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Abstract
The c-JUN NH2-terminal kinase (JNK) pathway plays key roles in cellular proliferation and survival.  
Aberrant activation of the pathway occurs in multiple malignancies, where it contributes primarily to tumor 
growth. In addition, JNK pathway activation has been reported to promote resistance to anticancer agents. 
In this chapter, we will review current understanding of the involvement of the JNK pathway in tumor  
development and drug resistance. The identification and characterization of JNK pathway inhibitors will 
be described. Lastly, we will discuss the potential application of JNK inhibitors in human malignancies as a 
means of enhancing the effects of conventional chemotherapy drugs or overcoming resistance to these agents.

ABBREVIATIONS

ASK1 Apoptosis signal-regulating kinase 1
DMBA 7,12-Dimethylbenz[α]anthracene
DUSP Dual-specificity phosphatase
EGFR Epidermal growth factor receptor
ERK Extracellular signal-regulated kinase
GPCR G-protein coupled receptor
GRASP-1 GRIP1-associated protein 1
HCC Hepatocellular carcinoma
HNSCC Head and neck squamous cell carcinoma
HPK1 Hematopoietic progenitor kinase 1
JAK Janus kinase
JIP  c-JUN NH2-terminal kinase-interacting protein 1
JNK c-JUN NH2-terminal kinase
MAPK Mitogen-activated protein kinase
MAPKK Mitogen-activated protein kinase kinase
MAP2K Mitogen-activated protein kinase kinase
MAPKKK Mitogen-activated protein kinase kinase kinase
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4.1 INTRODUCTION

Cells respond to changes in the environment, including stimulation with cytokines, 
growth factors, and stresses, by activating intracellular signal transduction pathways. A key 
signaling pathway is the mitogen-activated protein kinase (MAPK) pathway, which relays, 
amplifies, and integrates signals from various stimuli and regulates several important physi-
ological processes, including inflammation, proliferation, differentiation, and cell death [1]. 
As a ubiquitous and highly conserved signaling mechanism, the MAPK pathway consists 
of three classic tiers of kinase families, MAPKs, MAPK kinases (MAPKK or MAP2K), and 
MAPKK kinases (MAPKKK or MAP3K) (Fig. 4.1). Within the distal MAPK family, four sub-
families have been identified in eukaryotic cells, including the c-JUN NH2-terminal kinase 
(JNK) subfamily, the extracellular signal-related kinases (ERK) 1/2 subfamily, p38, and ERK5 
[1,2]. Each of these MAPKs is activated by tyrosine and threonine phosphorylation catalyzed 
by upstream MAPKKs (Fig. 4.1). The ERK proteins contain classical dual phosphorylation 
motifs, Thr-Glu-Tyr, and are typically activated following stimulation with mitogens [3]. JNK 
and p38 contain the dual phosphorylation motifs Thr-Pro-Tyr and Thr-Gly-Tyr, respectively, 
which commonly are phosphorylated in response to cellular stresses or stimulation with pro-
inflammatory cytokines. The dual phosphorylation of MAPKs is mediated by MAP2Ks, which 
are themselves activated by serine/threonine phosphorylation by the upstream MAP3Ks.

Early studies demonstrated that JNK, also known as stress-activated MAP kinase 
(SAPK), binds to the N-terminal activation domain of the transcription factor c-JUN [4]. 
JNK phosphorylates c-JUN on Ser-63 and Ser-73, promoting the transcriptional activ-
ity of the protein [5]. The JNK pathway has been intensively investigated for more than 
three decades, but its perplexing complexity is still not fully understood. The diverse con-
tributions of the JNK pathway to processes such as proliferation and differentiation give 
rise to complex roles in cancer, where both oncogenic and tumor suppressor roles have 
been described. Additionally, a considerable body of evidence has emerged, implicating 
JNK pathway activation in the development of resistance to anticancer drugs [6]. Thus, 
considerable effort has been invested by academic and pharmaceutical teams to screen 
chemical libraries or pursue rational drug design as a means of identifying inhibitors of the 

MAP3K Mitogen-activated protein kinase kinase kinase
MKP Mitogen-activated protein kinase phosphatase
MLK Mixed-lineage kinase
POSH Plenty of SH3s
RACK1 Receptor for activated C kinase 1
SAPK1 Stress-activated mitogen-activated protein kinase
STAT3 Signal transducer and activator of transcription 3
TAK1 Transforming growth factor-β-activated kinase 1
T-ALL T-cell acute lymphoblastic leukemia
TGF-β Transforming growth factor-β
TNF Tumor necrosis factor
TPA 12-O-tetradecanoylphorbol-13-acetate
VEGF Vascular endothelial growth factor
WDR62 WD repeat domain 62
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JNK pathway. In this chapter, we will describe the JNK pathway and discuss its role in the 
development of cancer and drug resistance. The potential for therapeutic targeting of the 
JNK pathway will also be discussed.

