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Metastasis is perhaps the most common reason for treatment failure in cancer patients, as well as the leading cause of

cancer-related death. Mitogen-activated protein kinase (MAPK) are serine/threonine-protein kinases that can be activated

by a variety of extracellular stimuli including growth factors, cytokines, insulin, environmental factors, and oxidative and

genotoxic stress. It is becoming increasingly clear that MAPKs are involved in all the steps required for hyperproliferating

cells to develop into metastatic tumors. However, scholars are currently lacking in vivo data to fully understand how MAPK

signaling pathways can affect the progression of metastatic disease. 
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1. Molecular Basis of Metastasis

In all cases, tumor formation starts with the initiating mutation that confers the unlimited proliferative potential of cells,

followed by the development of genetic instability that leads to autonomic transformed cells. However, the oncogenic

transformation is not sufficient for cells to acquire the ability to enter systemic circulation and infiltrate distant tissues.

Moreover, the cells need to survive in the new environment and colonize the foreign tissue. The genes that contribute to

all these events can be classified into several classes: (a) metastasis initiation genes, (b) metastasis progression genes,

and (c) metastasis virulence genes. The first class of genes (initiation genes) allows tissue invasion and their dispersion.

This class includes various factors that contribute to angiogenesis, cell motility, or invasion. Progression genes, on the

other hand, facilitate tumor development at the site of metastasis. Similar to oncogenes, progression genes contribute to

tumorigenesis; however, during the metastatic process they play additional, advantageous functions that enable the

tissue-specific spread. The classical examples of these include MMPs. Metastasis virulence genes are responsible for the

aggressive potential of tumor cells not in the primary site, but in the secondary site. It is, however, often difficult to classify

a gene to a specific class of metastasis genes as their functions usually overlap .

So far, hundreds of genes have been shown to contribute to the invasive potential of cells. Mutations in genes encoding

the cellular tumor antigen p53 (TP53), cyclin-dependent kinase inhibitor 2A (CDKN2A), phosphatase and tensin homolog

(PTEN), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α (PIK3CA), retinoblastoma (RB1), GTPase

KRas (KRAS), estrogen receptor (ESR1), MYC proto-oncogene protein (MYC), and serine/threonine-protein kinase B-raf

(BRAF) were linked with the tumor metastasis process. However, metastatic research focuses mainly on gene expression

changes during the metastatic process, rather than the exploration of specific gene mutations .

To acquire the abilities needed to form metastases, epithelial stem cells or differentiated epithelial cells must undergo the

epithelial–mesenchymal transition (EMT). The whole EMT process is mediated by various transcription factors involved in

developmental programs such as twist-related protein 1 (TWIST), zinc finger proteins SNAI1/2 and SLUG, zinc finger E-

box-binding homeobox 1/2 (ZEB1/2), forkhead box protein C2 (FOXC2), or paired mesoderm homeobox protein 1

(PRRX1) . The expression levels of noncoding RNAs such as microRNAs and long non-coding RNAs have also been

found to change during the EMT process, suggesting that they may play a role in the process . The epigenetic

regulation, chromatin remodeling, alternative splicing, posttranslational modifications, stabilization, and altered subcellular

localization of proteins all contribute to the EMT .

Two main mechanisms of cell movement can be distinguished: amoeboid and mesenchymal. The mesenchymal type of

movement is dependent on protease (MMPs) activities that enable the movement through the degradation on ECM, while

the amoeboid type is a protease-independent process and relies on mechanical forces exerted by the cells on the ECM.

Both types of movements are controlled by the signaling pathways of the RHO family of small GTPases that control actin

dynamics and their rearrangement during cell migration in response to environmental stimuli. In the mesenchymal type of

movement, cells attain a specific elongated spindle-like shape and resemble fibroblasts in shape. RHOA facilitates actin

stress fiber formation, whereas Ras-related protein (RAC1) and cell division control protein 42 homolog (CDC42) promote
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the formation of lamellipodia (network of the actin filaments) and filopodia (rod-like projections of actin fibers) . The

activity of Rho GTPases is regulated by guanine nucleotide exchange factors (GEFs), GTPase-activating proteins

(GAPs), and guanine nucleotide dissociation inhibitors (GDIs). RHO-associated kinase (ROCK) interacts with formin

diaphanous 1 (DIA1) and facilitates actin polymerization. Furthermore, ROCK inactivates myosin-light-chain phosphatase

(MLCP), which normally dephosphorylates myosin II light chain (MLC2). The phosphorylation of MLC2 leads to the

augmented activity of myosin II ATPase, facilitating its interaction with actin filaments to confer cell contraction.

