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Abstract: c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) family
members integrate signals that affect proliferation, differentiation, survival, and migration in a
cell context- and cell type-specific way. JNK and p38 MAPK activities are found upregulated in
nasopharyngeal carcinoma (NPC). Studies have shown that activation of JNK and p38 MAPK
signaling can promote NPC oncogenesis by mechanisms within the cancer cells and interactions
with the tumor microenvironment. They regulate multiple transcription activities and contribute to
tumor-promoting processes, ranging from cell proliferation to apoptosis, inflammation, metastasis,
and angiogenesis. Current literature suggests that JNK and p38 MAPK activation may exert pro-
tumorigenic functions in NPC, though the underlying mechanisms are not well documented and
have yet to be fully explored. Here, we aim to provide a narrative review of JNK and p38 MAPK
pathways in human cancers with a primary focus on NPC. We also discuss the potential therapeutic
agents that could be used to target JNK and p38 MAPK signaling in NPC, along with perspectives for
future works. We aim to inspire future studies further delineating JNK and p38 MAPK signaling in
NPC oncogenesis which might offer important insights for better strategies in diagnosis, prognosis,
and treatment decision-making in NPC patients.

Keywords: p38 mitogen-activated protein kinase; c-Jun N-terminal kinase; nasopharyngeal carci-

noma; Epstein—Barr virus; cancer cell survival

1. Introduction

Nasopharyngeal carcinoma (NPC) is one of the most aggressive types of head and
neck carcinoma that mainly grows at the epithelial lining of the nasopharynx, with frequent
metastasis to regional lymph nodes and occasionally to distal organs [1-3]. Compared with
other cancer types, NPC is characterized by its unique epidemiological feature where sig-
nificantly higher incidence rates were observed in endemic regions, such as Southeast Asia
and southern China (21 cases per 100,000 population), compared to the Western countries
(1 case per 100,000 population) [4]. Several risk factors, including genetic predisposition,
viral infection (e.g., Epstein—Barr virus and human papillomavirus), and diet, have been
shown to associate with NPC pathogenesis [5-8]. Despite its high sensitivity to current
treatments, such as ionizing radiotherapy, if treated at early stages treatment is often not
curative, as approximately 10% to 20% of NPC patients will have local recurrence, while
about 7 to 20% will have distant metastasis within 2 years after primary therapy [9-11].
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Mitogen-activated protein kinase (MAPK) pathway is an intracellular signal trans-
duction pathway that regulates a plethora of cellular processes, including cell growth,
cell proliferation, cell differentiation, stress response, migration, and apoptosis, in re-
sponse to various extracellular stimuli [12-14]. It consists of three pathways which involve
extracellular-signal-regulated kinase 1 and 2 (ERK1/2), c-Jun N-terminal kinase 1, 2, and 3
(INK1/2/3), and p38 MAPK signaling pathways (Figure 1) [15]. ERK1/2 is activated in
response to growth factors, hormones, and proinflammatory stimuli, while JNK1/2/3 and
P38 MAPKs are activated by cellular and environmental stresses, in addition to proinflam-
matory stimuli [15].
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Figure 1. JNK, p38 MAPK, and ERK pathways in MAPK signaling. Upon external stimulation, recep-
tor tyrosine kinases (RTKSs) activate the three-tiered kinase module comprising MAPKK,. MAPKK,
and MAPK through sequential protein phosphorylation. The activated MAPKSs translocate to the
nucleus and trigger cellular responses.
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MAPKs are activated upon binding of the ligands to the transmembrane glycoproteins
of the receptor tyrosine kinase (RTK) family proteins, such as epidermal growth factor
receptor (EGFR), fibroblast growth factor receptor (FGFR), platelet-derived growth fac-
tor receptor (PDGFR), and vascular endothelial growth factor receptor (VEGFR) [16,17].
Alternatively, some RTKs may be activated in a ligand-independent manner by external
stimuli or through activating mutations (as in cancers). The activation signal is then trans-
mitted through rat sarcoma (RAS) signaling molecules via rapid conversion of GTP to GDP
with the aid of nucleotide exchange factor Son of Sevenless homolog 1 (SOS1) [18]. The
active form of RAS will then bind to RAF proto-oncogene serine/threonine-protein kinase
(rapidly accelerated fibrosarcoma, RAF) and activates the mitogen-activated protein kinase
kinase kinases (MAPKKK), the mitogen-activated protein kinase kinases (MAPKK), and
the MAPKs in sequential order (Figure 1) [13,19]. This in turn leads to the phosphorylation
of the MAPK substrates, such as phospholipases, transcription factors, and cytoskeletal
proteins, at their specific interaction motifs, leading to the upregulation or downregulation
of the target genes [13,20].