4.2 THE JNK PATHWAY

4.2.1 Structure and Isoforms

The JNK family comprises three kinases, JNK1, JNK2, and JNK3, encoded by the jnk1, jnk2, 
and jnk3 genes, respectively. The general structure of the JNK proteins consists of N- and 
C-terminal lobes (Fig. 4.2). The docking site domain, which is comprised of the negatively 
charged common docking (CD) region and the hydrophobic docking groove, plays a cru-
cial role in physical interactions with binding partners and substrate recruitment. The acti-
vation loop (A-loop) contains the Thr-Pro-Tyr motif [7–11]. Jnk1 and Jnk2 are ubiquitously 
expressed, whereas Jnk3 expression is restricted to brain, heart, and testis [7]. The three Jnk 
genes are also subject to alternative splicing, leading to the production of different isoforms. 
One alternative splice site lies within the sequence coding for the C-terminal lobe. The use of 
alternate internal coding exons leads to the generation of two similar isoforms, the α- and β-
isoforms. In certain tissues, the expression of tissue-specific splicing factors, such as the Nova 
family of neuronal splicing factors, results in expression of tissue-specific JNK isoforms. Ad-
ditionally, alternative splicing in the final coding exon results in a 5-nucleotide shift and the 
use of different reading frames, producing isoforms with distinct lengths and C-termini [9]. 
JNK isoforms with different C-termini resulting from frameshift can exhibit distinct cellular 

FIG. 4.1 The MAPK signaling cascade. In response to cellular stimuli, MAP3Ks become activated via phosphory-
lation. The phosphorylated/activated MAP3Ks phosphorylate and activate MAP2Ks, which subsequently phos-
phorylate and activate MAPKs (including JNK1/2).
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activities. For example, the short isoform JNK1-α1 has an anti-apoptotic function in Colo205 
colon cancer cells, whereas the long isoforms JNK1-α2 and -β2 promote apoptosis in these 
cells [12].

4.2.2 Upstream Activation of the JNK Signaling Pathway

JNK pathways are initiated by an assortment of extracellular and intracellular stimuli, in-
cluding hormones, pathogens, cytokines, UV radiation, oxidative stress, and DNA damage. 
Exposure to these stimuli can lead to activation of a broad variety of upstream signaling 
components, including G-protein coupled receptors (GPCRs), Wnt receptors, transforming 
growth factor-β (TGF-β) receptors, tumor necrosis factor (TNF) receptors, and the Toll-like 
receptor complex [9]. Consequently, cascades of kinase signaling are activated that converge 
on JNKs.

JNKs are activated by phosphorylation of A-loop Thr and Tyr residues by two MAP2ks, 
MKK7 and SEK1 (also known as MKK4). SEK1 and MKK7 preferentially phosphorylate JNK 
on Tyr and Thr residues, respectively [13]. In stress-stimulated mouse embryonic stem (ES) 
cells, JNK1 is first phosphorylated by SEK1 (on Tyr), followed by phosphorylation by MKK7 
(on Thr) [14]. Thus, SEK1 and MKK7 appear to cooperate in the activation of JNKs. SEK1 
and MMK7 become activated following dual phosphorylation by MAP3Ks. Several MAP3Ks 
capable of activating the JNK pathway have been identified, including MEKK1 [15], mixed-
lineage kinases (MLKs) [16], apoptosis signal-regulating kinase 1 (ASK1) [17], and transform-
ing growth factor β-activated kinase 1 (TAK1) [18].