Phosphorylated MLC2 is negatively regulated by myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK).

Furthermore, ROCK1 is negatively regulated by RHO-related GTP-binding protein (RHOE). In contrast, 3-

phosphoinositide-dependent protein kinase 1 (PDK1) promotes ROCK1-dependent actomyosin filament formation. PI3K is

a key regulator of front–rear polarity and is involved in the recruitment of CDC42 and RAC GEFs to the leading edges of

the moving cells. RAC and CDC42 regulate actin polymerization via the regulation of Wiskott–Aldrich syndrome protein

(WASP) and its interaction with Arp2/3 complex 34 kDa subunit (ARP2/3) .

In the amoeboid type of migration, rounded cells move via constant cycles of expansion and contraction of the cell body.

This is allowed by actin and myosin, which localize cortically and contribute to membrane blebbing. Blebbing results from

the inflow of cytoplasm. In contrast, in lamellipodia, actin polymerization is the underlying cause of changes and

movement. Again, the RHO/ROCK signaling pathway regulates the process of migration . In summary, invadopodia,

lamellipodia, filopodia, podosomes, and are actin-rich membrane protrusions formed by metastatic cells. To migrate and

invade, protrusions use mechanical forces and proteases. They are either the cell’s sensory organelles (filopodia) for

signals such as chemoattractants, or the major organelles for cell motility (lamellipodia), or both allowing motility and ECM

degradation (invadopodia). Unlike single-cell migration, collectively migrating cells maintain cell–cell connections by

continuously expressing adhesion molecules. Cells may travel as sheets, strands, tubes (coordinated invasion), or

clusters (cohort migration). Collective cell migration involves force creation to pull or push cells forward or backward.

Substrate-binding integrins generate the energy required for motility. Integrins are expressed on the leading edges of cells

to form adhesion complexes with ECM components such as fibronectin. ECM attachment stimulates cytoskeletal adaptor

proteins, such as cortactin, vinculin, paxillin, and talin. Migrating cells develop membrane protrusions and integrin-

mediated focal adhesions connected to the actin cytoskeleton. Cells also express MMPs at their leading edges to split

collagen fibers and arrange them in tube-like structures to travel in the cell mass .

MMPs constitute a family of 24 endopeptidases that regulate the ECM composition through proteolytic activity. Based on

their structure and function, MMPs can be classified into eight groups encompassing MMPs either secreted or membrane-

bound. Due to their proteolytic function, the activity of MMPs must be tightly controlled. This is achieved through strictly

controlled transcriptional and translational events. Moreover, MMPs are expressed as proenzymes or zymogens that need

to be activated by “cysteine switch” mechanisms and autocatalysis reactions in which the enzyme cleaves its prodomain

and gains catalytic activity. Furthermore, as previously mentioned, the activity of enzymes is controlled by four tissue

inhibitors of metalloproteinases (TIMPs) that impede their enzymatic function . Due to their proteolytic activity, MMPs

have been suggested to play a critical role in all of the metastatic steps from the invasion through ECM degradation 

, angiogenesis , immune evasion , the establishment of premetastatic niche , extravasation

, to proliferation and survival in the new environment . Thus, the inhibition of MMPs may represent a new

strategy in targeting metastasis. Despite the obvious roles of MMPs in tumor metastasis, continuous efforts fail to

implement MMPs inhibitors into the clinic. This is attributed to the difference between murine and human biology, e.g.,

differences in lifespan, differences in tumor growth and size without metastatic spread, or the use of genetically

homogenous cancer cells in the bolus injection compared with the greater heterogenicity of tumor cells in humans. These

factors, together with the lack of the specificity of inhibitors and the potential side-effects, have restricted the use of MMP

inhibitors in cancer treatment. Moreover, MMPs act early in the development of metastasis; thus, certain actions, such as

MMP expression profiling, should be performed in the pre-and peri-metastatic stages. Both antibodies and small-molecule

inhibitors targeting MMPs with varied affinity, specificity, and selectivity have been developed .