The MAPK family proteins have attracted researchers’ attention due to their significant
role in regulating cancer cell survival. They have been frequently reported to be involved
in oncogenesis, tumor progression, and drug resistance [21]. While MAPKSs play crucial
roles in apoptosis and cancer cell survival, their functional roles and mechanisms in the
oncogenesis of NPC are less understood. In the context of NPC, only the ERK pathway
has been extensively studied and reviewed, while findings and literature on JNK and
p38 MAPK pathways in NPC remain fragmented [22]. Therefore, this narrative review
begins with an overview of JNK and p38 MAPK pathways in human cancers, followed by
a focused discussion on the functions of JNK and p38 MAPK signaling pathways in NPC.
This review also summarizes the potential therapeutics that could be used to target JNK
and p38 MAPK signaling in NPC, along with perspectives for future works to address the
research gaps.

2. JNK Signaling Pathway

JNK is one of the MAPK family proteins that is predominantly activated by stress
stimuli. Initially, the J]NK cascade was found in mice liver and called stress-activated
protein kinase (SAPKs) but was later named JNK due to its ability to phosphorylate and
activate the c-Jun transcription factor [23]. There are three JNK isoforms, encoded by three
genetic loci known as JNK1 (MAPKS), JNK2 (MAPKDY), and JNK3 (MAPK10 [24]. JNK1 and
JNK2 are found in most tissues, while JNK3 expression is limited to the tissues of the brain,
heart, and testes [25].

JNK is activated by a series of phosphorylation events. Upon stimuli activation,
phosphorylation of MAPKKK (e.g., MEKK1-4, ASK1/2, TAK1, MLK2, DLK, and TAO1/2)
leads to phosphorylation of MAPKK (e.g., MKK4 and MKK?7), which in turn leads to dual
phosphorylation of JNKs at the threonine (Thr183) and tyrosine (Tyr185) sites on its Thr-
Pro-Tyr (TPY) motif [26,27]. Activated JNKSs will then phosphorylate Jun proteins (JunB,
JunD, and c-Jun), which leads to its dimerization with Fos proteins (c-Fos, FosB, Fra-1/2) to
form the transcription factor activator protein-1 (AP-1) to in turn activate the transcriptional
program of the target genes [26,27]. Activated JNKs can also regulate the transcription of c-
Myc, p53, ETS Like-1 protein (ELK1), activating transcription factor 2 (ATF2), nuclear factor
of activated T cell (NFAT), signal transducer and activator of transcription 1/3 (STAT1/3),
paired box (PAX) genes, and the BCL2 family proteins (e.g., BCL2, BCL-xL, BAD, BIM,
and BAX) [26,27]. As shown in Figure 2, these signals eventually lead to the regulation
of multiple cellular processes, including cell proliferation and apoptosis, immunological
effects, insulin signaling, and neuronal activity [26-28].
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Figure 2. The upstream activators and downstream targets of the JNK pathway. Several types of
stimuli, such as inflammatory cytokines, tumor necrosis factor alpha (TNF-«), and growth factors,
can induce activation of members of the MAPKKK family. Other factors such as oxidative stress and
UV irradiation can also lead to MAPKKK activation. The scaffold protein JNK-interacting protein-1
(J1P) binds the MAPKKK and MAPKK family members with JNKs and facilitates the JNK activation.
The activated JNKs may dissociate from this complex and induce mitochondria-dependent apoptosis
through B cell lymphoma (BCL-2) and BCL-2 associated x-protein (BAX). On the other hand, activated
JNKs may also promote transcription of genes involved in cell proliferation, differentiation, growth,
and apoptosis via phosphorylation of the downstream targets.

