JNK and the stemness of 
glioma stem cells? Recent evidence sug-
gests that PI3K is required for the main-
tenance of the self-renewal capacity and 
stem cell marker expression of glioma 
stem cells45,46 and that the JNK signaling 
pathway is a downstream target of 
PTEN/PI3K.47 Just in line with these 

findings, PI3K-dependent activation of 
JNK has been implicated in the mainte-
nance of the stemness of glioma stem 
cells.6 Since EGFR, PDGFR, and MET 
activate intracellular pathways mediated 
by PI3K,48 PI3K may possibly play a 
role as a molecular link between these 
receptor tyrosine kinases and JNK, 
although this idea has not yet been 
experimentally validated. It would also 
be of interest to speculate that the sig-
nificant impact of the PTEN status on 
the stem cell phenotypes of glioma stem 
cells49 is mediated through PI3K-depen-
dent activation of JNK.

In addition to the mechanism of JNK 
activation by upstream signals, an auto-
activation mechanism of JNK has been 
reported.29,30,50 JNK2 isoforms, in par-
ticular JNK2α2, autophosphorylate and 
activate themselves without requiring 
the participation of upstream kinases.50,51 
Significantly, it has been suggested that 
such autoactivated JNK isoforms are 
expressed in a great majority of glioblas-
toma cases.29,30 Apparently, the expres-
sion of the autoactivated JNK isoforms 
is of therapeutic importance since 
attempts to control JNK by targeting 
upstream molecules would be futile if 
such isoforms account for the majority 
of the JNK activity in glioblastoma cells.

Another important issue that may 
deserve consideration in this section is 
whether the JNK activity level serves as 
a key determinant in the cell fate (i.e., 
stem or nonstem) decision of glioma 
stem cells in patient glioblastomas. 
Although we observed that JNK activity 
is decreased in association with the 
serum-induced differentiation of glioma 
stem cells in vitro,5 this does not neces-
sarily imply that JNK activity is coupled 
with the stem cell/differentiation status 
of tumor cells in patient glioblastomas. 
Indeed, most of the tumor cells in glio-
blastoma tissues express detectable lev-
els of activated JNK.31 This finding is 
not mutually exclusive with the idea of 
JNK being the determinant of the cell 
fate decision because there may exist a 
certain threshold level of JNK activity 
that divides tumor cells into stem and 

nonstem populations. However, it is also 
possible that JNK is similarly activated 
in both stem and nonstem tumor cell 
populations in patient glioblastomas. In 
the latter case, molecules other than 
JNK are considered to play a pivotal role 
in the cell fate decision in vivo.

How does JNK control the stemness and 
tumor-initiating capacity of glioblastoma 
cells?. We and others have shown that 
JNK maintains the stemness and tumor-
initiating capacity of glioma stem cells 
through its kinase activity.5,6 Among 
known direct substrates of JNK, AKT 
and c-MYC have been implicated in the 
control of the stemness and tumor-initi-
ating capacity of glioma stem cells.52-54 
Since JNK phosphorylation of Thr450 
of AKT reportedly activates its kinase 
activity55 and phosphorylation of Ser62 
and Ser71 of c-MYC is required for its 
biological function,56 JNK may control 
the characteristic properties of glioma 
stem cells through such phosphoryla-
tion-mediated regulation of AKT and/or 
c-MYC. Of note, in addition to their role 
in the control of the stem cell state of 
glioma stem cells, AKT and c-MYC 
may also contribute to the maintenance 
of glioma stem cells by promoting their 
survival.52,53 Another JNK substrate of 
interest is STAT3. Accumulating evi-
dence suggests that dysregulation of 
STAT3 has a role not only in glioblas-
toma cells in general but also in their 
stem cell population, and as such, STAT3 
is currently regarded as a potential target 
of glioblastoma therapy.57 Although the 
roles of JNK in STAT3 regulation are 
not simple and appear to be multifac-
eted, JNK may possibly maintain the 
stemness and/or tumor-initiating capac-
ity of glioblastoma cells through phos-
phorylation-mediated activation of 
STAT3 since direct phosphorylation of 
STAT3 by JNK on its serine residue 
(Ser727) has been shown to promote 
STAT3-mediated gene regulation.58-60

We found in our study that FOXO1 is 
activated upon JNK inhibition and that 
its activation is required for JNK inhibi-
tion–induced differentiation of glioma 
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stem cells.5 Although FOXO1 may not 
be a direct substrate for JNK and the 
mechanism of JNK-mediated inhibition 
of FOXO1 remains largely obscure at 
this moment, a recent report suggested a 
role for CDK in the JNK control of 
FOXO1.61 Importantly, knockdown of 
FOXO1 prevented the differentiation 
but not loss of stem cell marker expres-
sion and sphere-forming capacity caused 
by JNK inhibition, suggesting that 
FOXO1 function may not be required in 
the earlier phase of differentiation but is 
required for full differentiation.5 Never-
theless, prevention of premature activa-
tion of FOXO1 appears to be one of the 
mechanisms by which JNK maintains 
glioma stem cells. Meanwhile, NOTCH2 
has also been implicated in JNK-medi-
ated control of glioma stem cells, based 
on the observation that NOTCH2 
expression is closely associated with the 
JNK activity and hence the stem cell 
state of glioma stem cells.6 Given the 
demonstrated role of NOTCH in the 
control of glioma stem cells that likely 
involves AKT and STAT3,62 NOTCH2 
may also have a role in the JNK control 
of glioma stem cells through AKT and 
STAT3.

