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Abstract: Mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK) pathways exhibit complex signal
transduction pathways that modulate multiple processes and the deregulated form of MAPK is involved in many types of
cancers including skin cancer. These signaling pathways regulate cellular processes such as differentiation, inflammation,
cell proliferation, and survival. Moreover, MAPKs are crucial signaling pathways in regulating various cellular processes,
including cell proliferation, differentiation, survival, and apoptosis. Their dysregulation is commonly observed in cancer,
making them attractive targets for therapeutic intervention. The critical mechanisms and pathways of MAPKs and JNKs in
skin cancer including basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and melanoma are summarized in this
review. In addition to providing new insights into MAPK and JNK pathways in cancer progression and proliferation, we
also offered the significance of the mechanism of JNK in drug resistance and the association of KLF4 in influencing JNKs
for future endeavors to be targeted as therapeutic approaches as understanding the molecular aspects of these signaling
pathways are crucial for novel therapeutic breakthroughs.
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1. Introduction

Mitogen-activated protein kinase (MAPK) pathways comprise three kinases that regulate various cellular signaling
processes, the main upstream kinase (MAPKKK) controls multiple inside and outside signals and stimulates the
middle kinase (MAPKK) through phosphorylation. Only MAPKSs can phosphorylate and activate MAPKs, which
usually have a large number of substrates that carry out distinct cell fate selections appropriate for the received
information ', The suppression of upstream stimulants is a common aspect of MAPK substrate phosphorylation.
This arrangement is equivalent to a negative feedback booster since it ensures resilience against noise and graded
reactions by combining negative feedback from the finished product back to the source message with signal
enhancement via the 3-tiered kinase pathway ). MAPKs respond to a broad range of input indications, such as

14



signals from surroundings and internal stress, along with physiological stimuli comprising hormones, cytokines,
and growth regulators. As a result, they are generally divided into two categories: stress- and mitogen-responsive
MAPKSs. The classic examples of both categories include P38 and JNK as stress-responsive MAPKs and ERK
as mitogen-responsive MAPKs . From a biological perspective, the differentiation is imprecise since all three
groups react to an extensive range of stimuli that intersect. Since many disorders disrupt MAPK signaling,
medicinal developers have focused on developing drugs that target its kinase elements over the past 20 years .

c-Jun N-terminal kinases (JNKs) belong to the family of MAPKSs and are responsible for influencing cellular
activities such as inflammation, migration, cell proliferation, apoptosis, and differentiation. JNK was initially
identified as cycloheximide, a stress-activated protein kinase (SAPK), in the liver of mice . It was later dubbed
“JNK” to highlight its function in phosphorylating and activating the c-Jun transcription element. INK1 (MAPKS),
JNK2 (MAPK9), and JNK3 (MAPK10) are the three members of the JNK kinase family that are controlled by
three different genetic loci in the human genome . While JNK1 and JNK2 are prevalent in most tissues, INK3
expression primarily occurs in the brain, with smaller amounts also identified in the heart and testes. JNKs are
similar to other MAPKSs highly stimulated in reaction to ultraviolet radiation, cytokines, stress, and chemicals that
damage DNA; they are also less commonly induced by activation of G-protein-coupled receptors (GPCRs), serum,
and growth factors . Two upstream mitogen-activated protein kinase kinases (MAP2Ks) (MKK4 and MKK7)
phosphorylate JNKs specifically on the threonine (Thr183) and tyrosine (Tyr185) residues, hence initiating the
JNK cascade. Apoptosis signal-regulating kinase (ASK)1/2, MEKK1-4, MLK2 and 3, TPL-2, DLK, TAO1 and 2,
TAK1, and other mitogen-activated protein kinase kinase kinases (MAP3Ks) are among the upstream mechanisms
that promote MKK4 and MKK?7. Every MAP3K might have a distinct stimulus response "*.

Mitogen-activated protein kinase 8 (MAPKS8) gene also known as C-Jun N-terminal kinases 1 (JNKI)
is located on chromosome 10q11.22 and is associated with the phosphorylation of c-Jun at position serine 63
and serine 73 in those cells that are under the influence of ultraviolet radiations. C-Jun N-terminal kinases are
associated with SAPKs, encoded by three types of genes, which are MAPKS (JNKI), MAPK9 (JNK2), and
MAPK10 (JNK3), producing many products through splicing . The significant component of the MAPK family
is C-Jun N-terminal kinases. The increase in activity of MAPKS can control the proliferation of cells positively
and the MAPK family is involved in many pathways such as cell survival, stress response, migration, apoptosis,
proliferation, and differentiation associated with activated protein 1 (AP1) transcription factors. All these functions
connect with other central signaling transduction pathways !"”. Several factors are responsible for the AP1
transcriptional activity like ultraviolet radiations, viral infection, cellular stress, growth factors, and cytokines.
These factors are important in many pathways like differentiation, inflammation, proliferation, and apoptosis.
Moreover, MAPK pathways are highly influenced by various external stimuli such as ultraviolet radiations and
inflammatory cytokines ", Every MAPK cascade has at least three kinds of kinases such as a mitogen-activated
protein kinase (MAPK), a mitogen-activated protein kinase kinase (MEK), and an MEK kinase (MEKK). MEK
is phosphorylated by initiated MEKK, which leads to phosphorylation of MAPK. Many different types of targets
are phosphorylated by these activated MAPKs like transcriptional factors. The mostly used MAPKs are MAPKS,
MAPK9 (JNK1, JNK2), P38 kinases, and ERK kinases (ERK1, ERK2) ""?. MAPK pathway consists of many
regulator proteins (kinase ¢ and ras), AP1 (transcription factors), and MAPK module. Phosphorylation and
activation of these sequential kinases cause the increased activity of AP1 transcriptional factor as well as DNA
response element binding to the target gene "*. All these processes lead to the enhanced transcription of the target
gene. This pathway commands keratinocyte proliferation, differentiation, and apoptosis and is also associated