4.2.3 The Role of Scaffold Proteins

Scaffold proteins play key roles in providing a platform for signaling molecules to as-
semble, promoting the localization of signaling molecules at specific sites and coordinating 

FIG. 4.2 JNK schematic representation.
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positive and negative feedback signals for pathway regulation. Several scaffold proteins have 
been identified that bind to JNKs and upstream activators. In melanoma cells, filamin was 
found to interact with SEK1 as a scaffold protein, in response to TNF-α stimulation [19]. The 
scaffold proteins POSH (plenty of SH3s) promote JNK pathway activation by directly inter-
acting with GTP-bound RAC1 [20]. POSH complexes with and sequentially stimulates RAC1, 
MLKs, SEK1, MKK7, and JNKs [21]. Scaffolds JIP1 (JNK-interacting protein 1) and JIP3 recruit 
several different activators and JNKs. JIP1 recruits DLK, MKK7, and JNK as a complex [22], 
whereas JIP3 binds SEK1 and MEKK1 to stimulate SEK1, leading to JNK3 activation [23]. β-
Arrestin-2 contains a MAP kinase docking site and mainly functions as a scaffold protein in 
activation of JNK3, by tethering ASK1, SEK1, and JNK3 [24]. Crk II activates HPK1 (hemato-
poietic progenitor kinase 1) and SEK1-dependent activation of the JNK pathway, by recruit-
ing JNK1 to a p130Cas multiprotein complex [25].

DUSP19 (dual-specificity phosphatase 19) is the first MAPK phosphatase (MKP) identified 
as a scaffold protein. DUSP19 physically interacts with MKK7 and indirectly regulates JNK 
[26]. In 2016, another MKP, DUSP22, was reported to interact with ASK1, MKK7, and JNK1 
to promote JNK activation independent of its phosphatase activity [27]. In neurons, GRASP-1 
(GRIP1-associated protein 1) binds both JNK1 and MEKK1. Following cleavage by caspase-3, 
the C-terminal domain of GRASP1 is released to promote activation of JNK [28]. In response to 
stress resulting from X-rays and genotoxic drugs, RACK1 (Receptor for Activated C Kinase 1)  
has been shown to bind and activate JNK1 and MTK1 [29]. Additionally, WDR62 (WD re-
peat domain 62) has been implicated in noncanonical activation of JNK via association with 
JNK and MKK7 [30]. Additional scaffold proteins have been identified that participate in the 
activation of p38 and ERKs. However, the mechanistic details whereby many of the scaffold 
proteins promote pathway activation remain to be elucidated.

4.2.4 Substrates of JNK

The JNKs were initially described as kinases responsible for the phosphorylation of c-JUN 
transcription factor. Subsequently, over 100 proteins have been identified as JNK substrates, 
including several transcription factors and nuclear hormone receptors, as well as proteins 
that are not transcription factors. JNK1 binds to the activation domain of c-JUN, specifically 
phosphorylating Ser63 and Ser73 residues near the N-terminus. JNK1-mediated phosphory-
lation of c-JUN inhibits the ubiquitination and proteasomal degradation of c-JUN, leading 
to enhanced transcriptional activity of the AP-1 complex containing c-JUN and c-FOS, and 
subsequently leading to the induction of AP-1 target genes [1]. The impact of JNK on c-JUN 
function has been explored extensively and is well documented [30]. Below, we will describe 
the influence of JNKs on three less characterized, albeit key, substrates, the transcription fac-
tor STAT3, the anti-apoptotic protein Bcl-2, and the pro-apoptotic protein Bax.

STAT3, or signal transducer and activator of transcription 3, exists in the cytoplasm as an 
inactive monomer. When cells are stimulated by cytokines or growth factors, STAT3 becomes 
phosphorylated on Tyr705 by activated tyrosine kinases called JAK enzymes. Phosphorylation  
of Tyr705 leads to dimerization of STAT3 and translocation to the nucleus, where the active 
STAT3 dimer induces the expression of a number of target genes that promote cellular prolif-
eration and survival. It has also been reported that JNK1/2 directly phosphorylates Ser727 on 
STAT3 following UVA irradiation, enhancing the DNA binding activity of STAT3 in epidermal 
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JB6 cells [31,32]. In BEAS-2B cells, a human bronchial epithelial cell line, carcinogenic arsenic 
also activates JNK to promote STAT3 Ser727 phosphorylation, followed by STAT3-mediated 
induction of vascular endothelial growth factor (VEGF) and cell migration [33]. By contrast, 
in head and neck squamous cell carcinoma (HNSCC) cell lines, JNK phosphorylation of 
Ser727 has been reported to reduce phosphorylation of Tyr705, leading to inhibition of STAT3 
transcriptional activity, decreased cyclin D1 expression, and reduced cellular proliferation 
and viability [34]. These somewhat discordant findings have raised controversy surrounding 
the role of JNK-dependent Ser727 phosphorylation. It is possible that the effects of Ser727 
phosphorylation on STAT3 functional activity may be dictated by the repertoire of accessory 
transcriptional modulators expressed by the cell and, hence, are cell-type specific.