3. p38 MAPK Signaling Pathway

p38 MAPK is another type of SAPK under the MAPK family which is primarily acti-
vated by environmental stress (e.g., heat, osmotic, and oxidative stress) and genotoxic stress
(e.g., ionizing radiation, ultraviolet (UV) light, and cytotoxic DNA damaging agents) [29,30].
The p38 MAPKSs consist of four isoforms encoded by separate genes with distinct substrate
specificities and tissue distributions: p38a (MAPK14), p383 (MAPK11), p38y (MAPK12),
and p386 (MAPK13) [13].
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Different isoforms of p38 are differentially expressed in different tissues. For instance,
p38a and p38f3 are ubiquitously expressed in most tissues and are particularly highly
expressed in heart and brain; p38y is expressed primarily in skeletal muscle, while p385
expression is mainly in the lungs, pancreas, small intestine, kidneys, and testis [31]. The
main upstream MAP2Ks involved in p38 MAPK activation are MKK3 and MKK6 and, to
a lesser extent, MKK4 [31,32]. As with JNK activation, activation of p38 MAPK requires
dual phosphorylation by MAP3Ks at the Thr-Gly-Tyr (TGY) motif [13,33]. Once the p38
MAPKSs are activated, they translocate from the cytosol to the nucleus and regulate cellular
functions by activating downstream transcriptional targets such as PAX6, ETS1, PRAK,
MK3, RAR«, AP-1, ATF1, and CHOP [13,34]. Activation of p38 MAPK by MSK1/2 can
activate other transcription factors, including STAT1, NF-«B, MEF-2, ELK1, and CREB [13].
In addition, different isoforms of p38 MAPK can specifically activate different kinds of
downstream molecules depending on their substrate specificity. For instance, p38«, p38f3,
and p38y activate MAPK-activated protein (MAPKAP-2 or MK2) and heat shock protein 27
(HSP27), while p386 activates eukaryotic elongation factor 2 kinase (eEF2K) [35-38]. These
proteins will ultimately lead to regulation of gene expression, cell motility, transcription,
and chromatin remodeling (Figure 3) [19].
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Figure 3. p38 MAPKs pathway and its upstream and downstream activation. The four p38 MAPK
family members (p38«x, p383, p38y, and p385) are activated by external stress, inflammatory cytokines,
or UV radiation, which is similar to the JNK pathway. Once activated, this pathway initiates
production of the pro-apoptotic transcription factors for inflammation, differentiation, proliferation,
apoptosis, senescence, and RNA splicing.
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4. JNK and p38 MAPK Signaling in Human Cancers

In normal tissue, the activation of both JNK and p38 MAPK pathways is triggered
mainly by metabolic stress, DNA damage, cytokines, and growth factors, which in turn
regulate cell viability [14]. Activation of p38 MAPK signaling has been shown to induce
the expression of pro-inflammatory mediators, including cyclooxygenase-2 (COX-2) and
tumor necrosis factor-o (TNF-), while activation of JNK leads to induction of apoptosis in
response to stress stimuli or inflammatory or oncogenic signals [31,39].

In cancerous cells, both JNK and p38 MAPK pathways usually exhibit dysregulation
of protein expression [40]. Several studies have demonstrated that upregulation of JNK and
p38 MAPK signaling enhances tumor growth and cancer cell invasion [41-43]. However, a
number of studies also indicated that p38 MAPK signaling is downregulated in tumor cells,
resulting in the development of anoikis resistance, and promotes survival of circulating
cancer cells [44]. Thus, the role of J]NK and p38 MAPK signaling in cancers remains contro-
versial. It is suggested that JNK and p38 MAPK signaling could exert an oncosuppressive

or oncogenic function in a cell context-dependent manner (Tables 1 and 2) [26,45].

Table 1. Status of JNKs in human cancers and their clinical implications.

Type of Cancer JNK Status Clinical Implications References
Higher expression of JNK1, rather than JNK2, was detected
Liver cancer JNKT1 activity upregulated as a progenitor cell biomarker and lowered the survival rate [46]
of patients with hepatocellular carcinoma (HCC).
JNK1,2 activities upregulated Total JNK expression was upregulated in human ma.hgnant
Prostate cancer o prostate epithelium compared to normal or benign [47,48]
in silico . 11
hyperplasic (BPH) epithelium.
Decreased p-JNK1/2 expression was observed in breast
Breast cancer JNK1,2 activities infiltrating ductal carcinoma (IDC) cases and was correlated [49]
downregulated significantly with increased tumor grade and decreased age
at diagnosis.
Bladder cancer JNK2 activity downregulated Low.er JNK2 expression was associated w1th poorer overall 150]
survival among patients who underwent radical cystectomy.
JNK1,2 activity ]NKl' /2 was inactivated in 'humgr} liung squamous cell
Lung cancer carcinoma (LSCC) and their activities were positively [51]
downregulated . . )
correlated with survival rates of patients.
p-JNK was overexpressed in papillary thyroid carcinomas
Thyroid cancer JNK activity upregulated and was significantly associated with the presence of lymph [52]
node metastases and advanced TNM stages.
JNK activity was elevated in human colorectal tumors
Colorectal cancer JNK1 activity upregulated compared to normal intestinal mucosa. p-JNK1 was [53]
overexpressed in the multidrug-resistant colon cancer cells.
Head and neck JNK1,2 activities Higher JNK1/2 activities had better survival rate than those
squamous cell ! with lower JNK1/2 activities in patients with head and neck [51,54]
. downregulated .
carcinoma squamous cell carcinoma tumors.
JNK1 expression was inhibited by squamous cell carcinoma
antigen (SCCA) and blocked UV-induced keratinocyte
Skin cancer JNK1 activity downregulated, apoptosis. JNK2 was activated in more than 70% of human [55,56]
JNK2 activity upregulated squamous cell carcinoma (SCC) and is sufficient to couple !
with oncogenic Ras to transform primary human epidermal
cells into malignancy.
JNKT1 expression levels were found to be higher in advanced
Ovarian cancer JNK1 activities upregulated stage (.I [Tand IV) cases than mn early stag.e (Land IT) cases [57,58]
and inversely associated with the survival of ovarian
cancer patients.
Activation of JNK signaling was associated with TNM
Nasopharyngeal - staging of NPC, as NPC patients with stage III-IV had
carcinoma INK activity upregulated higher positive expression rates of JNK and p-JNK proteins (51