15 Volume 2; Issue 4



with tumor development and progression. The MAPK pathways are involved in the activation of many genes in
keratinocyte differentiation ¥

The activation of MAPK kinases is associated with the signal coming from membrane receptors by TRAF2/6
protein. AP1 transcription factors like Fos and Jun family members act as the downstream target for MAPK
pathways that function for gene transcription regulation "*. These c-Jun and c-Fos are proto-oncogenes in many
types of cancer. In many cases, targeting of MAPK is associated with the responsive behavior of target genes that
are involved in regulating many cellular pathways like cell cycle progress, migration, and survival "', In addition,
MAPK is involved in the phosphorylation and expression of the P53 tumor suppressor gene. For that reason,
lower expression of P53 causes cell senescence. The target for the MAPK signaling is the P53 tumor suppressor
gene involved in P53 phosphorylation on ser34. The binding of JNK with phosphorylated P53 stabilizes the P53
protein by inhibiting the degradation of ubiquitin. From these studies, it was concluded that the MAPK family
(JNK) is necessary in controlling the expression of P53. MAPK pathway activation is involved in many diseases
and disorder conditions including prostate carcinoma, glioma, atherosclerosis, diabetes, arthritis, colon cancer,
squamous cell carcinoma (SCC), and skin cancer """,

The upregulation of the MAPK pathway (Ras/RAF/MEK/ERK (MAPK) pathway) induces approximately
more than 40% of cancer cases. One gene family that frequently has mutations in cancer is R4S. KRAS mutations
are a particularly common type of cancer, and they include colorectal and pancreatic ductal adenocarcinomas .
On the membrane, RAS is often triggered after growth factor receptors. H-RAS, K-RAS, and N-RAS are the three
gene isoforms of RAS. Despite having very similar sequences, they serve multiple purposes that result in various
physiological processes. RafA, RafB, and RafC are the three isoforms of the RAF protein family kinases, together
with two closely related pseudokinases (KSR1/2) ', Furthermore, 8% of tumors have BRAF alterations, which
are highly prevalent in melanomas. The most common mutation frequency in this conventional route is 22% for
RAS, 8% for BRAF, and <1% for MEK, although ERK alterations are sporadic. By activating R7TK and RAS, the
three-layered MAPK-signaling pathway is started. Several physiological processes are regulated by the three
RAF subtypes, as well as downstream MEK1/2 and ERK1/2 from a constitute-signaling mechanism **. Crucial
functions for the P38 MAPK cascade are seen in signaling cascade actions. The four members of P38 kinase in
mammals are P38a, P38, P38y, and P385. The downstream effector and upstream activator exhibit different
levels of expression. The regulation of cell development, proliferation, and death is mediated by P38 MAPK.
MKK4 kinase, a component of JNK, can also phosphorylate it. Normally, MKK3 and MKK®6 kinases stimulate
it ¥, Typically, upon activation, the P38 protein moves from the cytoplasm to the nucleus in order to control
downstream signaling molecules. Three subtypes of INK exist: JNK1, JNK2, and JNK3. While JNK1 and JNK2
are found in many different tissues, JNK3 is mostly found in the testis, cardiac myocytes, and neural tissues. They
react to a range of stresses, including oxidative stress and chemicals that damage DNA. Comparable to the P38
MAPK pathway, INK MAPK is primarily activated by the upstream kinases MKK4 and MKK?7. This necessitates
the dual phosphorylation of Tyr and Thr residues in their activation loops within a conserved Tyr—Pro—Thr motif.
This facilitates the control of several biological procedures, such as growth, differentiation, and autophagy ***.

An additional protein kinase involved in the triple MAPK-signaling pathway is called ERKS5. Three
varieties exist: ERKa, ERKb, and ERKc, a transcriptional transactivation domain and a nuclear localization
signature are components of the C-terminal extension of ERKS5. MEKS5 phosphorylation is the method by
which it is activated **. ERKS has the ability to bind to many residues between its C-terminus when its kinase

region is active. Following their characterization, phosphorylation-specific antibodies against S753 and T732
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were developed. The transcription levels of ERKS vary across different tissues, with the brain, thymus, and spleen
exhibiting the highest levels of expression. This signaling system is linked to malignancies and takes a role in the
growth, differentiation, and destruction of cells 27,

The possible mechanism of initiation of the JNK pathway in tumor progression is given in Figure 1.