Bcl-2 is an anti-apoptotic protein that resides primarily in the mitochondria. Under healthy 
growing conditions, Bcl-2 prevents apoptosis by binding to the pro-apoptotic Bcl-2 family 
members Bax and Bak. Additionally, Bcl-2 prevents induction of autophagy by binding to 
Beclin-1. When cells are subjected to stress conditions, such as nutrient deprivation, JNK1 
becomes activated and phosphorylates Ser70, Ser87, and Thr69 in the unstructured loop re-
gion of Bcl-2 [35–38]. Phosphorylation of Bcl-2 on these residues causes dissociation from 
Beclin-1, as well as Bax (Fig. 4.3). Initially, sufficient levels of Beclin-1 are released to trigger 
induction of autophagy and the cells undergo characteristic biochemical and morphologic 
features of the autophagy process. If the stress is not removed, and JNK1 remains active, more 
Bcl-2 is phosphorylated and the amount of released Bax rises to a level that leads to induction 
of apoptosis and the ultimate death of the cell. Additional mechanisms of Bax regulation by 
the JNK pathway have also been reported (Fig. 4.3). In one mechanism, activated JNK directly 

FIG. 4.3 Induction of apoptosis and autophagy by JNKs. In response to cellular stimuli, activated JNK1/2: (1) 
phosphorylate 14-3-3 on serine, causing release of bound Bax, (2) directly phosphorylate Bax on Thr167, and (3) 
phosphorylate Bcl-2 on Thr69, Ser70, and Ser87, causing the release of Bax (promotes apoptosis) and Beclin-1 (pro-
motes autophagy) from the Bcl-2 protein.
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phosphorylates cytosolic Bax on Thr167. This stimulates translocation of Bax to the outer 
mitochondrial membrane where it becomes available for homo- or hetero-oligomerization 
with another Bcl-2 family member [38]. In another described mechanism, JNK acts to re-
lease cytosolic Bax that is complexed with 14-3-3 protein. Here, Bax is bound by 14-3-3 in a 
phosphorylation-independent manner, and activated JNK directly phosphorylates the 14-3-3 
protein. This allows release of Bax and translocation of Bax to the mitochondria, promoting 
cytochrome c release and induction of apoptosis [39,40].

4.3 JNK PATHWAY IN CANCER

The roles of JNK enzymes in cancer have been extensively investigated and reported in a 
large body of scientific literature. While a majority of studies implicate JNKs in promoting 
cancer, tumor suppressor roles have also been described. It appears that the precise roles of 
JNKs are context dependent. Thus, it is particularly important to understand the specifics 
of the cancer model being studied when investigating the functional consequences of JNK 
activation.

4.3.1 Tumor Suppressive Role

Tumor suppressive roles for JNKs have become readily apparent through the study of knock-
out mice. Treatment of JNK1-deficient mice with 7,12-dimethylbenz[α]anthracene (DMBA) 
and 12-O-tetradecanoylphorbol-13-acetate (TPA) results in enhanced papilloma development 
relative to treatment of wild-type mice [41]. JNK1 knockout models are also prone to spontane-
ous development of intestinal tumors [42]. Further studies have shown that the JNK pathway 
can act to suppress the oncogenic properties of RAS and inhibit the development of tumors 
of the breast, prostate, and colon [43–47]. The tumor suppressive function of JNKs is likely 
related to their role in regulating cell death/cell survival processes, including apoptosis and 
autophagy. For example, when multiple myeloma cells are subjected to stress, JNK activation 
stimulates the release of pro-apoptotic SMAC from the mitochondria, leading to induction of 
apoptotic cell death [48]. In addition, treatment with cytotoxic drugs leads to JNK activation 
in numerous types of cancer cells. In this scenario, the activated JNKs promote apoptosis by 
phosphorylating transcription factors such as c-JUN, ATF2, or p53, or by phosphorylating anti-
apoptotic Bcl-2, causing the release and activation of pro-apoptotic Bax [7,49,50].