2. The MAPK Pathway in Metastasis

MAPKs are serine/threonine-protein kinases that can be activated by a variety of extracellular stimuli including growth

factors, cytokines, insulin, environmental factors, and oxidative and genotoxic stress. Through the use of genetically

engineered mouse models and chemically induced tumorigenesis models it has been observed that components of the

MAPK pathway not only regulate the behavior of tumor cells, but also the behavior of surrounding normal stromal cells in

the TME during cancer pathogenesis. The unique activities of MAPK pathway components in tumor initiation and

development vary based on the stimuli and stromal cells involved in tumor growth, as well as the molecular isoforms of

the pathway components . The conventional MAPKs in mammals include c-Jun NH2-terminal kinase (JNK), P38
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MAPK, and extracellular signal-regulated kinase (ERK), which, in turn, exist in several isoforms. JNK1 and JNK2 are

found in nearly all tissues in contrast to JNK3, which is found primarily in neuronal cells. P38 MAPK exists in several

isoforms encompassing P38α (also known as MAPK14 or SAPK2a), P38β (MAPK11, SAPK2b), P38γ (MAPK12, SAPK3,

ERK6), and P38δ (MAPK13, SAPK4). ERK1 and ERK2 are the subtypes of the eight isoforms of ERK that are activated

by MAPK/ERK kinase 1 (MEK1/2) . In contrast, ERK3/4 and ERK7/8 are considered atypical MAPKs . The MAPK

pathway components are shown in Figure 1.

Figure 1. Mitogen-activated protein kinase (MAPK) signaling pathways. Extracellular signals such as growth factors and

cytokines, as well as intracellular signals such as oxidative and DNA damage, activate MAPK pathways. GTPases

(activators) such as RAS, RAS-related protein (RAC), and cell division control protein 42 homolog (CDC42) constitute the

first layer of MAPK signaling cascade, which conveys the signal to downstream protein kinases. The MAPK signaling

cascades consist of three kinases: mitogen-activated protein kinase kinase kinase (MAPKKK), a mitogen-activated protein

kinase kinase (MAPKK), and mitogen-activated protein kinase (MAPK) and results in proliferation, migration,

differentiation, survival, or apoptosis. Mammalian MAPK pathways include ERK MAPK, P38 MAPK, and JNK MAPK

signaling events. ERK/MAPK pathway is activated by RAS, which is attracted to the plasma membrane through receptor

tyrosine kinases (RTKs) and G protein-coupled receptor (GPCRs) activation. In this cascade, MAPK/ERK kinase 1/2

(MEK1/2) activates extracellular signal-regulated kinase 1/2 (ERK1/2). P38/MAPK and JNK/MAPK pathways are triggered

by various insults that activate signaling through MKK3/6 or MKK4/7 (MAPKKs), respectively, that are activated upon

MAPKKK s such apoptosis signal-regulating kinase 1 (ASK1), transforming growth factor-β-activated kinase 1 (TAK1),

MEKK1 (MAPKKK), and MLK3 (MAPKKK). ERK3/4 are considered atypical MAPK kinases .

Every MAPK signaling cascade involves at least three core kinases: MAPKKK (mitogen-activated protein kinase kinase

kinase), MAPKK (mitogen-activated protein kinase kinase), and MAPK (mitogen-activated protein kinase) . MAPK

pathways are present in nearly all eukaryotes and play an important role in numerous cellular activities, including gene

expression, metabolism, proliferation, apoptosis, invasion, and metastasis . The RAS–RAF–MEK–ERK pathway is

disrupted in approximately 40% of all human malignancies, with mutations in BRAF (10%) and its upstream activator RAS

(30%) being the most frequently observed. Inhibitors of MEK were among the first anti-MAPK pathway therapeutics to be

created, but despite their high potency and selectivity, they failed in clinical trials. This was due to the negative feedback

mechanisms of the pathway components and systemic toxicity of the drugs. Treating metastatic malignant melanoma and

other cancers with the use of a combination of RAF and MEK inhibitors has become standard practice. The majority of the

pioneering work has been performed in metastatic malignant melanoma, which is characterized by a high prevalence of

BRAF (50–60%) and NRAS (15–20%) mutations .
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The MAPK pathway is initiated by the binding of growth factor to the RTK or GPCR and the subsequent phosphorylation

of RAS protein and following activation of BRAF or RAF (also known as MAPKKK) kinase. The activation signal is

conveyed to the MAPKKs (phosphorylation of two serine residues of the MEK1 or MEK2 protein). The downstream

phosphorylation of tyrosine and threonine residues of ERK kinase results in the phosphorylation of a multitude of protein

substrates involved in differentiation, apoptosis, and migration . Upon stimulation of MAPK signaling, ERK1/2 shuttles

from cytoplasm to the nucleus, where it regulates gene expression by phosphorylating numerous transcription factors. In

the cytoplasm, cytoskeletal components such as microtubule-associated protein (MAP1, MAP2, MAP4) are the targets of

the ERK1/2 kinase. These phosphorylation events control the cell morphology and cytoskeletal redistribution. Moreover,

