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Simple Summary: The aim of the present review was to summarize our studies on the signaling
pathways in cancer types that are involved in the development of oral cancer and several mitogen-
activated protein kinase-related molecular targeting technologies combined with immune checkpoint
therapies to provide new therapeutic strategies for oral squamous cell carcinoma. In addition, we have
provided a reasonable outlook, with a systematic basis, for future diagnosis and accurate treatment.

Abstract: Oral squamous cell carcinoma accounts for 95% of human head and neck squamous cell
carcinoma cases. It is highly malignant and aggressive, with a poor prognosis and a 5-year survival
rate of <50%. In recent years, basic and clinical studies have been performed on the role of the
mitogen-activated protein kinase (MAPK) signaling pathway in oral cancer. The MAPK signaling
pathway is activated in over 50% of human oral cancer cases. Herein, we review research progress on
the MAPK signaling pathway and its potential therapeutic mechanisms and discuss its molecular
targeting to explore its potential as a therapeutic strategy for oral squamous cell carcinoma.

Keywords: oral squamous cell carcinoma; MAPK; signaling pathway; immunotherapy

1. Introduction

Oral squamous cell carcinoma (OSCC) accounts for 95% of cases of head and neck
squamous cell carcinoma (HNSCC). It is highly malignant and aggressive, with a poor
prognosis and a 5-year survival rate under 50% [1,2]. Despite advances in its diagnosis and
treatment, the overall prognosis or survival of patients has not improved [3,4]. Currently,
the treatment of OSCC is mainly surgery, combined with radiotherapy and chemotherapy.
The treatment method is affected by many factors, particularly the balance between the
surgical effect and adverse reactions [5,6]. Therefore, to improve the diagnostic efficiency
and obtain a better prognosis, a comprehensive study should be conducted on the molecular
mechanism of OSCC, and novel diagnostic tools and accurate treatment methods should
be explored.

Protein kinases are enzymes related to protein degradation. Their enzymatic activity is
controlled by phosphorylation, which can covalently connect phosphates to the side chains
of serine, threonine, or tyrosine of specific proteins in cells [7]. The basic composition of
the mitogen-activated protein kinase (MAPK) pathway is divided into three modules in
sequence, with a cascade effect: MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK),
and MAPK [8]. Currently, 25 MAPKKKs, seven MAPKKs, and 13 MAPKs have been
identified. In multicellular organisms, the three classical subfamilies of MAPKs have
been described in detail. In recent years, novel MAPK members, such as extracellular
signal-regulated kinases (ERKs) 5 and 7, have been elucidated. They play important
roles in controlling many physiological processes. Currently, six groups of members
have been identified, i.e., ERK1/2, ERK3/4, ERK5, ERK7/8, Jun N-terminal kinase (JNK)
1/2/3, and p38 α/β/γ (ERK6)/δ [9,10]. They are involved in regulating cell activity by
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phosphorylating specific serine and threonine residues found on target protein substrates,
including gene expression, mitosis, exercise, metabolism, and programmed death [11].

Herein, we review cellular and molecular mechanisms involved in activating and
regulating the MAPK signaling pathway in OSCC and related drug targets, its role in tumor
progression, and the related molecular targeted therapy.

2. MAPK Signaling Pathway
2.1. Activation

MAPK activation requires double phosphorylation on the Thr-X-Tyr (X representing
any amino acid) motif catalyzed by MAP2K. Upon activation, MAPK phosphorylates
specific serine and threonine residues on target substrates, including other protein kinases
and many transcription factors. Common and bispecific phosphatases inactivate MAPKs
and are regulated by scaffold proteins [12]. Figure 1 demonstrates the cascade activation of
the MAPK signaling pathway.

Cancers 2022, 14, 4625 2 of 17 
 

 

identified, i.e., ERK1/2, ERK3/4, ERK5, ERK7/8, Jun N-terminal kinase (JNK) 1/2/3, and 
p38 α/β/γ (ERK6)/δ [9,10]. They are involved in regulating cell activity by phosphorylating 
specific serine and threonine residues found on target protein substrates, including gene 
expression, mitosis, exercise, metabolism, and programmed death [11]. 

Herein, we review cellular and molecular mechanisms involved in activating and 
regulating the MAPK signaling pathway in OSCC and related drug targets, its role in tu-
mor progression, and the related molecular targeted therapy. 

2. MAPK Signaling Pathway 
2.1. Activation 

MAPK activation requires double phosphorylation on the Thr-X-Tyr (X representing 
any amino acid) motif catalyzed by MAP2K. Upon activation, MAPK phosphorylates spe-
cific serine and threonine residues on target substrates, including other protein kinases 
and many transcription factors. Common and bispecific phosphatases inactivate MAPKs 
and are regulated by scaffold proteins [12]. Figure 1 demonstrates the cascade activation 
of the MAPK signaling pathway. 

 
Figure 1. Different MAPKs associate with specific MAPK kinase (MAPKK) and MAPK kinase kinase 
(MAPKKK) to form a conserved three-stage enzymatic cascade (MAPKKK→MAPKK→MAPK), 
through which upstream signals are transmitted from MAPK to downstream nuclear transcription 
factors and cytoskeletal proteins to form a complete MAPK signaling pathway, which finally com-
pletes the regulation of cellular physiological activities. 

Currently, the ERK1/2 pathway is the most widely studied pathway in the MAPK 
family. It involves extracellular growth factors, such as the epidermal growth factor (EGF), 
and activated tyrosine kinase receptors, such as the EGF receptor (EGFR), providing a 
binding site for the adaptor protein growth factor receptor-bound protein 2 and recruiting 
the SOS protein into the cell membrane. SOS activates Ras by consuming GTP to form Ras 

Figure 1. Different MAPKs associate with specific MAPK kinase (MAPKK) and MAPK kinase kinase
(MAPKKK) to form a conserved three-stage enzymatic cascade (MAPKKK→MAPKK→MAPK),
through which upstream signals are transmitted from MAPK to downstream nuclear transcrip-
tion factors and cytoskeletal proteins to form a complete MAPK signaling pathway, which finally
completes the regulation of cellular physiological activities.

Currently, the ERK1/2 pathway is the most widely studied pathway in the MAPK
family. It involves extracellular growth factors, such as the epidermal growth factor (EGF),
and activated tyrosine kinase receptors, such as the EGF receptor (EGFR), providing a
binding site for the adaptor protein growth factor receptor-bound protein 2 and recruiting
the SOS protein into the cell membrane. SOS activates Ras by consuming GTP to form
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Ras GTP. After Ras activation, it can affect many downstream proteins, including AF6,
phosphatidylinositol-3-kinase (PI3K), phospholipase C, and Raf. Among them, Ras GTP
recruits the Raf protein into the plasma membrane and phosphorylates it using other
kinases (protein kinase A, p21-activated kinase, Src) to activate its kinase function. The Raf
protein family includes B-Raf, A-Raf, and C-Raf (Raf1). B-Raf plays an important role in
the development and progression of malignant tumors. The activated Raf kinase binds
to the downstream MEK 1/2 and activates ERK1/2. Activated ERK1/2 can continue to
phosphorylate transcription factors, such as ELK1, ETS, FOS, Jun, myc, and Sp1, and induce
gene expression related to cell cycle and cell proliferation. In addition, activated ERK1/2
can phosphorylate various intracellular kinases, such as Raks, msks, and mnks, which
affect cell proliferation and adhesion [13–15].