UV Radiation
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Figure 1. The activation of JNK signaling and ERK pathways by activating Ras, Raf, and MEK on UV radiation exposure.
MEK activation plays a significant role in MAPK signaling pathways.

2. JNK regulation
2.1. JNK regulation of cell cycle progression

Several cellular activities, such as cell migration, survival, growth, senescence, apoptosis, and stress reactions,
are mediated by the JNK signaling pathway. Premature senescence and growth arrest of mouse embryonic
fibroblast cells in G2/M are caused by genetic knockdown of MKK7. JNK controls the G2/M transition and the
advancement of the G1 cell cycle ™. In Jurkat cells, INK is activated during the G2/M transition. In human
HeLa cervical cancer cells, activated JNK was similarly discovered to be concentrated in the centromeres
during early S-phase to late anaphase, with the greatest expression during metaphase *”. Phosphorylation of
c-Jun occurs regularly during mitosis and the initial stages of the G1 phase. It has also been discovered that JINK
stimulates mitosis via Aurora B Kinase. NIH-3T3 fibroblasts and CIGC ovarian granulosa cells undergo G2/M
transition suppression when JNK is inhibited pharmacologically or genetically by small interfering (siRNA)-
mediated methods. This is because JNK suppression inhibits Aurora B kinase, ultimately leading to a reduction

[30]

of histone-H3 (Serine 10) phosphorylation

2.2. JNK regulation of cell survival and apoptosis

JNK has contradictory functions in both apoptosis and cell maintenance. Tumor necrosis factor (TNFa)-induced
cell suicide can affect INK1 and JNK2 fibroblasts, suggesting that JNK facilitates cell survival. According to the
research, JNK is necessary for the development of the JunD transcription element, which works with NF-kB in
promoting the development of genes that are favorable for survival in fibroblasts, like cIAP-2 *!. By downregulating
FoxO1, JNK has also been shown to increase the lifespan of fibroblast-like synoviocytes in rtheumatoid arthritis.
Research from other sources indicates that JNK enhances cell survival by working in concert with NF-xB and

17 Volume 2; Issue 4



JAK/STAT. However, it is widely recognized that JNK is crucial for apoptosis. By phosphorylating Bad and Bim,
JNK specifically affects mitochondria **. These pro-apoptotic proteins counteract the effects of anti-apoptotic
proteins like Bcl-2 and Bel-xL. Furthermore, JNK triggers the breakdown of cytochrome ¢ (Cyt C) via a Bid-Bax-
dependent process. This results in the assembly of apoptosomes made up of Apaf-1, caspase-9, and Cyt C, and
in turn, activates caspase 9-dependent apoptosis **'. Additionally, INK blocks TRAF2/IAPI signaling by causing
Smac/Diablo to be released from mitochondria and activating caspase 8 as a consequence. Endoribonuclease 1a
(IREla)/transmembrane kinase needing inositol requires TRAF2 recruitment in order to stimulate ASK1 and JNK,
which in turn inhibits anti-apoptotic proteins such as Bcl-2, Bel-x1, and Mcl-1. JNK triggers apoptosis in response
to DNA damage through P53 phosphorylation, P73 stabilization, and P53/P73-dependent production of pro-

apoptotic molecules Bax and Puma ",

3. MAPK family and squamous cell carcinoma

The tumorigenic effect of the MAPKS (JNK1) gene has been observed in the human squamous cell carcinoma
model, where human keratinocytes were subjected to the analysis of gene regulation in immunodeficient mice. In
this model, it was proved the importance of JNK1 and c-Jun in human epidermal tumors activated by tumorigenic
Ras. Therefore, the coupling of c-Jun with oncogenic Ras is responsible for the conversion of normal human
epidermal cells to malignancy. Contrary to this, JNK1 is also involved in the blockage of Ras-induced NF-«B
stimulation, which was previously involved in the activation of human epidermal cell senescence and growth
arrest *”'. Therefore, the understanding of initiation of JNK1 and Ras is necessary because this creates a molecular
environment for tumorigenesis.

In SCC, JNK expression is commonly seen and SCC cell lines and tissues have higher levels of JINK2
phosphorylation than healthy keratinocytes as well as healthy skin specimens. JNK1 demonstrated a tumor
suppressor role, in opposition to JNK2. Mice lacking JNK1 had a greater prevalence of papilloma than mice of
the wild type. These results are consistent with the fact that constitutively active MKK7 and MKK7-JNK2 fusion
proteins—but not MKK7-JNK1—can link with the oncogenic Ras (V12) to convert normal keratinocytes into
lesions resembling SCC, provided that c-Jun activity is maintained **'. Furthermore, c-Jun can combine with Ras
to cause epidermal cancer, but not JunB. Finally, by inhibiting JNK, squamous cell carcinoma antigen 1 (SCCA1)
keeps keratinocytes from going through apoptotic cellular death. These findings suggest that epidermal cancer is
promoted by MKK7, JNK2, and c-Jun, but not by JNK1 or JunB Bl