Issues to Be Considered 
before Clinical Application of 
the JNK-Targeting Therapy to 
Glioblastoma Treatment

How long does the therapeutic effect of 
transient JNK inhibition last?. Our study 
demonstrated that the tumor-initiating 
capacity of glioma stem cells is closely 
coupled with their stem cell state and 
that transient JNK inhibition results in 
sustained loss of their tumor-initiating 
capacity. These findings indicate that, as 
discussed earlier, the tumor-initiating 
capacity of glioma stem cells is indeed 
stemness associated and is therefore 
most likely under an epigenetic control. 
Thus, one could safely expect that once 
we successfully deprive glioblastoma 
cells of their tumor-initiating capacity, 
the condition (loss of tumor-initiating 
capacity) would then be as stable as the 

differentiated state and last for a long 
time period. However, although epigen-
etic factors are usually stable, they are 
not necessarily static and can be modu-
lated by the environment.25 In this 
regard, use of mouse xenograft models 
apparently has its own limitation in 
examining how stable the condition of 
“lost tumor-initiating capacity” is since 
the stability cannot be assessed beyond 
the life span of nude mice (~2 years). It 
is therefore expected that future clinical 
trials will provide valuable information 
regarding this issue through the demon-
stration of whether and to what extent 
targeting of STATIC is of therapeutic 
benefit. On the other hand, what should 
we do if the condition of “lost tumor-
initiating capacity” turns out to be not so 
stable as to prevent tumor recurrence 
during the rest of the patients’ lives? In 
such cases, it would be of benefit to try 
to irreversibly eliminate glioma stem 
cells with cytotoxic therapies while the 
cells remain in the nonstem condition 
after the JNK-targeting therapy since the 
stem cell state has been associated with 
higher therapeutic resistance than the 
nonstem cell state and vice versa.24 
Combination of the JNK-targeting ther-
apy followed by cytotoxic therapies may 
therefore be considered as a rational 
approach to the treatment of glioblas-
toma. Here, it might deserve attention 
that the order and timing of the therapies 
could have a profound impact on treat-
ment efficacy.63 Quite imaginably, 
simultaneous JNK-targeting therapy 
could, for instance, compromise the 
therapeutic effect of co-administered 
cytotoxic agents if the agents should 
induce tumor cell death in a JNK-depen-
dent manner. We therefore propose that 
cancer stem cell–targeting therapies 
should in principle “precede” conven-
tional cytotoxic/cytostatic therapies to 
avoid unexpected interactions between 
the therapies, which needs to be taken 
into consideration when designing ratio-
nal clinical trials. Similarly, use of can-
cer stem cell–targeting therapies as 
consolidation and/or maintenance thera-
pies would be justified if they were to be 

delivered “after the completion of” cyto-
toxic/cytostatic therapies.

Which should be spared: neural stem 
cells or the brain function?. For clinical 
application of therapeutic agents target-
ing glioma stem cells, it is essential that 
they do not cause deleterious adverse 
events at therapeutic doses. Given that 
glioma stem cells, and possibly other 
cancer stem cells as well, may share 
properties with normal tissue stem cells 
including neural stem cells, the possible 
effects of cancer stem cell–targeting 
therapies on neural stem cells should 
deserve particular consideration. How-
ever, rather surprisingly, there has been 
no definitive proof that adult neurogen-
esis has an essential role in learning and 
memory, with most of the studies inves-
tigating the role of adult neurogenesis in 
learning and memory proving to be neg-
ative.64,65 There are a few that report 
positive results; however, the results are 
inconsistent even among the positive 
reports.65 Furthermore, the reported dif-
ferences are in general quite subtle 
despite substantial ablation of neurogen-
esis, and the possibility of the ablation 
methods affecting beyond neurogenesis 
has not been excluded.65 Most convinc-
ingly, the role of adult neurogenesis in 
learning and memory was called into 
question by the demonstration that 
cyclin D2–null mice, in which adult 
neurogenesis is almost totally lost, per-
formed as well as the wild-type mice in 
any behavioral tasks known to be hip-
pocampal dependent.65 Although these 
findings may not totally exclude the pos-
sibility that adult neurogenesis has some 
role in cognitive functions, in particular 
when the brain is damaged, it is clear 
from the findings that glioma/cancer 
stem cell–targeting agents should be 
assessed not in terms of whether or not 
they affect neural stem cells and/or neu-
rogenesis but in terms of whether they 
do affect the brain function per se. In 
other words, we should be deliberate 
enough not to remove candidate thera-
peutic agents from the list simply 
because they have some effect on neural 
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stem cells and/or neurogenesis since 
such agents could nonetheless be safe 
and effective measures with which to 
treat glioblastomas or other cancers.