ERK1/2 may phosphorylate other cytoplasmic components, including son of sevenless (SOS), RAF1, and MEK, providing

a negative feedback regulation of the pathway. In the nucleus, proto-oncogenes including c-FOS, c-JUN, ETS domain-

containing protein (ELK1), c-MYC, and cyclic AMP-dependent transcription factor (ATF2) are all phosphorylated in an

ERK1/2-dependent manner . The activation of the ERK/MAPK signaling pathway can promote tumor invasion and

metastasis by upregulating MMP expression, whereas the inhibition of this signaling can impede the aforementioned

processes . It was also discovered that mesothelin regulates the expression of MMP7 through the MAPK/ERK signal

transduction pathway, as well as the ERK1/2, AKT, and JNK-mediated pathways, contributing to the invasiveness of

ovarian cancer cells . Moreover, RAS-associated protein RAP1A was identified as a significant promoter of ovarian

cancer cell metastasis via activation of ERK and P38 signaling and the induction of EMT through enhanced expression of

SLUG, ZEB1, vimentin, fibronectin, and MMP9 .

The modification of cellular adhesiveness has a direct impact on the mobility of cells. The activation of the ERK/MAPK

pathway has been demonstrated to regulate the disassembly of focal adhesions . Moreover, fibroblast de-adhesion

triggered by EGFR necessitates the activation of M-calpain, which is downstream of the ERK/MAPK kinase signaling

pathway . Previous studies indicate that activation of the MAPK pathway may not be sufficient for the induction

of cell mobility and may require phospholipase C activity (PLC) . Moreover, the RAS/RAF/MEK/ERK kinase cascade

can have a profound impact on HIF-1α protein translation. Activated ERK phosphorylates eukaryotic translation initiation

factor 4E-binding protein 1 (4E-BP1), ribosomal protein S6 kinase (S6K), and MAP kinase interacting kinase (MNK)

(which can, in turn, directly phosphorylate eukaryotic translation initiation factor 4E (eIF-4E)) and enhances mRNA

translation of HIF-1α protein involved in the response of cells to hypoxia . Moreover, ERK may alter MMP activity, which

affects gastric cancer (GC) cell migration or invasion, and many proteins upstream of the ERK/MAPK pathway, such as IL-

22, RasGAP-activating-like protein 1 (RASAL1), protein tyrosine phosphatase type IVA 3 (PRL3), nuclear apoptosis-

inducing factor 1 (NAIF1), coiled-coil domain-containing protein 134 (CCDC134), and zinc finger protein (ZIC1) that

potentially affect invasion and migration in GC cell lines . The RAS/RAF/ERK cell signaling pathway and the P38 MAPK

pathway are both responsible for the activation of MNKs that are engaged in oncogenic transformation and can promote

metastasis. Alternative splicing results in the production of four MNKs isoforms in human cells (MNK1a/b and MNK2a/b),

which are derived from two genes. Through the regulation of eukaryotic translation initiation factor 4E (eIF4E), these

kinases play a critical role in the control of the expression of specific proteins involved in the cell cycle, cell survival, and

cell motility. However, they also regulate the expression of genes through the modulation of other substrates such as

heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1), polypyridine tract-binding protein-associated splicing factor

(SFPQ), and sprouty 2 (SPRY2) .

ROS play a critical role in the regulation of various biological processes. ROS are an integral part of the tumor

microenvironment and may promote cancer angiogenesis, metastasis, and survival. Several studies have demonstrated

that ROS accumulation is a significant contributor to the EMT process . For example, ROS causes epigenetic

alterations in the promoter region of E-cadherin and several other tumor suppressor genes, resulting in tumor

development and metastasis. It may cause gene promotor hypermethylation via SNAI-mediated induction of histone

deacetylase 1 (HDAC1) and DNA methyltransferase 1 (DNMT1). Moreover, it was found that TGF-β1 controls the

expression of uPA and MMP9, which aids in cell motility and invasion through ROS-mediated events. ROS present in

moderate concentrations, stimulate the activation of the cancer cell survival signaling cascade, which includes the

MAPK/ERK, P38, JNK, and PI3K/AKT signaling. As a result of the pathway activation ROS contribute to the activation of

NF-κB, MMPs, and VEGF. However, cells have to maintain a balance between ROS generation and elimination, as

excess ROS production may lead to DNA damage and apoptosis . Moreover, EGFR/RAS/MAPK signaling pathway is

involved in NFκB activation, cyclooxygenase-2 (COX2) upregulation, and GC cell proliferation. COX2 upregulation

promotes cancer growth and decreases apoptosis.