compared to NPC patients with stage I-II.




Int. J. Mol. Sci. 2022, 23,1108

7 of 18

Table 2. Status of p38 MAPKSs in human cancers and their clinical implications.

Type of Cancer

p38 MAPK Status

Clinical Implications References

Liver cancer

Prostate cancer

Breast cancer

Bladder cancer

Lung cancer

Thyroid cancer

Colorectal cancer

Head and neck
squamous cell
carcinoma

Skin cancer

Nasopharyngeal
carcinoma

P38y, b activities upregulated

p38 MAPKSs upregulated

p38«,  activities upregulated

P38 activity upregulated

P38 activity upregulated

p38x, 3, 6 activities

p38«, o activities upregulated

High p38y expression was associated with a poorer
outcome in cases of liver cancer. Overexpression of p385
was observed in cholangiocarcinoma and responsible for

cancer cell motility and invasion.

Strong expression of p38 MAPKSs was observed in all

prostate cancer patients with progressive disease from [62]
stages II to IV.

High levels of active p38c« were correlated with poor
prognosis, lymph node metastasis, and tamoxifen resistance
in breast cancer patients. High p385 levels were associated

with poor prognosis in breast cancer patients of all tumor
subtypes, especially estrogen receptor (ER)-positive/human
epidermal growth factor receptor 2 (HER2)-negative types.
The expression of p38 in transitional cell carcinoma (TCC)
of the bladder was positively correlated with depth of
muscle invasion, grade, stage, lymph node metastasis,
distant metastasis, size, and number of tumors.
Higher numbers of both phosphorylated-p38 and
p38x-positive cells were observed in lung adenocarcinoma

[60,61]

[63-65]

[66,67]

p38«x activity upregulated compared to the normal lung parenchyma and correlated [68,69]

with a higher mortality rate as well as with a shorter time
to relapse.
High expression of p38«x was revealed in malignant thyroid
carcinoma, such as human papillary and follicular [70]
thyroid carcinomas.
High levels of phosphorylated p38, p38«, and p38f3 were
correlated with chemotherapy resistance and poor overall
upregulated survival in colon cancer patients. The depletion of p386
impaired tumor growth in vivo.
Expression of p38c and p386 by tumor cells was detected in
HNSCCs in vivo. Phosphorylated p38 expression was

[71-73]

p38«, o activities upregulated clearly increased in moderately differentiated and even [74,75]

further increased in poorly differentiated HNSCC, with
increased angiogenesis and lymph angiogenesis.
Increased expression levels of p38x and p385 were detected
in human primary cutaneous SCCs.
P38 MAPKSs were overexpressed in non-keratinizing

[76]

p38 MAPKSs upregulated squamous cell carcinoma (most common form in high-risk [77,78]

countries) at T3-T4, N2-N3 and clinical stage ITI-IV.

5. Pro-Tumorigenic Functions of JNK and p38 MAPK Signaling in NPC

The activation of JNK and p38 MAPK signaling has been shown to exert pro-tumorigenic
functions in NPC by promoting NPC tumor growth, cell invasion, metastasis, and angiogen-
esis. JNK and p38 MAPK activities are also found to inhibit pro-apoptotic signaling in NPC
cells and can be induced by LMP1 in EBV-associated NPC. Moreover, it is suggested that ac-
tivation of p38 MAPK signaling may contribute to inflammatory tumor microenvironment
in NPC.

5.1. Activation of JNK Signaling Promotes NPC Cell Survival

Prolonged activation of JNKs has been shown to promote NPC tumorigenesis by
activating c-Jun. For instance, increased expression of c-Jun, JNK, phosphorylated c-Jun,
and phosphorylated JNK protein was associated with tumor (T), nodes (N), and metastases
(M) staging and was expressed at significantly higher levels in patients with stage III-IV
than those with I-II stage NPC [59]. A study has also found that c-Jun silencing showed
a significant drop in cell migration and invasion both in vitro and in vivo [79]. As an
important part of AP-1 transcription factor, c-Jun plays a major interactive role in tumor
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formation, invasion, metastasis, and production of various cytokines and growth factors
in NPC [59]. It is reported that increased expression of serine/threonine phosphatase
calcineurin (CaN) could increase the half-life of c-Jun proteins, resulting in high expression
of c-Jun, followed by enhancement of tumorigenesis [80]. In addition, prolonged JNK
activation in NPC also has been found to increase the phosphorylation and subsequent
deactivation of p53, resulting in the activation of DNA methyltransferase and increased
resistance to apoptosis [22].