The JNK/MAPK signaling pathway can activate cytokines (tumor necrosis factor-
alpha [TNF-α], interleukin [IL]-1), EGF, and some G protein-coupled receptors by generat-
ing stress through, for example, ultraviolet light, heat shock, hyperosmotic stimuli, and
protein synthesis inhibitors. The stress response signal is transmitted to MAPKKK through
the Rho subfamily (Rac, rho, Cdc42), a member of the small molecule G protein Ras super-
family, which in turn activates mek4/7 and JNK. JNK phosphorylation can act on various
downstream transcription factors (e.g., Jun, ELK1, Ets2, etc.) and kinases (mainly MNK)
and produce various physiological processes that promote cell growth, differentiation,
survival, and apoptosis [16].

The main inducing factors of the p38/MAPK pathway are hypoxia, ultraviolet ra-
diation, osmotic shock, inflammation, and other stress reactions. P38 MAPK is mainly
activated by ERK3/6 phosphorylation, which further promotes cell apoptosis and inhibits
cell proliferation by inducing transcription factors and kinases. In addition, this pathway
also promotes cell movement [17]. Ras plays an important role in activating the MAPK
signal pathway. It is a key component of many cellular signal transduction pathways. Its
active state affects cell growth and differentiation. Its dysregulation leads to abnormal cell
behavior, including increased cell growth, proliferation, dedifferentiation, and survival,
thereby promoting the occurrence of cancer. Permanent activation of the Ras protein caused
by mutation is prevalent in all human cancers. Therefore, Ras inhibitors are effective drugs
to treat OSCC [18].

2.2. Mutation of the MAPK Signaling Pathway

As a signal medium in cells, MAPK controls cell differentiation, proliferation, apopto-
sis, and other effector functions under the stimulation of external pressure or ligands. The
mutation rate of MAPK1 is higher in Asian populations, with an average of 0.79% among
32 cancer genomic profiles from The Cancer Genome Atlas (TCGA) database. The mutation
rate of MAPK1 is relatively higher in HNSCC than in pan-cancer TCGA [19,20]. One-fifth
of the patients with HNSCC are affected by MAPK pathway mutations, and abnormalities
in the MAPK pathway are correlated with the survival time of patients [21]. Chan et al.
analyzed the gene-chip technology and showed that MAPK in human HNSCC was overex-
pressed compared to matched non-cancerous tissues. The expression of several genes in
MAPK signaling pathways, such as p38β, ERK2, and JNK2, increased two-folds, showing
statistical significance. p38β, JNK2, and ERK2 showed a 5.27-, 2.57-, and 3.30-time increase,
respectively [22]. An immunohistochemical analysis of 100s of HNSCC tissues showed
elevated active phosphorylated p38 in 79% of the tissues, with increased phosphorylation
activities of ERK1/2 and JNK in <33% and <16% of cases, respectively [21,23].

2.3. MAPK Signaling Pathway in OSCC
2.3.1. ERK/MAPK Signaling Pathway in OSCC

Activation of ERK1/2 is mostly associated with cell survival, while that of JNK or
p38 is associated with the induction of apoptosis [24]. However, this classification is too
simplistic, and the actual role of each MAPK cascade depends highly on the cell type and the
situation [25]. Activation of MAPK, particularly ERK, is differentially regulated according to
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the stage of tumor differentiation. For instance, the phosphorylation level of ERK is lower in
advanced poorly differentiated prostate cancer than in early prostate cancer [26]. Dickkopf-
related protein 3 (Dkk3), as a member of the Dickkopf WNT signaling pathway inhibitor
family, has a tumor suppressive effect [27,28]. For example, overexpression of Dkk3
messenger (mRNA) is related to a good prognosis of prostatic cancer [29]. It may induce
cancer cell apoptosis by overexpressing through adenovirus-mediated gene transfer [30,31].
Dkk3 plays a carcinogenic role in OSCC. Its overexpression in OSCC cells would largely
increase the malignancy of the cells in vitro and in vivo and regulate the malignant behavior
of cancer cells through the PI3K/mammalian target of rapamycin (mTOR)/Akt and MAPK
pathways. Thus, MAPK may have a tumor- or tissue-specific effects [32]. C-Myc can
alter the biological behavior of tumors through the ERK/MAPK pathway. For example,
Marconi et al. showed that KRAS mutations activate the Raf/MEK/ERK signaling pathway
to upregulate c-Myc, causing overexpressions of Bcl-2, hypoxia-inducible factor (HIF)-
1α, vascular endothelial growth factor (VEGF), MMP-9, and other proteins, affecting the
invasive, hypoxic, angiogenic, migratory, and inflammatory processes in OSCC [33].

ERK1 and ERK2 are widely expressed in tissues and participate in regulating meio-
sis, mitosis, and post-mitotic function of differentiated cells. In the early 1980s, ERK1
was the first MAPK core molecule identified in mammals [34]. ERK activation causes
phosphorylation and activation of various cytoplasmic substrates, such as cytoskeletal
proteins and downstream protein kinases. In addition, phosphorylated ERK1/2 can be
transported to the nucleus to activate various transcription factors, such as ELK-1, SP-1,
and AP-1, thereby regulating the transcription of different genes [10]. The ERK1/2 signal-
ing pathway mainly affects tumor cells by proliferating cell cycle regulation. Sustained
ERK activation can induce cell cycle inhibition and pro-differentiation signals in epithelial
origin cells [35]. G1/S conversion is the key regulatory point of the cell cycle. Sustained
activation and nuclear localization of ERK1/2 may affect G1/S conversion by regulating
cyclin D1 transcription [36,37]. Inhibiting the ERK/MAPK signaling pathway leads to the
proliferation, invasion, and migration of OSCC cells, causing G0/G1 arrest and promoting
apoptosis [38,39]. Wu et al. [40]. reported that downregulations of MAPK/ERK1/2 and
PI3K/Akt signals and cyclin D1 and E expression levels can induce G0/G1 arrest and
inhibit OSCC cell proliferation. ERK1/2 is closely associated with tumor invasion and
migration, and phosphorylation of ERK/MAPK activates AP-1 and nuclear factor kappa
B (NF-κB). They upregulated expressions of MMP2 and MMP9, which are extracellular
membrane-degrading enzymes associated with tumor aggressiveness. MMP2 and MMP9
degrade type IV collagen, a major extracellular membrane component of the basement
membrane, which may be critical for tumor invasion and metastatic potential, thereby
degrading the extracellular matrix and allowing cells to cross the basement membrane,
facilitating tumor cell metastasis [41,42]. Blocking ERK/MAPK activation inhibited cell
migration and stem characteristics of the nhri-hn1 cell line in a mouse tongue cancer
model [43]. Junhai et al. found that miR-145 could inactivate the ERK/MAPK signaling
pathway by inhibiting Hoxa1, thereby inhibiting the proliferation, migration, and invasion
of OSCC cells and inhibiting their growth in vivo [44]. The integrin (ITG) family of proteins
plays important roles in OSCC αV invasion, migration, and apoptosis via ITG-β. They
regulate the proliferation and invasion of OSCC cells through the MAPK/ERK signaling
pathway [45–47]. Chloride intracellular channel 1 (CLIC1) silence reduces αv and β1.
p-ERK, vimentin, MMP2, and MMP9 levels increased p-p38, E-cadherin, Caspase3, and
caspase9 levels. CLIC1 interacted with ITG, thereby activating the MAPK signaling path-
way, which regulates OSCC progression [48]. Different MAPK activation times may lead to
different results, occasionally even contradictory ones. For example, transient activation
of ERK may generate proliferative signals, but sustained phosphorylation may generate
signals leading to cell differentiation [49].
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2.3.2. JNK/MAPK Signaling Pathway in OSCC