The P38 pathway includes the MAPKKKs such as apoptosis signal-regulating kinase 1 (ASK1), transforming growth

factor-β-activated kinase 1 (TAK1), mitogen-activated protein kinase kinase kinase 1 (MEKK1), and mixed-lineage kinase

3 (MLK3), and MAPKKs, such as MKK3/6, which in turn activate P38 . In various malignancies, P38 promotes EMT

and metastasis via the upregulation of pro-metastatic genes . P38 MAPKs perform a wide range of functions through
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binding to and activating a diverse array of substrates. More than 100 proteins have been demonstrated to be susceptible

to direct phosphorylation by P38 MAPKs in vitro and in vivo, with approximately half of these being transcription factors,

including ATF-1, -2, and -6, TP53, and CCAAT/enhancer-binding protein α (C/EBPα). Other substrates include protein

kinases (e.g., MAP kinase-activated protein kinase 2/3 (MK2/3), ribosomal protein S6 kinase α 5 (MSK1) and

phosphatases (e.g., serine/threonine-protein phosphatase 2A catalytic subunit α isoform (PPP2CA)), cell-cycle proteins

(e.g., cyclin D1), apoptosis proteins (e.g., BCL-2 family proteins), growth factor receptors (e.g., fibroblast growth factor

receptor 1 (FGFR1)), and cytoskeletal proteins (e.g., tau, keratin 8) . For more information on substrates of P38 see 

; moreover the table, a companion to the SnapShot “p38 MAPK Signaling” in the January 31 issue of Cell, describes 66

P38α substrates grouped into eight different categories based on biochemical function .

It has been demonstrated that P38 may be involved in the phosphorylation of the Ser68 residue on TWIST1, which leads

to increased protein stability and promotes its capacity to induce EMT and invasiveness in breast cancer . It has been

found that elevated TWIST1 levels are also dependent on activation of the ERK signaling . TWIST1 may in turn act as

a transcriptional factor for MMPs . Additionally, P38-mediated signaling was shown to regulate the expression of

MMP1, MMP2, MMP9, and MMP13 in multiple cancer cell lines . In contrast, high expression levels of SNAI

together with high expression levels of the phosphorylated P38 MAPK (Thr180/Tyr182) were found in primary tumors.

High expression of SNAI in metastatic cells is correlated with an increased risk of death in ovarian cancer patients . A

strong link between inflammation and EMT has been established . SNAI was found to trigger IL-6 production, which

may in turn act as an EMT trigger. IL-6 also contributes to signal transducer and activator of transcription 3 (STAT3)

activation, which affects both tumorigenesis and metastasis . IL-1β is another cytokine linked to the advancement

of cancer including gastric adenocarcinoma, but its molecular causes remain unknown. Both P38 and JNK regulate the IL-

1β signaling pathway and the activation of P38 by IL-1β enhances GC cell motility, invasion, and metastatic potential in

vitro and in vivo. It was shown that IL-1β induces the IL-1β/P38/AP-1(c-FOS)/MMP2/MMP9 pathway .

The Forkhead box (FOX) family of transcription factors, which are distinguished by a conserved DNA-binding domain

known as the ‘forkhead’ or ‘winged-helix’, regulate a wide range of biological functions, including cell proliferation,

differentiation, apoptosis, and metabolism. FOXC1 and FOXC2, play a critical role in the regulation of embryonic, ocular,

and cardiac development. A wide variety of cancers are including breast carcinomas, hepatocellular carcinomas,

lymphomas exhibit elevated expression of FOXC1 and FOXC2. FOXC transcription factors aid in the progression of

cancer through regulation of cell proliferation, metastasis, EMT, and angiogenesis . FOXC1 promotes tumor metastasis

in numerous human malignant cancers. However, the upstream and downstream molecular mechanisms of FOXC1 in

metastasis remain unknown. FOXC1 upregulation was related to poor prognosis in colorectal cancer (CRC). In vitro and