5.2. JNK and p38 MAPK Activities Inhibit Pro-Apoptotic Signaling in NPC Cells

As mentioned in Tables 1 and 2, increased expression of p38 MAPKSs and JNKs has
also been reported in NPC [59,78]. JNK and p38 MAPK activities have been evaluated in
treatment-resistant NPC, of which the protein expressions of both JNK and p38 MAPK were
found to be higher in cetuximab-resistant NPC [81]. Stroma cell-derived factor 1 (SDF-1) is
known to stimulate the activation of the p38 MAPK pathway in NPC cells with downreg-
ulation of microRNA-9 (miR-9), which reportedly exhibits tumor suppressor properties,
through CXCR4 overexpression, leading to NPC cell growth, migration, and invasion [82].

Dysregulation of apoptotic signals is one of the hallmark factors for the development
of various types of human cancer, including NPC. The well-known case is the aberrant
activation of BCL2 [22]. Overexpressed BCL2 protein in NPC has been reported in a higher
percentage than other head and neck cancers [83]. The upregulation of BCL2 mRNA has
also been found in several studies in NPC biopsies [84,85]. JNK signaling has been shown
to regulate the activity of BCL2 and anti-apoptosis activity in NPC. A study demonstrated
that JNK inhibition by programmed cell death 4 (PDCD4), a tumor suppressor gene, could
inhibit BCL2 activity, resulting in the blockade of cell proliferation and cell cycle progression
as well as inducing the mitochondrial apoptosis pathway [86]. JNK activation stimulated by
TNF-« upregulated the expression of inhibitor of apoptosis protein 2 (c-IAPs 2), which then
triggered rapid proliferation of NPC [87]. In addition, it has been reported that treatment
with 14-thienyl methylene matrine (YY]8) inhibited the proliferation of NPC cell lines and
induced apoptosis by suppressing p38 phosphorylation followed by BCL-2 activation [88].

5.3. INK and p38 MAPK Signaling Mediates LMP1 in EBV-Associated NPC

Compared to other head and neck cancers, NPC possesses a unique relationship
with the Epstein-Barr virus (EBV). EBV-associated NPC is the most prevalent and most
invasive form of head and neck carcinoma in Southeast Asia [89]. It mostly metastasizes
to organs such as liver, lung, and brain via unknown mechanisms [89]. It is characterized
by high intra-tumoral lymphocyte infiltrations, expression of EBV-encoded latent genes,
including EBERs, EBNA1, LMP1, LMP2, and BARTS, and significant levels of circulating
EBV DNA in the plasma of patients [90,91]. Generally, LMP1 is often found in EBV-positive
NPCs, and its expression is detected in 20 to 60% of NPC patients [92]. It is considered
to be an oncoprotein, due to the presence of COOH-terminal activation regions (CTARs)
functional domains. These domains play a crucial role in inflammation and tumorigenesis
by interacting with both tumor necrosis factor (TNF) receptor-associated factors and TNF
receptor-associated death domain [92].

Most studies have found that tumorigenesis of EBV-associated NPC is strongly related
to the LMP1 signaling molecules as well as the activities of p38 MAPKSs and JNKs. LMP1,
through binding of its CTAR2 to the TNF receptor-associated death domain/TNF receptor-
associated factor 2 (TRADD/TRAF2) signaling molecules, can activate the JNK signaling
pathway and upregulate AP-1 activity through functional heterodimerization of c-Jun and
JunB [93,94]. The heterodimer then binds to the promoter of p16 tumor suppressor gene
and downregulates its activity [93]. This causes the reduction of negative control on cyclin
D and enables the NPC cells to further progress through the G1/S stage of the cell cycle [93].