In K14-CYLDm transgenic mice, epidermis-targeted expression of a catalytically deficient CYLD mutant
(CYLDm) resulted in enhanced JNK stimulation, lysine-63 (K63)-ubiquitination, and phosphorylation of the
transcription elements c-Jun and c-Fos. K14-CYLDm mice treated with DMBA/TPA had more papillomas; by
week 32, 66% of these had progressed to SCC and metastasized. Applying the JNK inhibitor SP600125 topically
to K14-CYLDm mice eliminated skin cancer spread to lymph nodes and dramatically decreased the frequency
of tumors generated by DMBA/TPA. Histone H3’s lysine 9 and 36 residues are particularly demethylated by the
demethylase KDM4A. When comparing metastatic human SCC tissues to primary SCC tissues, there was a rise in
protein concentrations corresponding with higher transcription of KDM4A, c-Jun, and FOSL1 (Fral). Moreover,
FRAT1 was discovered to promote the growth and multiplication of head and neck SCC cells in a way that was
related to c-Jun P,

JNK function has been studied in both human and animal tissue models of SCC. Ultraviolet light or a two-
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stage chemical carcinogenesis procedure with a single topical dosage of 7,12-dimethylbenzanthracene (DMBA)
and monthly 12-O-tetradecanoylphorbol-13-acetate (TPA) are commonly used to produce skin cancers in animal
research. Compared to their WT counterparts, Jnk1” mice showed a greater degree of tumor formation kinetics
and carcinoma development, indicating a high susceptibility to DMBA/TPA-induced skin tumorigenesis. The
higher amount of TPA-induced AP1 DNA interaction ability and activation of extracellular signal-regulated
kinases and Akt were implicated in the improved tumor growth phenotype observed in Jnk1™ animals "%, These
results support the idea that Serpin SCC antigen (SCCA1)-induced JNKI1 inhibition inhibits ultraviolet-induced
epithelial cell division and, as a result, enhances carcinogenesis. On the contrary, fewer papillomas grew in JNK2-
deficient (Jnk2™") mice than in WT mice after a DMBA/TPA chemical assault, suggesting that these mice remained
immune to tumor formation. Moreover, the Jnk2" papillomas showed noticeably lower levels of AP1 and Erk
activity and were not likely to develop into cancer. These data suggest that JINK1 and JNK2 have opposing roles in
the development of skin cancer, with JNK2 acting as a tumor promoter "', The regenerated human SCC model, in
which primary human keratinocytes were employed for skin regrowth on immunodeficient mice after undergoing
multiplex gene transduction to produce genes under examination, also revealed the carcinogenic consequences
of JNK2. Applying this approach, it was proved that JNK2 and c-Jun are necessary for the aggressive human
epidermal neoplasia that is caused by oncogenic Ras and NF-kB blockage. Furthermore, it only takes the
production of constitutively active mutations of c-Jun, INK2 (MKK7-JNK2 fusion), or MKK7 to partner with
oncogenic Ras and cause malignant transformation in normal human epidermal cells **. On the other hand,
Ras-driven human epidermis cancer cannot be sufficiently promoted by the expression of active MKK7-JNK1
fusion protein. JNK2 and c-Jun, but not JNK1, are substantially activated in human SCC, which is consistent
with the results from experimental animals and indicates that these compounds are therapeutically important .
Interestingly, JNK2 but not JNK1 enhances Ras-induction of glycolysis, a procedure that produces energy and
is frequently employed by cancer cells. This is sometimes referred to as the Warburg effect. Conversely, INK2
inhibits NF-«xB activation triggered by Ras, which has been shown to cause growth inhibition and senescence
in human epidermal cells. Hence, JNK2 and Ras coactivation create the ideal metabolic and molecular milieu
needed for carcinogenesis *”. INK targets AP1 proteins downstream in murine SCC cell lines and is less likely to
develop tumors in vitro and in vivo when the dominant-negative mutant of c-Jun (DNc-Jun, also called TAM67)
is expressed. Epidermal elimination of c-Jun frequently decreases cancer development of murine skin caused by
chemicals, ultraviolet light, or the oncogene of the papillomavirus. Furthermore, skin cancers produced by Ras do
not grow malignantly in animals lacking c-fos. These results highlight the critical function that AP1 plays in the
development of skin tumors "), However, because AP activity is so diverse, distinct AP1 subunits have varying
roles across various biological activities. For instance, the malignant phenotype of converted rat keratinocytes
is enhanced by JunB overexpression in vitro, indicating that JunB may be involved in tumor formation **.
Conversely, JunB reduces carcinogenesis as evidenced by the JB6(P-) SCC cells’ immunity to tumor advancement,
as well as the inhibition of cell growth and the epithelial-to-mesenchymal transition (EMT) of various SCC cell
lines. The latest research has demonstrated that exogenous expression of JunB prevents epidermal neoplasia caused
by co-expression of MKK7 and Ras oncogene and that the nuclear level of JunB is decreased in spontaneous
human SCC, which is consistent with these latter results **'. These findings demonstrate the opposing roles of c-Jun
and JunB in neoplasia and epidermal development.