4.3.2 Role in Oncogenesis

Emerging evidence indicates that the JNK signaling pathway plays an important role in the 
transformation of cells, as well as the processes of migration and invasion. Signaling via JNKs 
has been shown to be important for the transforming activities of several different oncogenes, 
including the genes encoding RAS, c-FOS, c-MET, and BCR-ABL [51,52]. Interestingly, studies 
in liver biology have shown that JNK1−/− and JNK2−/− mice exhibit resistance to hepatitis, 
with JNK1 playing a primary role in the development of hepatitis [53,54]. Additional stud-
ies have revealed that JNK1 promotes the development of hepatocellular carcinoma (HCC) 
[55,56]. The ability of JNK1 signaling to stimulate inflammation may underlie its important 
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role in both hepatitis and HCC [57,58]. Like JNK1, JNK2 has been strongly implicated in pro-
moting the growth of a variety of tumor types, including cancers of the lung, brain, prostate, 
and skin, as well as multiple myeloma [59–63]. Chemical carcinogenesis in skin caused by 
the application of DMBA/TPA is significantly reduced in mice lacking normal expression 
of JNK2 [64]. In the lung, JNK1 and JNK2 have been shown to mediate important oncogenic 
properties of K-RAS [65–67]. These findings are particularly important in view of the fact 
that roughly 36% of lung adenocarcinomas exhibit genetic alterations in K-Ras. In sum, JNK 
activation plays a key role in multiple cancers, underscoring the potential value of identifying 
strategies and agents that can be used to modulate the activity or expression of components 
of the JNK signaling pathway.

4.4 THE JNK PATHWAY IN DRUG RESISTANCE

As discussed in the last section, the JNK pathway plays an important role in tumor de-
velopment. Multiple studies have also documented a role for the JNK pathway in mediating 
resistance to chemotherapy drugs. However, similar to what is seen in tumor development 
or suppression, roles for the JNK pathway in cellular responses to chemotherapy differ de-
pending on the cancer cell type. Clear roles for the JNK pathway in drug resistance have 
been demonstrated in several cancer models, including lung adenocarcinoma, squamous cell 
carcinoma, melanoma, T-cell acute lymphoblastic leukemia (T-ALL), HCC, and colon cancer 
[68–74]. In breast cancer cell lines, the JNK pathway has been shown to mediate acquired 
resistance to EGFR/HER2-targeted therapies [73]. In tetrandrine-resistant Jurkat T leukemic 
cells, AP-1 activity has been shown to be elevated [75]. In lung cancer cells, the JNK pathway 
mediates cisplatin induction of drug resistance genes [76]. By contrast, inhibition of the JNK 
pathway in HCC cell lines leads to enhanced resistance to TRAIL (tumor necrosis factor-
related apoptosis-inducing ligand) [77]. Despite these divergent roles, on the whole, activa-
tion of the JNK is more commonly associated with drug resistance than drug sensitization. 
Thus, it is not surprising that considerable effort has been invested in developing inhibitors 
of the JNK pathway. In the next section, we describe several of these inhibitors, including 
ATP-competitive inhibitors and noncompetitive peptide inhibitors.

4.5 INHIBITORS OF THE JNK PATHWAY

4.5.1 ATP-Competitive Inhibitors in Clinical Trials

First described in 2001, SP600125, an anthrapyrazolone inhibitor of JNK1/2/3 has been 
used extensively to investigate in vitro and in vivo roles of the JNK pathway (Table 4.1) [78]. 
SP600125 is a reversible ATP-competitive inhibitor with >300-fold selectivity for JNKs over 
the related MAPKs, ERK1, and p38-2 [78]. SP600125 inhibits phosphorylation of c-JUN in 
a dose-dependent fashion and reduces the expression of pro-inflammatory genes [78]. In 
some disease models, treatment with SP600125 has been shown to control disease progres-
sion [79], whereas in other disease models the inhibitor failed to impact tumor growth and 
was found to induce significant toxicities [80]. CC-401 is an ATP-competitive inhibitor based 
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on SP600125 that potently inhibits all three JNKs (JNK1/2/3) and exhibits greater than 40-
fold selectivity for JNKs compared to other related kinases [69]. CC-401 has shown efficacy 
in sensitizing colon cancer cells to DNA-damaging agents and also exhibits activity in exper-
imental models of unilateral ureteral obstruction and antiglomerular basement membrane 
disease [69,81,82]. CC-401 has been investigated in a Phase I clinical trial of high-risk my-
eloid leukemia patients (NCT00126893; clinicaltrials.gov). Another SP600125-derived JNK 
inhibitor is CC-930 (Tanzisertib), an orally active aminopurine compound [83]. Phase I eval-
uation of CC-930 has demonstrated a decrease in UV-induced phosphorylation of c-JUN in 
the skin of treated patients [84]. However, two Phase II clinical trials of CC-930 in discoid lu-
pus erythematosus (NCT01466725) and idiopathic pulmonary fibrosis (NCT01203943) were 
prematurely terminated due to a poor benefit–risk profile. AS601245 is a structurally unique 
ATP-competitive JNK inhibitor with anti-inflammatory and neuroprotective properties [85]. 