On the other hand, activation of the p38 signaling pathway may also increase LMP1
regulation. Both p38«x and p38f can induce CREB and ATF1 phosphorylation indirectly.
This results in the heterodimerization of the transcription factor ATF1-CREB and activates
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the LMP1 promoter via a CRE site [95]. Considering that p38 signaling, upon activation by
cytokines and environmental stress, can lead to apoptosis, upregulation of LMP1 by the
cytokine- or stress-activated p38 may allow EBV-positive cells to escape from apoptosis [95].
A platelet-derived endothelial cell growth factor called thymidine phosphorylase (TP) has
been found to be associated with poor prognosis in EBV-associated NPC. The expression
level of TP can be induced by activation of the p38 MAPK pathway via the CTAR1 and
CTAR2 domains of LMP1 [96]. It is suggested that JNK and p38 MAPK activation by LMP1
might contribute to the development of radio-resistance in NPC, but the detailed molecular
mechanism is yet to be understood [97,98]. A study reported that JNK activation by LMP1
in EBV-associated NPC could promote the expression of hypoxia-induced factor 1 (HIF-1)
and vascular endothelial growth factor (VEGF), which eventually contributed towards
radio-resistance in NPC patients [98]. Moreover, LMP-1 also inhibits an anti-metastatic
protein tissue inhibitor of metalloproteinase-3 (TIMP-3) through transcriptional repression
via the p38 MAPK pathway to promote metastasis [99].

5.4. Activation of p38 MAPK Signaling Promotes Inflammatory Tumor Microenvironment

Chronic inflammation is one of the features of cancer progression caused by the
immune cells. It increases the risk of cancer transformation in normal cells, as well as
promoting cancer cell metastasis and invasion [100]. NPC has a distinct tumor microenvi-
ronment in which the epithelial tumor cells are surrounded by many infiltrating immune
cells. However, the immune response often fails to halt cancer progression. One of the
reasons for such failure is that the tumor-associated macrophages (TAMs) fail to perform
phagocytosis and instead produce signals that suppress the adaptive immune response.
For instance, activation of cyclic adenosine monophosphate (cAMP)-dependent protein
kinase (PKA) by prostaglandin E2 (PGE2) results in the activation of p38 in TAMs [101].
This causes the stabilization of transcription factor CCAAT/enhancer binding protein d
(C/EBPd) mRNA via nucleocytoplasmic shuttling of the RNA binding protein Hu antigen
R (HuR) [102]. An increase of C/EBPd abundance in macrophages in response to PGE2
may lead to enhanced production of IL-10 and pentraxin 3 (PTX3), which suppresses the
ability of macrophages to phagocytose NPC cells [102].

5.5. Activation of INK and p38 MAPK Signaling Promotes NPC Cell Invasion and Metastasis

Tumor metastasis refers to the spread and implantation of tumor cells from the pri-
mary tumor site to distant tissues. Tumor metastasis is generally implicated in disease
progression, decreased survival, and reduced response to therapy. There are many steps
and requirements for tumor metastasis, including local tumor cell infiltration into neigh-
boring tissue, intravasation (trans-endothelial cancer cell movement into arteries), survival
in the circulatory system, extravasation, and subsequent proliferation in competent organs
leading to colonization [103]. In this process, matrix metalloproteinases (MMPs), a family
of zinc metallo-endopeptidases that is capable of digesting extracellular matrix (ECM)
molecules, have been implicated as crucial molecules in the degradation of ECM [104].
In addition, epithelial-mesenchymal transition (EMT) also plays an important role in tu-
mor metastasis, by which the cancer cells need to lose their cell-to-cell adhesion and gain
the abilities of invasion and motility to become mesenchymal cells for metastasis [105].
Among them, MMP-2 and MMP-9 are known to facilitate the invasion and metastasis of
head and neck carcinoma [106]. An increase in expression of MMP-2, MMP-9, and angio-
genic cytokine VEGF in NPC cells has also been found to be closely correlated with high
metastatic potential of NPC [107,108]. It is shown that treatment with p38 MAPK inhibitor
(5B203580) and transfection with p38 MAPK siRNA can downregulate both MMP-2 and
VEGF, which in turn inhibits NPC cell invasion [108]. Downregulation of phosphorylated
p38 and phosphorylated JNK1/2 via knockdown of amyloid 3 precursor protein (APP)
exerts inhibitory effects towards EMT in NPC by diminishing the mRNA expression levels
of MTA-1, MMP-2, and MMP-9 [109].
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5.6. Activation of p38 MAPK Signaling Promotes Angiogenesis