The roles of MAPK and JNK signaling in skin cancer types such as BCC, SCC, and melanoma are given in
Table 1.
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Table 1. Roles of MAPK and JNK signaling in skin cancer

Skin cancer type M‘/.&PK/.J NK Role Mechanism of action Upregulatm.n / Therapeutic
signaling downregulation target

Activation of downstream

Promotes cell transcription factors (e.g., AP-
Basal Cell MAPK. INK proliferation, 1, Elk-1) leading to increased Upregulated MAPK/INK
Carcinoma (BCC) ? survival, and expression of genes involved in cell expression inhibitors
invasion cycle progression, anti-apoptosis,
and matrix metalloproteinases
Promotes cell ;. yyar 0 BCC, with additional MAPK/INK
Squamous Cell proliferation, . X . Upregulated inhibitors,
. MAPK, JNK . . . roles in inflammation and immune . .
Carcinoma (SCC) survival, invasion, expression combination
. . response .
and angiogenesis therapies
Drives cell Activation of downstream effectors MAPK inhibitors
MAPK (ERK, proliferation, (§.g., ERK, p9ORSK) leading to . . (e.g., .MEK
Melanoma . L increased expression of genes Higher expression inhibitors),
MEK) survival, migration, . ) - L
. . involved in cell cycle progression, combination
and invasion . . o .
anti-apoptosis, and cell motility therapies

4. MAPK family, JNK pathways, and basal cell carcinoma

The association of MAPK with BCC has been studied. The target c-Jun for MAPK was found to be reactive and
expressive in many basal cell carcinoma samples. In basal cell carcinoma, MAPK and c-Jun are significant for
the tumorigenic activity of Hedgehog/Gli proteins. In addition, the signaling pathways of Hedgehog/GLI proteins
are linked with signaling pathways of epidermal growth factor receptors to move the tumorigenic condition in the
mouse basal cell carcinoma cell line **.

In BCC, the sonic hedgehog (SHH)/GLI signaling pathway is primarily involved, and GLI-induced cell cycle
progression was decreased by JNK reduction with SP600125 and c-Jun siRNA knockdown, suggesting that INK
and c-Jun are critical for Hedgehog (HH)/GLI-driven BCC. Elevated JNK expression in HaCaT keratinocytes
was associated with the BCC-like phenotype brought on by SHH activation. Furthermore, in a BCC tumor model
created by injecting TetON inducible CRISPR-Yap ASZ mouse cells subcutaneously into immunocompromised
(nu/nu) mice, it was discovered that the Yap null cancers showed lower degrees of pJNK1/2 and pJun(S63/S73)
than the WT BCC cancers following a one-week doxycycline therapy . Furthermore, SP600125-treated BCC
cells and YAP-negative BCC clones showed a considerable reduction in c-Jun mRNA. Lastly, it was shown that
the WNT gene family member WNT16B was elevated in BCC tissues. In a JNK-dependent way, this boosted
the growth of primary and immortalized human keratinocytes. When combined, these findings suggest that the
SHH, YAP, and WNT signaling pathways work with the JNK signaling pathway as a crucial mediator to support
BCC . Additionally, the INK function has lately been associated with BCC. In human BCC specimens, the INK
target c-Jun is substantially active. Furthermore, GLI-mediated target gene activation and cell cycle advancement
are eliminated by siRNA-mediated c-Jun gene suppression or the pharmaceutical JNK inhibitor SP600125.
These results suggest a role for JNK and c-Jun in the carcinogenic activity of Hedgehog/GLI proteins in BCC.
Furthermore, the oncogenesis of a mouse BCC cell line is discovered to be driven by the Hedgehog/GLI signaling
system working in concert with the epidermal growth factor receptor signaling pathway. Here, c-Jun activation by
MEK/ERK is necessary for GLI-driven carcinogenesis, but not JNK. When combined, JNK plays a cell-context-
dependent role in BCC "7,
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5. Melanoma

The growth and migration of melanoma cells are encouraged by the JNK/AP1 axis, which is frequently active in
both benign and malignant melanoma. According to one study, JNK is active in more than 75% of benign nevi,
and its function is thought to be to limit unchecked cell survival or multiplication. For patients with superficial
spreading melanomas, stimulation of JNK is linked to growing cells and decreased relapse-free survival time
during tumor growth. It is well recognized that there is a functional contradiction in the JNK signaling pathway
between cell survival and proliferation. This contradiction can be seen in the contentious functions that JNK/
AP1 proteins play in melanoma . Aspirin-induced inhibition of B16 melanoma cell growth is mediated by JINK
stimulation. The growth and soft agar colony formation of human and mouse melanoma cell lines are increased
upon expression of dominant negative mutants of c-Jun or c-Fos, respectively. This suggests that AP1 inhibits the
proliferation of melanoma cells. In opposition to these conclusions, more recent research has identified the JNK
signaling axis as having a significant involvement in melanoma ", One important step in the development of
melanoma tumors is the constitutively active MEK-ERK signaling axis activation of JNK and c-Jun. Target genes
like cyclin D1 and RACK have increased transcription as a result of ERK’s raised c-Jun transcription and stability.
The JNK-API1 pathway is forced to function as a feed-forward process by RACK1, which in turn permits PKC to
phosphorylate and increase JNK function. Our recent research has demonstrated that CYLD loss-of-function and
JNK activity correlate in human melanoma, which is consistent with these findings *”’. Intravenous tumor growth
analysis in mice is used to determine whether exogenous production of MKK?7 or c-Jun inhibits the inhibition
of melanoma growth and metastasis caused by CYLD. On the other hand, as demonstrated in melanoma cells
1205Lu and WM983B, respectively, INK reduction with the small molecule inhibitor SP600125 causes melanoma
cell proliferation arrest or apoptosis through P53-dependent production of P21 cell cycle inhibitor and induction
of P53, Bad, and Bax apoptotic molecules *”. Furthermore, JNK1 but not JNK2-directed gene silencing reduces
the development and growth of melanoma cells. When combined, these data highlight the critical function that the
JNK1-AP1 signaling pathway plays in the development of melanoma tumors ©".