JNKs were isolated and identified as stress-activated protein kinases, which activate
the inhibitory response to protein synthesis [50]. The JNK protein is encoded by three
genes, i.e., MAPK8 (JNK1), MAPK9 (JNK2), and MAPK10 (JNK3), and alternately spliced
to produce ≥ 10 isomers. JNK1 and JNK2 are expressed in almost every cell, while JNK3 is
mainly expressed in the brain [51]. The carcinogenic function of JNKs is related to their
ability to phosphorylate Jun and activate AP1. In contrast, their antitumor effect may be
related to the apoptotic activity [52]. In addition, JNK1 and JNK2 play different roles in
cancer, promoting or inhibiting tumor formation [53]. There are also contradictions in
functional research results of the JNK signal in OSCC. Table 1 summarizes studies on the
JNK/MAPK signaling pathway associated with OSCC.

Table 1. Advances in the JNK/MAPK signaling pathway associated with OSCC.

MAPK Effects Process Site Reference

JNK1/2 Promotes development

Negative cross-talk with the carcinogenic STAT3
signaling pathway. Chemical inhibition or

selective targeting (via siRNA) downregulated
STAT3 serine phosphorylation, accompanied by a

modest increase in p-tyrstat3 levels. JNK
activation could downregulate cell proliferation

and viability and reduce cyclin D1
expression levels.

STAT3 [54]

ERK1/2, JNK1/2,
p38 Promotes apoptosis

Protein G induces OSCC apoptosis by activating
Akt, ERK1/2, p38, and JNK1/2, and JNK1/2

activation is associated with autophagy in
tumor cells.

Protein G [55]

JNK Promotes development

Abnormal ubiquitination affects the
corresponding JNK-dependent signaling

pathway through the autophagy
regulation mechanism.

Abnormal
ubiquitination [56]

JNK Promotes apoptosis

C-Jun mediates Nur77 in the orphan nuclear
receptor superfamily of glioblastoma multiforme,
which plays a key role in ahpn/cd437-induced
apoptosis. PC drugs promote Nur77 transfer

from nucleus to cytoplasm in OSCC and induce
cell apoptosis. Other apoptotic stimuli that

induce Nur77 nuclear output, including TPA,
VP16, and cisplatin, can activate JNK.

Nur77 [57]

JNK Promotes apoptosis JNK is involved in activating Bax, a pro-apoptotic
Bcl-2 protein, after sunitinib treatment. Bcl-2 protein [58]

JNK Promotes apoptosis

ROS production also mediates docetaxel-induced
apoptosis of OSCC cells. ROS activates upstream

kinase ASK1 of JNK. ASK1 activation must be
tightly regulated according to the intensity and

duration of stress (ROS), and various
post-translational modifications, such as

ubiquitination and methylation, participate in
this tight regulation of activity

and phosphorylation.

ROS, ASK [59–61]

JNK Promotes apoptosis

JNK activation is also involved in activating
caspase induced in OSCC. It can activate caspase

and reduce necrosis, apoptosis, cell cycle, and
mito_x001e_chondrial membrane potential
(∆Ψm), thus inducing OSCC cell apoptosis.

Caspase [62]
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The study results of the JNK/MAPK signaling pathway in OSCC are controversial.
Although some studies support the carcinogenic effect of JNK, others show that JNK plays
a tumor-inhibitory role in HNSCC [63], which requires more studies to clarify its role
in OSCC.

2.3.3. p38/MAPK Signaling Pathway in OSCC

P38 kinase was originally screened and defined in drugs that inhibit the TNF-mediated
inflammatory response [64]. The p38-MAPK pathway and some physiological changes in
cells, such as growth signal transmission, the ability of unlimited replication, and apoptosis,
angiogenesis, invasion, or metastasis prevention, are involved in transformation [65]. P38 is
a conserved serine–threonine protein kinase, which can be activated by various extracellular
inflammatory factors (e.g., TNF-α, IL-1), bacterial lipopolysaccharide, lipopolysaccharide,
chemokine, and ultraviolet light. Activated p38 MAPK regulates cell function by regulating
expression activities of downstream enzymes and transcription factors [66]. p38 MAPK
activation is necessary for normal immune processes and inflammatory responses. It pro-
motes key regulators of pro-inflammatory cytokine biosynthesis through transcription
and translation, and thus, the components of this pathway become potential therapeutic
targets for autoimmune and inflammatory diseases [67]. Simultaneously, it participates in
tumorigenesis and ischemia-reperfusion injury [66]. In OSCC, p38 signal inhibition can
reduce the tumor proliferation rate and reduce inflammation caused by the tumor [68,69].
Angiogenesis plays a key role in tumor progression, providing nutrition and oxygen for tu-
mors and eliminating metabolic waste and carbon dioxide. Continuous neovascularization
promotes tumor growth and diffusion [65,70]. P38α can control the growth of cancer cells
and tumor-induced angiogenesis and lymphangiogenesis. It is a positive regulator in the
tumor microenvironment of OSCC [23]. Banerjee et al. found that glycophorin receptor
2 (GALR2) induces angiogenesis by secreting pro-angiogenic cytokines mediated by the
p38/MAPK signaling pathway, vascular endothelial growth factor (VEGF), and IL-6. In
addition, GALR2 activates the small GTP protein Rap1b, which induces the inactivation
of p38-mediated tristetraprolin (TTP). TTP is an RNA-BP that downregulates angiogenic
factors, such as IL-6, VEGF, and IL-8, produced by tumor and inflammatory cells [71–73].
Its function is to destroy the stable transcription of cytokines, increase the secretion of
pro-angiogenic cytokines, and promote angiogenesis in vitro and in vivo. In OSCC cells
with GALR2 overexpression, p38 inhibition activates TTP and reduces cytokine secretion.
TTP inactivation increases IL-6 and VEGF secretions [24]. IL-6 is a biomarker with low
disease-specific survival [74], and VEGF elevation is associated with reduced recurrence
time [75]. In HNSCC cases with low differentiation, p38 activation is more obvious and
associated with a poor prognosis. The P38/MAPK signaling pathway is related to apop-
tosis and autophagy. Treating cells with the p38 MAPK (SB203580) or JNK1/2 (sp600125)
inhibitor can promote/weaken G2/M phase arrest, apoptosis, and autophagy of cancer
cells, respectively [76].