Tumor angiogenesis is the process of vasculature formation which supports the grow-
ing tumor with sufficient oxygen and nutrients. It is demonstrated to be regulated by the
balance of pro-angiogenic [e.g., VEGE, fibroblast growth factor (FGF-2)], platelet-derived
growth factor subunit B (PDGFB), and soluble vascular cell adhesion molecule (VCAM)]
and anti-angiogenic (e.g., angiostatin and endostatin) factors present in the tumor microen-
vironment [110]. In NPC tumor tissues, VEGF, as a potent angiogenic factor, is highly
expressed, and its expression is correlated with micro-vessel density [111,112]. The p38
MAPK pathway has been proven to be responsible for VEGF-stimulated endothelial cell
migration through the regulation of its downstream target genes and proteins, rather
than direct p38 signaling [113]. For example, p38c and p38y activities are required for
endothelial cell migration stimulated by both VEGF and non-growth factor stimulants,
S1P and VCAM, through the MKK3-p38a/y-MAPK2 pathway [114]. With these signaling
molecules in endothelial cell migration, the p38 MAPK pathway also regulates endogenous
urokinase plasminogen activator (uPA) expression, facilitating actin reorganization and
focal adhesion assembly [114]. These processes enable the formation of stress fibers which
direct cancer cell migration and allow for endothelial cell contraction [115].

6. Tumor Suppressive Functions of JNK and p38 MAPK Signaling in NPC

Although JNK and p38 MAPK pathways can directly regulate the aforementioned
genes that ultimately support tumor growth and progression, several studies have sug-
gested contradictory functions of JNK and p38 MAPK signaling as positive regulators of
tumor suppressor genes.

While many studies have attempted to evaluate the anti-cancer activities of natural
compounds in NPC, reports have intriguingly shown that certain natural compounds kill
NPC cells via upregulation of JNK and/or p38 MAPK activities. Amongst them, one demon-
strated that there was an increase in phosphorylation of p38 and JNK in post-tolfenamic
acid therapy that eventually induced NPC cell apoptosis as well as reduction of EMT by
downregulation of Slug [116]. Another study reported that caffeic acid phenethyl ester
(CAPE) treatment triggered phosphorylation of both JNK and p38 MAPK pathways and
reduced EMT by inducing n-myc downstream regulated 1 (NDRG1) expression, a tumor
suppressor gene, which in turn led to decreased Slug, Snail, vimentin, and N-cadherin
expressions and increased E-cadherin expression [117]. In addition, Liu et al. (2020) also
showed that asiatic acid extracted from Centella asiatica could induce apoptosis via phos-
phorylation of p38 MAPK and activation of two pro-apoptotic proteins, BAX and BCL-2
homologous antagonist/killer (BAK), in cisplatin-resistant human NPC-039 and NPC-BM
cells [118]. It also triggered the upregulation of caspase-3, caspase-8, caspase-9, and poly
(ADP-ribose) polymerase (PARP), which further decreased the NPC cell viability [118].
Treatment with celastrol, a traditional Chinese medicinal plant, was also found to sig-
nificantly increase the phosphorylation of p38 MAPK and JNK1/2 in cisplatin-resistant
human NPC-039 and NPC-BM NPC cells, triggering cytotoxicity by activation of caspase-
mediated apoptotic pathways in these cells [119]. Cantharidic acid, a natural toxin secreted
by beetles, has proven to reduce NPC cell viability through the upregulation of caspase
activation in extrinsic and intrinsic apoptosis pathways, as well as the upregulation of p38
and JNK1/2 pathways [120]. Treatment with licochalcone A significantly promoted cell
apoptosis by increasing p38 and JNK1/2 activation and upregulated caspase-3, caspase-8,
caspase-9 activation, and cleaved-PARP expression [121]. Similarly, a phenol compound,
Hispolon, isolated from Phellinus linteus inhibited cell proliferation of HONE-1 and NP-039
cell lines by activating caspases activation and PARP cleavage via p38 MAPK and JNK1/2
pathways [122].

Together with the evidence mentioned above, it is hypothesized that the anti-tumor
effects might be triggered by activating p38 MAPK and JNK pathways. However, none
attempted to determine how p38 MAPK and JNK pathways could have such tumor sup-
pressive functions in NPC cells. Indeed, the precise mechanisms for how p38 MAPKs and
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JNKSs could act as tumor suppressors in NPC and the cellular contexts that govern the pro-
and anti-cancer activities of p38 MAPKs and JNKs have yet to be ascertained and warrant
further investigations.

7. Targeting JNK and p38 MAPK in NPC

With the important roles of JNKs and p38 MAPKSs in NPC pathogenesis, targeting JNK
and p38 MAPK might be a promising strategy to be considered in NPC treatment. To date,
some potent and specific JNK and p38 MAPK inhibitors have been developed, and both of
their in vitro and in vivo activities are summarized in Tables 3 and 4, respectively. Some of
the inhibitors are currently being tested in clinical trials for other diseases [123-129]. One of
the p38 MAPK inhibitors, ralimetinib (LY2228820), has entered phase I and phase II clinical
trials in patients with advanced cancer [130].

Table 3. Examples and specificity of JNK inhibitors as well as their potential in cancers.