The proliferation, invasion, and metastasis of WM 164 melanoma cells were eliminated by siRNA-mediated
suppression of JNK1 and JNK2. Similarly, the development of melanoma cell lines expressing substantial
amounts of pJNK1 was suppressed by JNK1-specific gene silencing. These results show that most malignant
melanoma cell lines and tissues studied had enhanced JNK activity, which is linked with lower levels of CYLD.
After subcutaneous and tail vein injections, respectively, the development of melanoma xenografts in the skin
and lung was suppressed by the restoration of CYLD expression in metastatic human melanoma cell lines **'. Co-
expression of a c-Jun mutant or permanently active MKK7 inhibited CYLD-inhibited metastasis and development
of melanoma. Additionally, JNK/c-Jun facilitates MALT 1-driven melanoma cell migration and development. The
CREB/MITF/c-Jun melanogenesis axis was suppressed by upregulation of Urothelial Cancer Associated 1 (UCA1),
but it was enhanced by UCA! gene silencing P, It was shown that PRDMS5 (PRDI-BF1 and RIZ domain-
containing) enhanced melanoma migration and multiplication by upregulating JNK in a mouse melanoma model.
A tumor-associated gene called SHARPIN is elevated in a lot of malignancies. These findings suggest that JNK?2 is

necessary for the aggressiveness of melanoma and its tolerance to BRAF suppression .

6. Roles of JNK in melanoma progression and treatment

Melanoma resistance to treatment is significantly influenced by JNK/c-Jun. In particular, by its relationship
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with MITF and induction of immune-suppressive myeloid cells into the tumor microenvironment, c-Jun
stimulates the dedifferentiation of melanoma and the generation of inflammatory mediators. Decreased JNK
phosphorylation is thought to be the reason behind the inhibition of A875 malignant melanoma cell growth caused
by shRNA-mediated gene silencing of c-FLIP, Fas-associated mortality domain-like interleukin-1p-converting
enzyme (FLICE)-like regulating protein . Decreased pJNK transcription was seen in conjunction with cell
proliferation inhibition produced by inhibition of IL-1B in IL-1B-positive melanoma cells. In stage III melanomas,
immunohistochemistry revealed that 20% of the 51 instances had positive pJNK expression, 75% of cases had
high JNK expression, and all pJNK-positive tumors were IL-1B-positive. INK is triggered by IL-1 in melanoma,
as demonstrated by the reduction of pJNK in A375 and WM793 melanoma cells by siRNA-mediated gene
suppression of IL-1p without altering total INK concentrations "%,

The JNK/AP1 pathway plays a significant role in the adaptive reactions to vemurafenib, a MEK inhibitor.
BRAF inhibitor-naive and resistant melanoma cells experienced death and decreased cell proliferation when
JNK reduction was applied with the small molecule drug BI-78D3. After being treated with PF-3758309, a PAK
inhibitor, melanoma cells showed enhanced stimulation of JNK, B-catenin, and the mTOR signaling pathway 7.
Additionally, melanoma cell survival was significantly reduced by shRNA-mediated gene suppression of JNK and
B-catenin. Furthermore, suppression of the JNK cascade made BRAF mutant melanoma cells more susceptible
to genetically altered vaccinia virus-mediated cell death "', Interestingly, JNK has also been shown to trigger
apoptosis in melanoma cells. Plant-derived quercetin is a polyphenol chemical that increased pJNK expression in
vitro and in vivo, causing A375SM and A375P melanoma cells to undergo apoptosis. Similarly, adding protein-
bound polysaccharides produced from the Coriolus versicolor fungus to the human SKMel-188 melanoma cell
line caused apoptosis and raised ROS levels, both of which were reduced by SP600125 ¥,

In short, JNK proteins have unique and significant functions in a variety of skin malignancies. JNK1/2
stimulates Jun/Fos in BCC and improves its relationship with phosphorylated ATF2, which in turn amplifies the
carcinogenesis triggered by SHH/GLI *”. MKK4/7 stimulates JNK1 and JNK2 in SCC. While JNK2 stimulates
tumorigenesis in an AP1-dependent manner, JNK1 produces apoptosis. By suppressing the JNK2/AP1 process,
CYLD suppresses SCC, whereas SCCA1 enhances SCC by inhibiting JNK1. The melanoma cell growth and
migration are stimulated by the MALT1, MKK4/7, and JNK/AP1 signaling cascade, whereas it is inhibited by