2.3.4. MAPK Signaling Pathway and Immunity

Tumor cells downregulate immune cells in the tumor microenvironment to obtain
tumor-promoting activity. MAPK is a central molecule of signal transduction regulating
cell function. P38a MAPK participates in inflammation. It can produce proinflammatory
cytokines [77], and acute inflammation can lead to cancer [78]. In the inflammatory mi-
croenvironment of OSCC, p38 αMAPK produces proinflammatory cytokines TNF-α, IL-1B,
and IL-6, and plays a role in cancer progression [79]. Around MAPK-mutated HNSCC
tumor cells, there exists a tumor microenvironment with high CD8+ T-cell inflammatory
immunoreactivity, resulting in an increased endogenous lytic activity. These differences
are evident in OSCC, suggesting that the ability of MAPK pathway mutation to predict
disease in OSCC may be stronger than that of TMB. Pan pathway immune profiling studies
revealed that MAPK-mutant tumors are the only “CD8+ T-cell inflammatory” tumors with
an inherently hyperimmune responsive and structurally cytolytic tumor microenvironment.
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Immunoreactive MAPK-mutant models of HNSCC show massive in situ recruitment of
cell-active or dead in situ CD8+ T cells. Consistent with the CD8+ T inflammatory phe-
notype, patients with MAPK-mutant OSCC had a 3.3–4.0-times longer survival time than
patients with WT receiving anti-PD1/PD-L1 immunotherapy, independent of the tumor
mutation burden. The pan-cancer prognosis of patients is consistent. MAPK mutations
may recognize the high inflammatory/cytolytic activity of CD8+ T cells in patients with
OSCC. p38 inhibitors have shown some success in treating and limiting adverse sequelae
of inflammatory diseases and are a potential adjuvant therapy for OSCC [80].

IL-8 is closely related to the MAPK signaling pathway in OSCC. Leong et al. showed
that it induces p-p38 MAPK and p-ERK expressions in HNSCC cells and downregulates
p-JNK expression. It can increase NF-κB pathway expression in OSCC, suggesting that it
may regulate MAPK and NF-κB pathways to regulate inflammatory response [22]. ROS
or calcium ions activate p38MAPK, ERK [81], and JNK, which then affect the activation
and transcriptional activity of hypoxia-inducible factor (HIF)-1. In addition, ERK leads to
ser276p65/rela NF-κB phosphorylation of B, activating this transcription factor [82]. These
processes lead to increased expression of some inflammatory genes and cell response to
proinflammatory factors, particularly cyclooxygenase-2 [83], CC motif chemokine ligand
2/monocyte chemoattractant protein 1 (MCP-1) [84], CXC motif chemokine ligand (CXCL)
1/growth-related oncogene-α [85], CXCL8/IL-8 [86], and IL-6 [87]. They are inflammatory
mediators involved in various tumor processes [88,89]. Figure 2 lists some well-studied
key molecular pathways.
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2.4. MAPK Signaling Pathway in the EMT Process in OSCC

Overcoming intercellular adhesion and invading surrounding tissues is the main
feature of the transformation from benign lesions to metastatic cancer. EMT is key to this
transformation. It is molecularly characterized by loss of E-calmodulin and increased ex-
pression of mesenchymal markers, including, for example, n-calmodulin, snail, fibronectin,
and wave proteins [90,91]. The loss of E-cadherin is closely related to a poor prognosis [92].
As a result, the discovery of potential EMT blockers in patients with OSCC may reveal
directions for novel therapies. Snails can regulate transcriptional inhibition of epithelial
marker E-cadherin during EMT [93]. MAPKP38 increased significantly in tumor cell lines
with high snail expression. The P38 interacting protein (p38ip) is a human analogue of
the yeast spt20 protein. It is a subunit of histone spt3-taf9-gcn5 acetyltransferase. P38
binds to and stabilizes p38ip, resulting in enhanced transcription. P38-p38ip is involved in
snail-induced downregulation of E-cadherin and cell invasion in OSCC. The transcription
inhibitor snail plays a direct role in the downregulation of E-cadherin, while the proinflam-
matory mediator upregulates snail, thus affecting the cycle of inflammation-promoting
tumor progression [94]. Cui et al. [95]. found that protein kinase D3 regulates PD-L1
expression and EMT in OSCC through ERK1/2. In OSCC, transient knockout of ERK1/2
can cancel PD-1/PD-L1-induced EMT. Similarly, ERK1/2 activation is affected by PD-L1
knockdown. PD-L1 interacts with PD-1 expressed by activated T cells, B cells, natural
killer cells, some dendritic cells, and tumor-associated macrophages, thereby activating the
PD-1/PD-L1 pathway. In contrast, activation of this pathway can inhibit the anti-tumor
function of the same immune cells, decreasing anti-tumor immunity [96,97].

2.5. MAPK Signaling Pathway as a Therapeutic Target in OSCC

As a monotherapy, MAPK inhibitors are often ineffective and do not significantly
affect the anti-proliferation of tumor cells, possibly by activating alternative EGFR down-
stream pathway targets to compensate for the inactivation of MAPK/JNK (i.e., adaptive
rewiring) [68]. The latest molecular target-related studies related to the MAPK signaling
pathway are summarized in Figure 3.

BRAF is an action target of targeted drugs. RAF family includes BRAF, ARAF, and
CRAF. BRAF participates in the formation and development of malignant tumors. Before
the wide application of genomic medicine, imprecise drug treatment of the MAPK pathway
using MAPK pathway inhibitors failed in clinical trials. However, precise drug therapy has
progressed. The V600E mutation using BRAF inhibitors alone has prolonged the survival
of many patients with melanoma, thyroid cancer, and non-small cell lung cancer [98].

RAS is a GTP-binding protein, which mainly includes HRas/KRas/NRas, with 85%
amino acid homology with each other. They are important targets for cancer research. KRas
is the most common subtype in the Ras family, accounting for 85% of the total number of
Ras gene mutations. KRas mutation was found in 90% of pancreatic ductal carcinoma cases.
In addition, in melanoma, Ras mutation was found in 28% of cases, with NRas as the main
mutant (93%) [99–101]. Although Ras is closely related to the occurrence and development
of tumors, no targeted drugs in the market directly target Ras. The main reason is that the
Ras protein has no characteristic, nearly spherical structure, and no obvious binding site.
Therefore, it has been regarded as a “non-drug target” for a long time. However, covalent
inhibitors and the emergence of targeted degradation agents have helped target KRas mu-
tants [102,103]. Because Ras protein activation requires membrane localization, inhibition
of Ras post-translational modified drugs, such as tipifarnib, can reduce MAPK pathway
signal transduction and inhibit proliferation, apoptosis, and neovascularization [104].
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Figure 3. (1) Simultaneous inhibition of ERK and farnesyltransferase inhibits the growth of HRAS-
mutated head and neck squamous cell carcinoma, and tipifarnib is currently being rapidly designated
by the FDA for the treatment of HNSCC with HRA mutations. (2) Cetuximab is effective for
the treatment of KRAS mutant types of HNSCC. (3) MAPK1 mutations can be targeted by EGFR
inhibitors. (4) Glaucocytoma with BRAF p.V600E mutation is more sensitive to BRAF monotherapy
or BRAF/MEK combination therapy. (5) Combined blockade of EGFR and ERBB3 promoted rapid
tumor regression. (6) CD8+ T cell infiltration in MAPK mutant HNSCC may be an indicator of
anti-PD-1 /PD-L1 inhibitor therapy.