in vivo, FOXC1 knockdown reduced CRC cell migration and invasion while FOXC1 overexpression increased the

metastatic potential of the tested cells. Moreover, it was found that in metastatic CRC cells, FOXC1 regulates MMP10 and

the expression of transcription factors SOX4 and SOX13. FOXC1’s Ser241 and Ser272 were found to be important sites

for the interaction with P38, phosphorylation of which contribute to its stability . Moreover, the P38-mediated

phosphorylation of Ser367 of FOXC2 serves as a regulatory mechanism of ZEB1 in metastatic breast cancer cells. The

inhibition of P38–FOXC2 signaling selectively reduces cell metastasis without an effect on primary tumor growth. The

genetic or pharmacological suppression of P38 reverses the EMT in a FOXC2-dependent process .

As described above, ZEB1 was identified as a downstream target of FOXC2 . ZEB1 is a transcription factor that

belongs to the ZEB family of transcription factors. It is distinguished by the presence of two zinc finger clusters, which are

important for DNA binding, as well as a homeodomain that is centrally positioned. Other protein binding domains found in

ZEB1 include the Smad interaction domain (SID), the CtBP interaction domain (CID), and the p300-P/CAF binding

domain, among others (CBD). ZEB1 can bind to certain DNA sequences known as E-boxes and either downregulate or

upregulate the expression of its target gene by recruiting co-suppressors or co-activators through the CID, SID, or CBD

signaling pathways. The suppression of ZEB1 in MDA-MB-231 human breast cancer cells results in the overexpression of

around 200 genes and the downregulation of approximately 30 genes, the majority of which are determinants of epithelial

differentiation and cell–cell adhesion. Because of the critical function of ZEB1 in the downregulation of E-cadherin, it is

thought to operate as a driver of the EMT and cancer progression. In addition to suppressing the expression of E-

cadherin, ZEB1 regulates the expression of several additional target genes that are implicated in tumor growth. For

instance, ZEB1 binds to the promoters of epithelial polarity genes and suppresses their transcription, causing breast

cancer cells to lose adherence and thus conferring invasive potential .

P38 can activate HIF-1 by stabilizing its α subunit (HIF-1α). HIF-1 is also a transcriptional regulator of growth factors and

cytokines such as VEGF and TGF-β that are involved in EMT. In addition, HIF-1 can directly stimulate the production of

SNAI and TWIST affecting cell migration and EMT . P38α also may trigger cell migration or cytoskeletal remodeling

via the phosphorylation of heat-shock protein 27 (HSP27), the activation of LIM domain kinase 1 (LIMK1), and the
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inactivation of cofilin . Cofilin is a small abundant protein that binds both G-actin (monomeric) and F-actin

(filamentous actin) and thus confers cell migration. Several studies have found that the expression of specific genes in the

cofilin pathway is altered in invasive tumor cells, suggesting that cofilin is involved in the initiation of the early phases of

the motility cycle. Moreover, the cofilin pathway responds to the TME stimuli that are implicated in cell migration through

the activation of other pathways (see Section 5) involved in metastasis. These include cytokines and growth factors such

as EGF and TGFα .

P38 responds to ROS buildup by encouraging growth stagnation and death, hence preventing carcinogenesis. TNF-α can

be stimulated by ROS, resulting in the activation of the JNK signaling pathway and the induction of apoptosis. On the

other hand, TNF-α may activate NF-κB and decrease ROS production through the induction of associated genes such as

manganese superoxide dismutase (MnSOD) and ferritin heavy chain (FHC), blocking JNK activation and apoptosis. The

activation of P38 stimulates the activity of ribosomal protein S6 kinase α 5/4 (RPS6KA5/4 or MSK1/2) and, in turn,

promotes the activity of NF-κB . More recently, plasma membrane Ca  pump isoform 4b (PMCA4b or ATP2B4) has

been established as a metastasis suppressor in BRAF mutant melanoma cells. The activation of P38 triggers the

endo/lysosomal internalization and degradation of the ion pump in melanoma cells. Moreover, the inhibition of the P38

MAPK pathway reduces both migration, and metastasis of BRAF mutant cells via the increase in PMCA4b expression and

a reduction in β4 integrin yields .