CYLD P,

7. JNK pathway and drug resistance

JNK was identified as a kinase activity that phosphorylates and activates JUN transcription elements to transmit
oncogenic RAS activation to nuclear transcription. Upon cloning, it was shown that stress cues including ultraviolet
irradiation potentially stimulate the kinase. The idea that oncogenic and stress signals could be connected emerged
from this discovery. Subsequent investigation into this relationship led to the conclusion that JNK mostly increases
cell stress reactions and apoptosis brought on by inflammatory cytokines and environmental stressors, while ERK
primarily boosts proliferation in reaction to mitogenic growth regulators ’’. This differentiation was supported
by early findings that these routes frequently function as antagonists and mutually impede one another. Over the
previous 25 years, a plethora of studies have refined this straightforward idea. This brings us back to our initial
finding, which was that JNK serves two roles and may regulate apoptosis as well as cell transformation via a
range of pathways that intersect with ERK in part *". Further supporting this dual function is genetic evidence.
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The skin, gut, breast, prostate, and hematological systems can all experience a decrease in carcinogenesis when
JNK1/2 is present. For example, JNK1 and JNK2 elimination in the mouse mammary epithelium enhances genetic
instability and starts significant tumor formation, while the upstream JNK activator MKK4 is frequently altered in
breast cancer °*. However, a number of solid tumors, including malignancies of the liver, colon, skin, lung, and
brain also frequently exhibit hyperactivation of the JNK process, suggesting that INKs are tumor promoters "’
For example, animals immune to the production of skin cancer by a traditional two-stage paradigm combining
chemical mutagenesis of HRAS with proinflammatory phorbol ester therapy were produced by deleting JNK2
or MKK4 in keratinocytes. Similarly, JNKI deletion significantly reduced the mice’s vulnerability to chemically
caused stomach cancer ”),

A prime example of JNK’s dual impact on tumorigenesis is hepatocellular cancer. On the one hand, JNK1
promotes hepatocyte proliferation by decreasing the production of CDKN1A, a cell cycle inhibitor, and is
hyperactivated in hepatocellular cancer. On the other side, increased tumor development results from knocking
down both JNK1/2 in hepatocytes, which is caused by increased cell division and adaptive hyperproliferation of
remaining hepatocytes '*’. Furthermore, by fostering a favorable tumor microenvironment, liver immune cells’
proinflammatory cytokines triggered by JNK signaling add to this phenotype. As a result, the precise function
of INK depends on the tissue and environment, and knowledge of these factors is necessary to comprehend and
take advantage of the role that this network plays in drug sensitivity and resistance "*". Despite the large and even
contradictory body of work on this subject, several recurring motifs appear. Therefore, instead of attempting to
thoroughly go into contradictory specifics, we concentrate on developing common ideas via instructive instances.
To put it succinctly, JNK can promote cancer stem cell renewal, cell migration, and cancer cell survival to promote

tumor malignancy and medication resistance, or it can activate apoptotic processes to counteract tumor growth .

8. KLF4 and JNK1 (MAPKS)

Early embryonic development depends on the multistage process known as epithelial-mesenchymal transition
(EMT), which can be disrupted by several clinical circumstances, including tissue fibrosis and the spread and
metastasis of malignant tumors. Significant changes in gene expression during the development and development
of an EMT result in significant changes in cell shape, adhesions between cells and in the matrix, as well as the
ability of cells to move and invade ', Here, we have identified KLF4 as one important regulator of EMT utilizing
genome-wide gene expression profiling. Interestingly, KLF4 is a significant EMT regulator; its deletion causes
a loss of epithelial structure as well as a partial initiation and amplification of EMT, whereas its production

suppresses EMT and preserves the epithelial topology of breast cancer cells and mammary epithelial cells .

Furthermore, we discover that KLF4 inhibits cell movement while promoting cell growth and development ",
This idea is at odds with other research that shows KLF4 promotes migration in the human breast cancer cell
lines MCF7 and MDA-MB-231 and suppresses cell growth in a colon cancer cell line. KLF4 was shown to be
downregulated in MCF7 cells following E-cadherin deletion, and recent research also showed that KLF4 inhibits
cell migration and invasion in MDA-MB-231 cells 7",

KLF4 is well-known for playing two roles in transcription: a repressor and an activator. KLF4 could serve
a crucial role in preserving the cell shape of mammary epithelial cells, according to earlier research. In addition
to binding directly to the E-cadherin gene activator and up-regulating E-cadherin expression, it also effectively