MEK1/2 is a downstream protein of Ras and Raf; therefore, it can also be used as a tar-
get. Currently, the approved inhibitors of this target are mainly used in melanoma and lung
adenocarcinoma, such as trametinib and selumetinib [105,106]. In recent years, more potent
MEK inhibitors have been developed, with great prospects in treating OSCC and other can-
cers. For example, Trametinib is a promising OSCC MEK1/2 inhibitor. Of the 17 enrolled
patients, nine (53%) had clinical to pathological tumor decline, suggesting that Trametinib
significantly reduced Ras/MEK/ERK pathway activation and clinical and metabolic tu-
mor response in patients with OSCC [107]. In a recent phase-II trial (nct02383927), the
total effective rate of tritifanib in patients with HNSCC was 53% (13/23 patients) [108].
Somatic mutations of the mapk1 (ERK2) gene exist in approximately 5% of patients with
HNSCC [109]. Allen V. et al. reported the first special responder with stage-III advanced
oral cancer, which was treated with erlotinib for 13 days [110]. Whole-exome characteristics
of pre-treatment biopsy showed the presence of somatic mapk1p E322k mutation, which
can over-activate EGFR signal 61 by promoting the release of the autocrine amphoteric
regulatory protein by OSCC cells and producing hypersensitivity to the EGFR kinase in-
hibitor erlotinib to over-activate EGFR [111]. In Hoi-Lam’s study, both MAPK1p.R135K
and MAPK1p.D321N mutations activated EGFR and showed high sensitivity to erlotinib
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in vivo [109]. MAPK mutation regulates the activation of ERBB3 in OSCC, which is a new
target of OSCC. Its activation level (p-erbb3) was significantly correlated with poor survival
in patients with OSCC [21]. Currently, various ERBB3 inhibitors are under development.
Among them, the anti-ERBB3 monoclonal antibody cdx-3379 showed antitumor activity,
resulting in tumor shrinkage in 42% of patients with HNSCC [112].

CD8+ T cells are effective anti-tumor immune cells. They are significantly increased
in OSCC with MAPK mutation, which may be related to the PD1 inhibitor response. A
retrospective analysis of the anti-pd1 immunotherapy cohort showed that mutations in the
MAPK pathway could predict the outcome of anti-pd1 immunotherapy in patients with
advanced and metastatic oral cancer, and the median survival time was two to three times
that of patients with WT [111,113,114]. These results suggested that the treatment of OSCC
may require the exploration of effective MEK/MAPK inhibitors.

Despite advances in molecular diagnostics in recent years, cetuximab is currently the
only targeted drug approved by the Food and Drug Administration [115]. Cetuximab,
a monoclonal antibody against EGFR, has been the standard of care for OSCC for many
years. However, the efficiency of cetuximab monotherapy is low (10–13%), and most
patients gradually develop resistance even after initially producing a good therapeutic
effect [116,117]. Therefore, OSCC remains a challenging disease to treat. We summarized
the MAPK signaling pathway-related targeted therapeutic studies in recent years and
summarized their specific targets of action (Table 2).

The MAPK pathway is also closely related to microRNAs (miRNAs) and long non-
coding RNAs (lncRNAs) in OSCC. For example, BRAF-activated long non-coding RNA
(BANCR) can promote the proliferation, migration, and invasion of OSCC cells through the
MAPK pathway in OSCC, which may become a potential prognostic index and therapeutic
target of OSCC [118]. In Jin et al.’s study [118], vitamin D inhibited the growth of OSCC
cells through the lncrna lucat1-mapk signaling pathway. Mir-148a regulates the activity
of the ERK/MAPK signaling pathway in OSCC through IGF-IR. IGF-IR can reverse the
antitumor effect of mir-148a in OSCC [119]. Despite these encouraging results, the current
research has many limitations, which should be resolved through future research.

Table 2. Oral squamous cell carcinoma-related targeted therapeutic molecules and targets.

Drug Targets Functions References

Coronarin D JNK Induce JNK phosphorylation and
promote apoptosis [93]

Dehydrocrenatidine ERK, JNK Activation of ERK and JNK
induces apoptosis. [92]

Polyphyllin G ERK, JNK, p38 Activation of ERK, Akt, p38, and JNK
induces apoptosis of oral cells. [87]

Xanthorrhizol JNK, p38
Caspase-independent apoptosis was

induced by ROS-mediated activation of
p38MAPK and JNK.

[89]

PCH4 JNK Induce JNK phosphorylation and
promote apoptosis [90]

Paclitaxel JNK Induce JNK phosphorylation and
promote apoptosis [91]

Demethoxycurcumin JNK, p38 Induce JNK and p38 phosphorylation and
promote apoptosis [120]

Cetuximab p38 Activation of p38 promotes skin toxicity. [121]

Tipifarnib ERK Induce ERK phosphorylation and
promote apoptosis [117]



Cancers 2022, 14, 4625 11 of 17

2.6. Resistance of Cancer Cells to Drugs Targeting the MAPK/ERK Signaling Pathway

Although the drug therapy for OSCC has high efficacy and selectivity, OSCC is prone
to drug resistance, in which the MAPK pathway plays an important role. Chemoresistance
of tumor cells is mainly due to the lack of initiation and regulation of apoptosis. NRAS or
MEK activation mutation, RAF amplification, RAF heterodimerization, BRAF alternative
splicing, and NF1 deletion are the causes of acquired drug resistance [120]. In OSCC,
most anticancer drugs induce apoptosis. Apoptosis can be initiated by mitochondria
(endogenous pathway) or cell death receptors (exogenous pathway), activating the caspase
cascade and apoptosis [122].

Inhibition of the p38 MAPK signaling pathway can reduce the tolerance of gastric can-
cer cells to Adriamycin treatment [123]. The p38 MAPK inhibitor combined with metformin
improves cisplatin sensitivity in cisplatin-resistant ovarian cancer [124]. Inhibition of the
MAPK/ERK signaling pathway reduces chemoresistance of small-cell lung cancer [125].
However, inhibition of MAPK signal transduction is insufficient to affect drug resistance of
advanced prostate cancer cells, and the response to chemotherapeutic compounds does
not depend on Raf/MEK/ERK signal transduction [126]. Resveratrol may lead to cell
cycle arrest and subsequent apoptosis and autophagy to overcome drug resistance [127].
Chang et al. found that resveratrol decreased phosphorylations of ERK and p38, block-
ing their activation. While inhibiting the phosphorylation of ERK and p38, MMP2 and
MMP9 expressions decreased significantly, and migration and invasion were significantly
inhibited [128].

3. Perspectives and Conclusions

Despite research advancements, the prognosis of OSCC is unsatisfactory. Novel
therapeutic strategies, target-specific drugs, and non-invasive, highly specific biomarkers
improve the survival of patients with OSCC. However, questions and challenges persist.

First, although pro- and anti-cancer effects of the MAPK signaling pathway have
been investigated in OSCC, the different expression levels of the MAPK signaling pathway
should be elucidated in patients with OSCC with different clinical stages and corresponding
regulatory programs, thus providing better clues for the early diagnosis and the treatment
of tumor progression. Second, changes in MAPK signaling pathway-related markers were
detected in peripheral blood mononuclear cells, particularly in patients treated with and
after radiotherapy for OSCC. Therefore, in the future, protein markers of OSCC may be
used as diagnostic indicators for clinicians for therapeutic interventions and as predictive
markers by introducing proteomics technologies [80]. Third, because the MAPK signaling
pathway is poorly conserved in patients at different stages, the molecularly targeted
therapy has some challenges. Imprecise pharmacotherapy of the MAPK pathway using
MAPK pathway inhibitors has failed in clinical trials with relatively large side effects [104].
Potential solutions to these problems have been mentioned in this paper, such as the
exploration of Ras protein signatures and new binding sites that enable more drug-targeted
therapies [102,103].