IC50 (nM) . .
Name Potential Usages in Cancer References
JNK1 JNK2 JNK3 JNKs
Anti-cancer effects in stomach
cancer, oral squamous carcinoma,
SP600125 40 40 90 ND lung adenocarcinoma, [131-138]
cholangiocarcinoma, colon
carcinoma, pancreatic cancer,
and glioblastoma.
JNK-IN-1 ND ND ND 2.31 Anti-cancer effects in skin cancer. [139]
JNK-IN-8 467 187 098 ND Sensitized friplenegative breast 1 1,
cancer cells to lapatinib.
Bentamapimod Induced apoptosis of cancer
(AS602801/PGL5001) 80 %0 230 ND stem cells. [142]
BI-78D3 ND ND ND 280 Anti-cancer effects in osteosarcoma. [143]
CC-401 2550  500-1000  25-50 ND Anti-cancer effects in colon cancer ;54 )
and acute myeloid leukemia.
ND: Not determined.
Table 4. Examples and specificity of p38 MAPK inhibitors as well as their potential in cancers.
IC50 (nM)
Name Potential Usages in Cancer References
p38 MAPKSs p38«x p38B p38y p3868
SB203580 50 ND 500 ND ND Anti-cancer effects in breast cancer. [145]
Doramapimod Anti-cancer effects in multiple
(BIRB 59 6) 0.1 38 65 520 200 myeloma, oral epidermoid [146-148]
carcinoma, cervical cancer.
Talmapimod Potential chemotherapy for
(SCIO-469) ND ? %0 ND ND multiple myeloma and leukemia. [149,150]
Potential chemotherapy for
melanoma, non-small cell lung
Ralimetinib cancer, ovarian cancer, glioma,
(LY2228820) ND 53 32 ND ND myeloma, breast cancer, colorectal [150,151]
cancer, sarcoma, renal cancer, and
pancreatic cancer.
Losmanimod Overcame gefitinib resistance in
( GW85£553X) ND 8.1 7.6 ND ND non-small cell lung [152]
cancer (NSCLQ).
Pexmetinib Potential chemotherapy for
(ARRY-614) 1 35 26 ND ND hematological carcinoma, such as [153,154]

myelodysplastic syndromes.

ND: Not determined.
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SP600125 (JNK inhibitor) and SB203580 (p38 MAPK inhibitor) are the two most com-
mon MAPK inhibitors used in NPC studies. Combinations of SB203580 with polyphyllin
G resulted in a decrease in cell viability and increase in autophagy [155]. Likewise, EBV-
positive NPC cells that underwent treatment with SP600125 were more sensitive to radiation
compared to the untreated cells [98]. However, some studies have reported the opposite ef-
fects. Pre-treatments by SP600125 and SB203580 partly inhibited the CAPE effect on NDRG1
induction in NPC cells by inhibiting phosphorylation of JNK or p38 and CAPE-induced
NDRGI1 protein levels [117]. Combination of licochalcone A with SB203580 treatment signifi-
cantly diminished the licochalcone A-induced cleavage of caspase-9, caspase-8, and caspase-
3, which would abolish the induction of apoptosis by licochalcone A monotherapy [121].

At present, there are still insufficient evidence and studies about the combination of
chemotherapy with the other JNK and p38 MAPK inhibitors to make conclusions of their
combinatory effects for NPC treatment. Extreme suppression of total JNK and p38 MAPK
activities should be practiced with caution, as different isoforms have distinct functions
in cell context-dependent manners. For instance, the development of SP600125 towards
clinical trials was terminated due to lack of selectivity towards the target site of cancer
cells [128]. No clinical trial has been initiated to test the efficiency of JNK and p38 MAPK
inhibitors towards NPC.

8. Conclusions

The activities of JNKs and p38 MAPKSs in NPC cell survival, invasion and progression,
and inflammatory response may be critical determinants of tumor cell survival and metasta-
sis. Intriguingly, these signaling pathways might be either oncogenic or occasionally tumor
suppressive through mechanisms which have yet to be fully elucidated in NPC. It is likely
that their functions might be conditional on whether the activation of JNKs and p38 MAPKSs
is transient or prolonged, or even differential by the EBV status of NPC [156]. Nevertheless,
more studies are needed to dissect the regulation and functions of different JNKs and p38
MAPKSs in NPC, particularly in consideration of the extensive crosstalk and integration
between JNK and p38 MAPK signaling pathways in the context of tumor growth and
progression. Understanding these pathways will be of fundamental importance to justify
the use of JNK and p38 MAPK inhibitors in NPC and to design better combinatorial treat-
ment strategies in NPC. Moreover, whether any p38 MAPKs and JNKs can be exploited as
diagnostic and predictive biomarkers for NPC patients also warrants further exploration.
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