While other isoforms of P38 were shown to have a profound influence on cancer metastasis, for many years P38δ was a

poorly investigated member of the MAPK family. However, it was found that this isoform is highly expressed in particularly

all types of human breast cancers, and the inhibition of P38δ in MCF-7 and MDA-MB-231 breast cancer cell lines results

in diminished cell proliferation. Moreover, cells without P38δ seem to exhibit enhanced cell–matrix adhesion. This is

attributed to the regulatory role of P38δ on FAK kinase . Moreover, P38δ was shown to enhance the development of

CSCs in breast cancer . In contrast, P38γ and P38δ activation may suppress CSCs development in non-small-cell lung

cancer (NSCLC) through promotion of the ubiquitin-mediated degradation of SOX2, OCT4, NANOG, KLF4 and MYC

transcription factors that normally contribute to the acquisition of cancer stem cell characteristics . The role of P38

signaling in metastasis was also previously summarized in  and is shown in Figure 2.

Figure 2. Activation and downstream targets of P38 MAPK. P38 MAPK is activated through several mechanisms. The

canonical MAPK signaling module involves sequential phosphorylation and activation events that pass down from

MAP3Ks to MAP2Ks, and from MAP2Ks to P38 MAPK. In response to various external stresses and signals (e.g.,

oxidative stress, UV irradiation, DNA-damage chemotherapeutic agents, and cytokines), several MAP3Ks can trigger

activation of P38 signaling, such as TAK1, MEKK1-4, MLK2/3, and ASK1/2. Three MAP2Ks, namely MKK3, MKK6, and
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MKK4, are direct upstream activators of P38 MAPK. In addition to canonical activation, P38a, the best-characterized

member of the P38 kinase family, can also be activated through autophosphorylation. P38 MAPK has been reported to

phosphorylate more than 100 proteins, highlighting the versatility of this signaling pathway. Prominent downstream targets

include transcription factors, protein kinases, and phosphatases, growth factor receptors, as well as key regulators of cell

cycle and apoptosis. Based on .

JNK1, JNK2, and JNK3 are the kinases encoded by genes belonging to the JNK family. JNK1 and JNK2 are expressed

throughout the body, whereas JNK3 expression is restricted to certain tissues, with the highest levels found in the brain,

heart, and testes. For each of the genes, several different splice variants result in a total of 10 isoforms of the protein with

molecular weights ranging from 46 to 54 kDa . MKK4 and MKK7 are two representatives of the MAPKK kinases

belonging to the JNK sub-pathway activated when MAPKKKs are triggered. These components then phosphorylate and

activate JNK, which in turn phosphorylates a multitude of substrates of the AP-1 transcription factor, with c-JUN, FOS, and

FOS-related antigen 1/2 (FRA1/2) being the most relevant. Other JNK’s downstream targets include members of the

mitochondrial apoptosis regulator BCL-2 family (BCL-2, BCL-xL, BAD, BIM, and BAX), as well as ATF2, ELK-1, TP53, and

c-MYC .

JNKs have a dualistic role in cancer . For example, in mouse embryonic fibroblasts (MEFs), the deletion of JNK2

results in increased cell proliferation, whereas the loss of JNK1 has the opposing effect . The differential regulation of c-

JUN is thought to be responsible for these effects . In MEFs, JNK loss in combination with the double knockout of TP53

(TP53–/–) results in MET, as demonstrated by increased E-cadherin expression, decreased N-cadherin expression, and

lower colony-forming ability . TGFβ activates JNKs in a cascade that necessitates the involvement of TAK1. This

pathway is critical for TGFβ signaling because it is required for the phosphorylation of SMAD3 by JNK and is required for

the subsequent transcriptional activation of SMAD3. Not only does the phosphorylation of SMAD3 by JNK increase the

efficacy of SMAD-dependent gene expression, but it also increases SMAD3 translocation to the nucleus. Because

SMAD3 directly transactivates SNAI1 and SNAI2, JNKs may promote the EMT .

Furthermore, the role of JNKs in inflammation is well established . Activated JNK1 promotes the recruitment of

inflammatory macrophages, which release VEGF to stimulate angiogenesis and MMPs to aid in tissue remodeling.

Moreover, monocytes release TGF-β, which in turn causes tumor cells to undergo the EMT . Studies suggest that the

double knockout JNK1−/− results in reduction in tumor burden, tumor proliferation, and cytokine production, including

TNFα and IL-6. Several studies have suggested that the JNK-dependent inflammatory response promotes tumor

progression through induction of the EMT in cells . Moreover, JNK-stimulated binding of c-JUN to the VEGF promoter

may increase the expression of angiogenic factors facilitating the access of tumor cells to oxygen and nutrients .