In recent years, a retrospective analysis of anti-PD1/PD-L1 immunotherapy cohorts
has suggested that mutations in the MAPK pathway can predict the outcome of anti-pd1 im-
munotherapy in patients with advanced and metastatic oral cancer, enabling MEK/MAPK
inhibitor-targeted therapy [110,114,115]. In addition, novel miRNA- and lncRNA-related
studies, which suggest them as potential prognostic indicators and therapeutic targets for
OSCC, have shown great potential in clinical applications [129].

In SCC, the catalytically active deubiquitinase Ubiquitin-specific peptidase 28 (USP28)
is strongly expressed and stabilizes the essential squamous transcription factor ∆Np63
and c-JUN, and these changes increase the abundance of the proto-oncogene JUN [130].
The role of USP28 in squamous cell carcinoma has recently been elucidated, with its
inhibition reducing the tumor growth rate and increasing cell death [131]. The effectiveness
of USP28 inhibitors has been demonstrated in vivo [132]; however, little is known about
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USP28 in OSCC, and more studies are required to explore this role, which would be a
promising target.

In summary, in this review, we summarized functional and potential molecular mech-
anisms of the MAPK signaling pathway in OSCC, molecularly targeted therapies, and
interactions with the tumor microenvironment. In particular, we highlighted the potential
of MAPK signaling pathway-related targets in future diagnostics and therapies, particularly
emerging target therapeutic technologies, including Ras/MRK and immune checkpoint
therapies targeting MAPK and the PD-1/PD-L1 axis. In conclusion, these results could
provide a deeper understanding of the function of the MAPK signaling pathway in OSCC
and present future prospects for this pathway in the diagnosis and treatment of OSCC.
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88. Korbecki, J.; Simińska, D.; Gąssowska-Dobrowolska, M.; Listos, J.; Gutowska, I.; Chlubek, D.; Baranowska-Bosiacka, I. Chronic
and Cycling Hypoxia: Drivers of Cancer Chronic Inflammation through HIF-1 and NF-κB Activation: A Review of the Molecular
Mechanisms. Int. J. Mol. Sci. 2021, 22, 10701. [CrossRef] [PubMed]

89. Ravenna, L.; Principessa, L.; Verdina, A.; Salvatori, L.; Russo, M.A.; Petrangeli, E. Distinct Phenotypes of Human Prostate
Cancer Cells Associate with Different Adaptation to Hypoxia and Pro-Inflammatory Gene Expression. PLoS ONE 2014, 9, e96250.
[CrossRef] [PubMed]

90. Na, T.Y.; Schecterson, L.; Mendonsa, A.M.; Gumbiner, B.M. The Functional Activity of E-Cadherin Controls Tumor Cell Metastasis
at Multiple Steps. Proc. Natl. Acad. Sci. USA 2020, 117, 5931–5937. [CrossRef] [PubMed]

91. Aiello, N.M.; Kang, Y. Context-Dependent EMT Programs in Cancer Metastasis. J. Exp. Med. 2019, 216, 1016–1026. [CrossRef]

http://doi.org/10.1038/nrc2694
http://doi.org/10.1016/j.bbamcr.2007.03.010
http://www.ncbi.nlm.nih.gov/pubmed/17481747
http://doi.org/10.1158/1078-0432.CCR-16-1686
http://doi.org/10.1016/S0092-8674(00)80108-7
http://doi.org/10.1002/cncr.25859
http://www.ncbi.nlm.nih.gov/pubmed/21656745
http://doi.org/10.1089/jir.2010.0154
http://doi.org/10.1158/0008-5472.CAN-07-2751
http://doi.org/10.3390/jcm8111958
http://doi.org/10.1016/S0002-9610(97)00166-9
http://doi.org/10.18632/oncotarget.22444
http://www.ncbi.nlm.nih.gov/pubmed/29296219
http://doi.org/10.4161/cc.5.8.2685
http://doi.org/10.1016/j.bcp.2006.06.029
http://www.ncbi.nlm.nih.gov/pubmed/16889756
http://doi.org/10.1007/s12094-013-1031-3
http://www.ncbi.nlm.nih.gov/pubmed/23553334
http://www.ncbi.nlm.nih.gov/pubmed/19189670
http://doi.org/10.1007/s11010-017-3082-1
http://www.ncbi.nlm.nih.gov/pubmed/28589371
http://doi.org/10.1182/blood-2007-10-115758
http://doi.org/10.1016/j.freeradbiomed.2016.10.002
http://doi.org/10.1007/s11325-015-1252-5
http://www.ncbi.nlm.nih.gov/pubmed/26354107
http://doi.org/10.1371/journal.pone.0105104
http://doi.org/10.1016/j.atherosclerosis.2018.01.027
http://doi.org/10.1016/j.neo.2014.11.003
http://doi.org/10.3390/ijms221910701
http://www.ncbi.nlm.nih.gov/pubmed/34639040
http://doi.org/10.1371/journal.pone.0096250
http://www.ncbi.nlm.nih.gov/pubmed/24801981
http://doi.org/10.1073/pnas.1918167117
http://www.ncbi.nlm.nih.gov/pubmed/32127478
http://doi.org/10.1084/jem.20181827


Cancers 2022, 14, 4625 16 of 17

92. Zhou, B.; Xiang, J.; Jin, M.; Zheng, X.; Li, G.; Yan, S. High Vimentin Expression with E-Cadherin Expression Loss Predicts a Poor
Prognosis after Resection of Grade 1 and 2 Pancreatic Neuroendocrine Tumors. BMC Cancer 2021, 21, 334. [CrossRef]

93. Tian, Y.; Qi, P.; Niu, Q.; Hu, X. Combined Snail and E-cadherin Predicts Overall Survival of Cervical Carcinoma Patients:
Comparison Among Various Epithelial-Mesenchymal Transition Proteins. Front. Mol. Biosci. 2020, 7, 22. [CrossRef]

94. Lin, Y.; Mallen-St Clair, J.; Wang, G.; Luo, J.; Palma-Diaz, F.; Lai, C.; Elashoff, D.A.; Sharma, S.; Dubinett, S.M.; St John, M. p38
MAPK Mediates Epithelial-Mesenchymal Transition by Regulating p38IP and Snail in Head and Neck Squamous Cell Carcinoma.
Oral. Oncol. 2016, 60, 81–89. [CrossRef]

95. Cui, B.; Chen, J.; Luo, M.; Liu, Y.; Chen, H.; Lü, D.; Wang, L.; Kang, Y.; Feng, Y.; Huang, L.; et al. PKD3 Promotes Metastasis and
Growth of Oral Squamous Cell Carcinoma through Positive Feedback Regulation with PD-L1 and Activation of ERK-STAT1/3-
EMT Signalling. Int. J. Oral. Sci. 2021, 13, 8. [CrossRef]

96. Gordon, S.R.; Maute, R.L.; Dulken, B.W.; Hutter, G.; George, B.M.; McCracken, M.N.; Gupta, R.; Tsai, J.M.; Sinha, R.; Corey, D.; et al.
PD-1 Expression by Tumour-Associated Macrophages Inhibits Phagocytosis and Tumour Immunity. Nature 2017, 545, 495–499.
[CrossRef]

97. Karyampudi, L.; Lamichhane, P.; Krempski, J.; Kalli, K.R.; Behrens, M.D.; Vargas, D.M.; Hartmann, L.C.; Janco, J.M.; Dong, H.;
Hedin, K.E.; et al. PD-1 Blunts the Function of Ovarian Tumor-Infiltrating Dendritic Cells by Inactivating NF-κB. Cancer Res. 2016,
76, 239–250. [CrossRef]

98. Cheng, Y.; Tian, H. Current Development Status of MEK Inhibitors. Molecules 2017, 22, 1551. [CrossRef]
99. Prior, I.A.; Hood, F.E.; Hartley, J.L. The Frequency of Ras Mutations in Cancer. Cancer Res. 2020, 80, 2969–2974. [CrossRef]
100. Mo, S.P.; Coulson, J.M.; Prior, I.A. RAS Variant Signalling. Biochem. Soc. Trans. 2018, 46, 1325–1332. [CrossRef]
101. Simanshu, D.K.; Nissley, D.V.; McCormick, F. RAS Proteins and Their Regulators in Human Disease. Cell 2017, 170, 17–33.