TABLE 4.1 JNK inhibitors

Name Structure or sequence Target Clinical trials References

SP600125 JNK1/2/3
MKK3/4/6
COX-2
IL-2
IFN-y
TNF-a

None [78–80]

CC-401 JNK1/2/3 NCT00126893 [69,81,82]

CC-930 (Tanzisertib) JNK1/2/3 NCT01466725
NCT01203943

[83,84]

AS601245 JNK1/2/3 [85,86]

AS602801 (PGL-5001 
or Bentamapimod)

JNK1/2/3 NCT01630252 [87]

D-JNKI (XG-102 or 
AM-111)

DQSRPVQPFLNLTTPRKP 
RPPRRRQRRKKRG

JNK1/2/3 NCT01570205
NCT00802425
NCT02235272
NCT02508337
NCT02809118
NCT02561091

[88–95]
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AS601245 inhibits the proliferation of colon cancer cells and has been reported to protect the 
brain from ischemic injury [85,86]. Phase II testing of AS602801 (also known as PGL-5001 
or Bentamapimod), a related orally active inhibitor, has recently concluded in patients with 
inflammatory endometriosis (NCT01630252). AS602801 has been reported to inhibit pancre-
atic cancer stem cells in vitro and in vivo [87]. The structures, activities, and mechanisms of 
additional ATP-competitive inhibitors of JNKs are described elsewhere [88,89].

4.5.2 Peptide Inhibitors of the JNK Signaling Pathway

The vast majority of inhibitors of protein kinases are directed against the kinase ATP 
binding site. However, since all kinases contain ATP binding sites, these inhibitors often 
lack specificity and inhibit multiple different kinases. Thus, it is beneficial to design or 
screen for noncompetitive inhibitors, including small molecules and peptides that act to 
disrupt key protein–protein interactions. A cell-permeable peptide encompassing the JNK-
binding site of c-JUN has been reported to specifically and efficiently disrupt the c-JUN/
JNK complex in vitro and in vivo [90]. An additional peptide inhibitor, D-JNKI (also known 
as XG-102, AM-111), interferes with JIP1/JNK interactions (Table 4.1) [91]. This d-amino 
acid-containing, retro-inverso peptide demonstrates impressive stability in cells and sig-
nificant biological activity in a variety of in vivo models, including preclinical models of 
cerebral ischemia, hearing loss, liver injury, and cancer [92–95]. Phase I testing has been 
completed examining the tolerability and pharmacokinetics of a single intravenous infu-
sion of D-JNKI in healthy volunteers (NCT01570205). Clinical trials are currently ongo-
ing, examining the impact of D-JNKI in patients with acute sensorineural hearing loss 
(NCT00802425, NCT02809118, NCT02561091). In addition, a Phase III clinical trial is in-
vestigating the efficacy of D-JNKI in reducing inflammation and pain following cataract 
surgery (NCT02235272, NCT02508337). In view of the antiproliferative activity of D-JNKI 
against melanoma cells and its relatively positive safety profile in humans, testing of this 
novel compound in cancer patients appears warranted [91].

4.6 CONCLUSIONS

To date, the evaluation of JNK inhibitors in cancer clinical trials has been limited, despite 
ongoing testing in other diseases. The ability to deliver tolerable doses over extended peri-
ods of time remains a significant challenge. Moreover, it is doubtful that JNK inhibitors will 
prove to be highly effective as single agents. The identification of additional, well-tolerated 
inhibitors and the identification of combinatorial targeting strategies, preferably those that 
generate synergistic antitumor responses or overcome resistance to conventional anticancer 
agents, should be key goals of future investigations
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