In this line, we investigated in our 
study the effect of systemic JNK inhibi-
tor treatment on the brain function of 
nude mice.5 Our JNK inhibitor treatment 
protocol using SP600125 had no dis-
cernible effect on mice when they were 
examined by the Y-maze test, which is 
currently regarded as a sensitive indica-
tor of brain lesions, including hippocam-
pal lesions, rather than a specific 
indicator of memory function alone.66-68 
Together with the reported neuroprotec-
tive activity of SP600125,69,70 the JNK 
inhibitor may be suitable for clinical 
application also in view of its effects on 
the nervous system.

Role for JNK in the Control of 
STATIC in Human Cancers: Is 
STATIC a Paradigm Limited to 
Glioblastoma?
We have demonstrated for the first time 
that JNK is involved in the control of 
STATIC, using glioma stem cells as an 
experimental model.5 Undoubtedly, it is 
of interest and importance whether such 
a role for JNK could be generalized to 
other human cancer types.

Documented role for JNK in the tumor 
initiation process of human cancers other 
than glioblastoma. Relevant literature 
indicates that JNK is deregulated not 
only in glioblastomas but also in other 
human cancers.4 Furthermore, the essen-
tial role of JNK has been documented at 
least in some of them using animal mod-
els corresponding to human cancers. For 
instance, in an animal model of chemi-
cally induced hepatocellular carcinoma, 
loss of the JNK1 gene resulted in a sharp 
decline not only in the size of the formed 
tumors but also in the incidence of tumor 
formation per se,71 suggesting that JNK1 
is required for chemical initiation of  
the liver tumors. Similarly, to determine 
the role of JNK deregulation in human 
gastric cancers, the effect of JNK1 

inactivation was explored in an animal 
model of chemically induced gastric 
cancer. Again, both tumor incidence and 
size were significantly reduced in JNK1-
null mice compared to wild-type mice.72 
JNK signaling is also known to be acti-
vated in human colon cancer tissues, 
which may have a role in colon carcino-
genesis as evidenced by the observation 
that oral administration of SP600125 
was sufficient to reduce the number and 
size of intestinal tumors spontaneously 
formed in mice genetically engineered 
to express a mutant allele of Apc.73 
Human non–small cell lung cancer  
has also been associated with JNK 
deregulation in part due to the expres-
sion of the JNK2α isoform, which is 
constitutively activated through an auto-
activation mechanism.60,74 Intriguingly, 
experiments using an animal model of 
Ras-initiated lung cancer clearly demon-
strated that Ras-induced lung tumor for-
mation is dependent on JNK.75

JNK control of STATIC may possibly go 
beyond brain tumors. Collectively, the 
studies in the literature indicate that JNK 
has a pivotal role in the initiation of ani-
mal models of human cancers in which 
JNK is deregulated. Of note, in those 
studies, the mechanism of JNK-depen-
dent tumor initiation has been accounted 
for mostly by JNK-dependent prolifera-
tion of tumor cells, and the possible role 
of JNK as a regulator of cancer stem 
cells and/or STATIC has not been dis-
cussed. However, as clearly demon-
strated by the instance of glioblastoma 
whereby JNK does have a crucial role in 
cancer stem cells5,6 in addition to its role 
in bulk tumor cells,30 it is quite conceiv-
able that JNK also has a cancer stem 
cell–associated role also in those human 
cancers with JNK deregulation. In line 
with this idea, we have recently found, 
using human cancer cells of nonbrain 
tumor origin, that JNK is required for 
what is most likely to be STATIC of the 
human cancer cells (manuscript in prep-
aration). Together, these lines of evi-
dence strongly suggest that the paradigm 
may not be unique to glioblastoma and 

may be shared at least by some other 
human cancers.

Concluding Remarks
The JNK signaling pathway is aber-
rantly activated in various human can-
cers, and the growing body of evidence 
suggests that it has a definitive role in, 
albeit not limited to, tumor initiation.1-4 
Combined with the recent demonstra-
tion that JNK is involved in the control 
of STATIC of glioblastoma cells, the 
evidence is now in support of the idea 
that a similar mechanism may be opera-
tive in other human cancers.5,6,76 Appar-
ently, testing of this idea is warranted in 
future studies: if the mechanism is 
shared by many human cancers, JNK 
targeting would realize the long-term 
control of such cancers, irrespective of 
whether they follow the cancer stem cell 
model or not. Currently, the concept of 
“STATIC” is only operationally defined. 
Future elucidation of how JNK controls 
the molecular mechanism underlying 
STATIC will not only help redefine the 
concept in molecular terms but also help 
identify novel molecular targets for the 
long-term, hopefully curative, control of 
human cancers.
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