[CrossRef] [PubMed]
102. Awad, M.M.; Liu, S.; Rybkin, I.I.; Arbour, K.C.; Dilly, J.; Zhu, V.W.; Johnson, M.L.; Heist, R.S.; Patil, T.; Riely, G.J.; et al. Acquired

Resistance to KRASG12C Inhibition in Cancer. N. Engl. J. Med. 2021, 384, 2382–2393. [CrossRef] [PubMed]
103. Hallin, J.; Engstrom, L.D.; Hargis, L.; Calinisan, A.; Aranda, R.; Briere, D.M.; Sudhakar, N.; Bowcut, V.; Baer, B.R.; Ballard, J.A.; et al.

The KRASG12C Inhibitor MRTX849 Provides Insight toward Therapeutic Susceptibility of KRAS-Mutant Cancers in Mouse
Models and Patients. Cancer Discov. 2020, 10, 54–71. [CrossRef] [PubMed]

104. Gilardi, M.; Wang, Z.; Proietto, M.; Chillà, A.; Calleja-Valera, J.L.; Goto, Y.; Vanoni, M.; Janes, M.R.; Mikulski, Z.;
Gualberto, A.; et al. Tipifarnib as a Precision Therapy for HRAS-Mutant Head and Neck Squamous Cell Carcinomas.
Mol. Cancer Ther. 2020, 19, 1784–1796. [CrossRef] [PubMed]

105. Ribas, A.; Lawrence, D.; Atkinson, V.; Agarwal, S.; Miller, W.H., Jr.; Carlino, M.S.; Fisher, R.; Long, G.V.; Hodi, F.S.; Tsoi, J.; et al.
Combined BRAF and MEK Inhibition with PD-1 Blockade Immunotherapy in BRAF-Mutant Melanoma. Nat. Med. 2019, 25,
936–940. [CrossRef]

106. Wang, C.Y.; Hsia, J.Y.; Li, C.H.; Ho, C.C.; Chao, W.R.; Wu, M.F. Lung Adenocarcinoma with Primary LIMD1-BRAF Fusion Treated
with MEK Inhibitor: A Case Report. Clin. Lung Cancer 2021, 22, e878–e880. [CrossRef]

107. Uppaluri, R.; Winkler, A.E.; Lin, T.; Law, J.H.; Haughey, B.H.; Nussenbaum, B.; Paniello, R.C.; Rich, J.T.; Diaz, J.A.;
Michel, L.P.; et al. Biomarker and Tumor Responses of Oral Cavity Squamous Cell Carcinoma to Trametinib: A Phase II
Neoadjuvant Window-of-Opportunity Clinical Trial. Clin. Cancer Res. 2017, 23, 2186–2194. [CrossRef]

108. Ngan, H.L.; Law, C.H.; Choi, Y.C.Y.; Chan, J.Y.; Lui, V.W.Y. Precision Drugging of the MAPK Pathway in Head and Neck Cancer.
NPJ Genom. Med. 2022, 7, 20. [CrossRef]

109. Ngan, H.L.; Poon, P.H.Y.; Su, Y.X.; Chan, J.Y.K.; Lo, K.W.; Yeung, C.K.; Liu, Y.; Wong, E.; Li, H.; Lau, C.W.; et al. Erlotinib
Sensitivity of MAPK1p.D321N Mutation in Head and Neck Squamous Cell Carcinoma. NPJ Genom. Med. 2020, 5, 17. [CrossRef]

110. Van Allen, E.M.; Lui, V.W.; Egloff, A.M.; Goetz, E.M.; Li, H.; Johnson, J.T.; Duvvuri, U.; Bauman, J.E.; Stransky, N.; Zeng, Y.; et al.
Genomic Correlate of Exceptional Erlotinib Response in Head and Neck Squamous Cell Carcinoma. JAMA Oncol. 2015, 1, 238–244.
[CrossRef]

111. Wen, Y.; Li, H.; Zeng, Y.; Wen, W.; Pendleton, K.P.; Lui, V.W.; Egloff, A.M.; Grandis, J.R. MAPK1E322K Mutation Increases Head
and Neck Squamous Cell Carcinoma Sensitivity to Erlotinib through Enhanced Secretion of Amphiregulin. Oncotarget 2016, 7,
23300–23311. [CrossRef] [PubMed]

112. Duvvuri, U.; George, J.; Kim, S.; Alvarado, D.; Neumeister, V.M.; Chenna, A.; Gedrich, R.; Hawthorne, T.; LaVallee, T.;
Grandis, J.R.; et al. Molecular and Clinical Activity of CDX-3379, an Anti-ErbB3 Monoclonal Antibody, in Head and Neck
Squamous Cell Carcinoma Patients. Clin. Cancer Res. 2019, 25, 5752–5758. [CrossRef] [PubMed]

113. Mehra, R.; Seiwert, T.Y.; Gupta, S.; Weiss, J.; Gluck, I.; Eder, J.P.; Burtness, B.; Tahara, M.; Keam, B.; Kang, H.; et al. Efficacy and
Safety of Pembrolizumab in Recurrent/Metastatic Head and Neck Squamous Cell Carcinoma: Pooled Analyses after Long-Term
Follow-up in KEYNOTE-012. Br. J. Cancer 2018, 119, 153–159. [CrossRef]

114. Seiwert, T.Y.; Burtness, B.; Mehra, R.; Weiss, J.; Berger, R.; Eder, J.P.; Heath, K.; McClanahan, T.; Lunceford, J.; Gause, C.; et al.
Safety and Clinical Activity of Pembrolizumab for Treatment of Recurrent or Metastatic Squamous Cell Carcinoma of the Head
and Neck (KEYNOTE-012): An Open-Label, Multicentre, Phase 1b Trial. Lancet Oncol. 2016, 17, 956–965. [CrossRef]