suppresses the regulation of Snaill, one of the main transcriptional repressors of E-cadherin gene expression ",
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KLF4 attachment to the regulators of the Snaill (SNA/I) and E-cadherin (CDH1) genes has also been discovered
by the combination of genome-wide gene expression monitoring and ChIP-Seq data analysis. As Snail expression
is markedly up-regulated with KLF4 reduction in lack of TGF, it indicates that KLLF4 regulates Snail expression.
Snaill production is, nevertheless less in KLF4 reduction cells when TGFp is present, indicating that KLF4-
mediated control of the Snail gene is a complicated mechanism requiring additional transcription elements in
addition to KLF4 that either promote or inhibit Snail transcription ", Conversely, in the presence of TGFp,
deletion of KLF4 results in a stimulation of Twistl expression, which could serve as the primary facilitator of
EMT in the mesenchymal state. KLF4 transcription reduction did not affect Snail2, Zebl, Zeb2, or other key EMT
regulators’ expression. Furthermore, we discovered other genes whose expression is either directly promoted
or suppressed by KLF4 ™. Additionally, KLF4 transcriptional inhibition directly targets several mesenchymal
genes, including B-catenin (CTNNBI1), vimentin (VIM), and N-cadherin (CDH?2). All of the information points
to a paradigm where KLF4 suppresses mesenchymal genes and induces the production of genes specific to
the epithelium in order to preserve epithelial shape "*. Mesenchymal genes become active and epithelial gene
expression is lost when KLF4 function is lost during EMT. KLF4 has been shown to play an identical impact in
the switching of fibroblasts into induced pluripotent stem (iPS) cells. In this process, KLF4 is one of the essential
reprogramming variables that triggers CDHI1 expression, which in turn causes the MET and reprogramming
of fibroblasts """, These findings provide more evidence that KLF4-mediated transcription regulation plays
a crucial role in both the creation and maintenance of epithelial cell integrity. Additionally, KLLF4 suppresses
many angiogenesis-related genes, such as Endothelin-1 (EDNI) and VEGF-A (VEGFA). These findings indicate
a crucial step in fostering tumor angiogenesis, aggressive tumor growth, and metastasis is the decrease of KLF4
transcription during EMT 7,

JNKI (MAPKS) constitutes one of the transcriptionally suppressed target genes of KLF4. When KLF4 is
lost during TGFB-driven EMT, JNK1’s expression is increased, and it plays a crucial role in both the initiation
of apoptosis and the completion of EMT and cell motility. JNK1 is a serine-threonine protein kinase that
belongs to the mitogen-activated protein kinases (MAPK) family """\, It is essential for cellular reactions to
external inputs and takes a role in some signaling processes. JNK1 is mostly phosphorylated at serine-63 and
serine-73 residues as a result of cytokines and cellular stressors such as ultraviolet radiation. Such stimulation
of JNK is necessary to sustain the mitochondrial apoptosis signaling cascade and to cause ultraviolet-induced
apoptosis in primary murine embryonic fibroblasts "*. Additionally, INK1 and their target transcription element
AP1 (Jun/Fos) have been linked to EMT in previous studies. These findings are consistent with the ability
of JNK1 to phosphorylate paxillin, a focal adhesion adaptor necessary for effective cell movement and the
creation of focal adhesion plaques " Here, the essential function that JINK1 plays in EMT, cell migration, and
the initiation of apoptosis when its primary transcriptional inhibitor, KLF4, is lost. It has been shown in current
research that in different animal models of breast cancer, defects in JNK1, JNK2, or composite JNK1 and 2
enhance the growth of primary tumors. Therefore, KLLF4 inhibits the creation of metastases while promoting the
progression of primary tumors and preventing apoptosis by reducing the expression of the JNKI gene ™.

Furthermore, a higher disease-free survival rate in patients is correlated with elevated KLF4 expression.
Nevertheless, the outcomes of the experiments also show that KLLF4 increases the growth of initial tumors by
giving cells a survival benefit and preventing liver and lung metastases. All of the information presented here
collectively reveals basic ideas about how transcription elements such as KLF4 control changes in cell destiny
by directly impacting the transcription of underlying genes "*'"’. Finally, KLF4 and its transcriptional effectors are
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desirable targets for the establishment of innovative treatment strategies due to their crucial roles in maintaining
epithelial distinction and preventing EMT and metastasis. Interestingly, JNK1 functions that are increased when

KLF4 activity is lost may provide a treatment pathway for metastatic illness "*>**".

9. Future directions and conclusion

One of the main causes of many malignancies is the uncontrolled stimulation of particular proteins in the MAPK
signaling cascade. As a result, blocking this signaling system effectively could be a useful approach to treating
tumors. In light of the negative consequences of the current MAPK inhibitors, investigating natural molecules offers a
fresh approach to the management of cancer. Furthermore, the available data unequivocally demonstrates that MAPK
cascades are feasible strategies for cancer treatment. The ERK pathway is among the most widely used targets in
clinical practice. However, metabolic and epigenetic modulators, as well as stress-activated MAPK cascades like
JNK, have significant modulatory effects that can alter whether cancer cells respond to both targeted treatments
and chemotherapies. Nevertheless, these responsibilities are context-specific and hard to predict with conventional
techniques of empirical investigation. Numerous biological procedures, such as the cell cycle, cell differentiation,
growth, apoptosis, and inflammatory reactions are regulated by JNK proteins. JNK signaling dysfunction is
intrinsically associated with both melanoma and non-melanoma skin malignancies. However, the isoform-specific
and cell-type-specific responses continue to restrict and challenge our knowledge of JNK actions in these illnesses.

Finally, the future of targeting MAPK and JNK pathways in cancer treatment is bright, with several
promising avenues including precision medicine, novel drug development, combination with immunotherapy,
and overcoming drug resistance. Advances in genomics and molecular profiling will enable the identification of
specific genetic alterations within these pathways in individual patients, aim to selectively kill cancer cells, and
may involve the development of combination therapies, targeted drug delivery systems, or novel inhibitors for
future prospective.
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