115. Leemans, C.R.; Braakhuis, B.J.; Brakenhoff, R.H. The Molecular Biology of Head and Neck Cancer. Nat. Rev. Cancer 2011, 11, 9–22.
[CrossRef]

http://doi.org/10.1186/s12885-021-08062-6
http://doi.org/10.3389/fmolb.2020.00022
http://doi.org/10.1016/j.oraloncology.2016.06.010
http://doi.org/10.1038/s41368-021-00112-w
http://doi.org/10.1038/nature22396
http://doi.org/10.1158/0008-5472.CAN-15-0748
http://doi.org/10.3390/molecules22101551
http://doi.org/10.1158/0008-5472.CAN-19-3682
http://doi.org/10.1042/BST20180173
http://doi.org/10.1016/j.cell.2017.06.009
http://www.ncbi.nlm.nih.gov/pubmed/28666118
http://doi.org/10.1056/NEJMoa2105281
http://www.ncbi.nlm.nih.gov/pubmed/34161704
http://doi.org/10.1158/2159-8290.CD-19-1167
http://www.ncbi.nlm.nih.gov/pubmed/31658955
http://doi.org/10.1158/1535-7163.MCT-19-0958
http://www.ncbi.nlm.nih.gov/pubmed/32727882
http://doi.org/10.1038/s41591-019-0476-5
http://doi.org/10.1016/j.cllc.2021.05.003
http://doi.org/10.1158/1078-0432.CCR-16-1469
http://doi.org/10.1038/s41525-022-00293-1
http://doi.org/10.1038/s41525-020-0124-5
http://doi.org/10.1001/jamaoncol.2015.34
http://doi.org/10.18632/oncotarget.8188
http://www.ncbi.nlm.nih.gov/pubmed/27004400
http://doi.org/10.1158/1078-0432.CCR-18-3453
http://www.ncbi.nlm.nih.gov/pubmed/31308059
http://doi.org/10.1038/s41416-018-0131-9
http://doi.org/10.1016/S1470-2045(16)30066-3
http://doi.org/10.1038/nrc2982


Cancers 2022, 14, 4625 17 of 17

116. Burtness, B. The Role of Cetuximab in the Treatment of Squamous Cell Cancer of the Head and Neck. Expert Opin. Biol. Ther.
2005, 5, 1085–1093. [CrossRef]

117. Vermorken, J.B.; Trigo, J.; Hitt, R.; Koralewski, P.; Diaz-Rubio, E.; Rolland, F.; Knecht, R.; Amellal, N.; Schueler, A.; Baselga, J.
Open-label, Uncontrolled, Multicenter Phase II Study to Evaluate the Efficacy and Toxicity of Cetuximab as a Single Agent
in Patients with Recurrent and/or Metastatic Squamous Cell Carcinoma of the Head and Neck who Failed to Respond to
Platinum-Based Therapy. J. Clin. Oncol. 2007, 25, 2171–2177.

118. Jin, T.; Guo, Y.; Huang, Z.; Zhang, Q.; Huang, Z.; Zhang, Y.; Huang, Z. Vitamin D Inhibits the Proliferation of Oral Squamous Cell
Carcinoma by Suppressing lncRNA LUCAT1 through the MAPK Pathway. J. Cancer 2020, 11, 5971–5981. [CrossRef]

119. Jia, T.; Ren, Y.; Wang, F.; Zhao, R.; Qiao, B.; Xing, L.; Ou, L.; Guo, B. MiR-148a Inhibits Oral Squamous Cell Carcinoma Progression
through ERK/MAPK Pathway via Targeting IGF-IR. Biosci. Rep. 2020, 40, BSR20182458. [CrossRef]

120. Lee, S.; Rauch, J.; Kolch, W. Targeting MAPK Signaling in Cancer: Mechanisms of Drug Resistance and Sensitivity. Int. J. Mol. Sci.
2020, 21, 1102. [CrossRef]

121. Uzawa, K.; Kasamatsu, A.; Saito, T.; Kita, A.; Sawai, Y.; Toeda, Y.; Koike, K.; Nakashima, D.; Endo, Y.; Shiiba, M.; et al. Growth
suppression of human oral cancer cells by candidate agents for cetuximab-side effects. Exp. Cell Res. 2019, 376, 210–220. [CrossRef]
[PubMed]

122. Wang, W.H.; Hsuan, K.Y.; Chu, L.Y.; Lee, C.Y.; Tyan, Y.C.; Chen, Z.S.; Tsai, W.C. Anticancer Effects of Salvia miltiorrhiza Alcohol
Extract on Oral Squamous Carcinoma Cells. Evid. Based Complement Alternat. Med. 2017, 2017, 5364010. [CrossRef] [PubMed]

123. Tan, W.; Yu, H.G.; Luo, H.S. Inhibition of the p38 MAPK Pathway Sensitizes Human Gastric Cells to Doxorubicin Treatment
in vitro and in vivo. Mol. Med. Rep. 2014, 10, 3275–3281. [CrossRef]

124. Xie, Y.; Peng, Z.; Shi, M.; Ji, M.; Guo, H.; Shi, H. Metformin Combined with p38 MAPK Inhibitor Improves Cisplatin Sensitivity in
Cisplatin-Resistant Ovarian Cancer. Mol. Med. Rep. 2014, 10, 2346–2350. [CrossRef] [PubMed]

125. Kraus, A.C.; Ferber, I.; Bachmann, S.O.; Specht, H.; Wimmel, A.; Gross, M.W.; Schlegel, J.; Suske, G.; Schuermann, M. In vitro
Chemo- and Radio-Resistance in Small Cell Lung Cancer Correlates with Cell Adhesion and Constitutive Activation of AKT and
MAP Kinase Pathways. Oncogene 2002, 21, 8683–8695. [CrossRef] [PubMed]

126. Lee, J.T., Jr.; Steelman, L.S.; McCubrey, J.A. Modulation of Raf/MEK/ERK Kinase Activity does not Affect the Chemoresistance
Profile of Advanced Prostate Cancer Cells. Int. J. Oncol. 2005, 26, 1637–1644. [CrossRef] [PubMed]

127. Chang, C.H.; Lee, C.Y.; Lu, C.C.; Tsai, F.J.; Hsu, Y.M.; Tsao, J.W.; Juan, Y.N.; Chiu, H.Y.; Yang, J.S.; Wang, C.C. Resveratrol-Induced
Autophagy and Apoptosis in Cisplatin-Resistant Human Oral Cancer CAR Cells: A Key Role of AMPK and Akt/mTOR Signaling.
Int. J. Oncol. 2017, 50, 873–882. [CrossRef]

128. Chang, W.S.; Tsai, C.W.; Yang, J.S.; Hsu, Y.M.; Shih, L.C.; Chiu, H.Y.; Bau, D.T.; Tsai, F.J. Resveratrol Inhibited the Metastatic
Behaviors of Cisplatin-Resistant Human Oral Cancer Cells via Phosphorylation of ERK/p-38 and Suppression of MMP-2/9. J.
Food Biochem. 2021, 45, e13666. [CrossRef]

129. Yao, C.; Kong, F.; Zhang, S.; Wang, G.; She, P.; Zhang, Q. Long non-Coding RNA BANCR Promotes Proliferation and Migration in
Oral Squamous Cell Carcinoma via MAPK Signaling Pathway. J. Oral. Pathol. Med. 2021, 50, 308–315. [CrossRef]

130. Prieto-Garcia, C.; Hartmann, O.; Reissland, M.; Braun, F.; Bozkurt, S.; Pahor, N.; Fuss, C.; Schirbel, A.; Schülein-Völk, C.;
Buchberger, A.; et al. USP28 enables oncogenic transformation of respiratory cells, and its inhibition potentiates molecular
therapy targeting mutant EGFR, BRAF and PI3K. Mol. Oncol. 2022, 16, 3082–3106. [CrossRef]
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