Phosphorylated JNK activates c-JUN, which results in an increase in the expression of MMP2 as a result of the

upregulation of astrocyte elevated gene-1 (AEG-1) in cells. The upregulation of AEG-1 dramatically increases the

aggressiveness of osteosarcoma cells via the JNK/c-JUN/MMP2 pathway. In addition, it has been shown that the JNK

pathway can promote cancer invasion and metastasis by boosting the expression of other MMP family members such as

MMP7 and MMP9, which are induced by the activation of the downstream signaling cascade .

In human cancer, it is common to observe apparent defects in cell polarity. The fundamental processes through which cell

polarity disturbance contributes to tumor growth and metastasis are uncertain. When different apicobasal polarity genes in

Drosophila are mutated, JNK signaling is activated and the E-cadherin/β-catenin adhesion complex is downregulated.

Both of these events are required and sufficient to cause oncogenic RAS(V12)-induced benign tumors in the developing

eye to exhibit metastatic behavior. Furthermore, when oncogenic RAS is present, active JNK and RAS signaling work

together to promote tumor development, with JNK signaling switching from a proapoptotic to a pro-growth function

depending on the context .

The overexpression of glucose-regulated protein 94 (GRP94) has been observed in a variety of malignancies, including

breast, liver, lung, colorectal, gastric, pancreatic, and head and neck cancers. GRP94 is a key protein involved in

mediating cancer progression, and it is highly expressed in hepatocellular carcinoma (HCC). On the other hand,

chaperonin-containing TCP1 complex (CCT1-8) proteins are highly conserved molecular chaperones that are involved in

promoting the correct folding of newly synthesized proteins or the refolding of misfolded proteins. Furthermore, it has been

proposed that CCT proteins are implicated in the progression of a variety of cancers, including breast cancer, colorectal

cancer, uterine sarcoma, and lung cancer, among others. CCT8 overexpression has been discovered in a variety of

cancers, including colon cancer, breast cancer, glioma, and HCC. It has been reported that the silencing of GRP94

hindered the wound healing, migration, and invasion of HCC cells. These findings suggested that GRP94 knockdown may

have a suppressive impact on HCC cell metastasis via a reduction in CCT8/c-JUN/EMT signaling in HCC cells. The

silencing of GRP94 greatly reduced the migration and invasion of cells .

[61]

[92]

[93][94]

[95]

[96]

[97]

[98]

[92]

[99][100][101]

[92]

[102]

[103][104]

[93]

[105]

[106]



JNK is a multifunctional protein that can mediate both cell transformation and apoptosis through a variety of mechanisms

that partially overlap with those of the ERK signaling pathway. JNK has been shown to increase resistance to ERK

pathway inhibitors as well as chemotherapeutic agents. Moreover, JNK is unquestionably significant in the development of

resistance to RAF inhibitors . Evidence suggests that nuclear apoptosis-inducing factor 1 (NAIF1), a protein often

downregulated or lost in cancer regulates cellular migration and invasion through the MAPK pathway. The human NAIF1

gene encodes a 327-amino acid protein with a homeodomain-like region and two nuclear localization signals at its N-

terminus. The overexpression of NAIF leads to cell growth inhibition and apoptosis. GC cell growth, migration, and

invasiveness can be suppressed by NAIF1. NAIF1 can decrease the expression MMP2 and MMP9, and reduce the

activity of FAK. Additionally, NAIF1 restrains MAPK1 and MAPK8 activity via the inhibition of their mRNA expression with

accompanied ERK and JNK degradation. Thus, the therapeutic targeting of NAIF1 seems to be a new potential strategy in

GC treatment . Moreover, JNK1 contributes to the survival of circulating cancer cells via inhibition of the

transcription of apoptosis-inhibiting genes. As a result, JNK1 and JNK2 may work in concert to improve CTC survival by

boosting survival signals and inhibiting apoptosis .

Transgelin is an actin-binding protein that is involved in the promotion of cell motility in healthy cells. Although there is

debate over whether or not transgelin plays a role in cancer development, many studies have demonstrated that elevated

transgelin levels are associated with aggressive tumor behavior, advanced stage of the disease, and poor prognosis 

. Changes in the expression of the transgelin protein mediated by the AKT and JNK signaling pathways increase the

metastatic potential of CRC cells. The suppression of transgelin, AKT, or JNK signaling results in a significant reduction in

cell migration and invasion in SW620 cells with the concurrent inhibition of actin cytoskeleton dynamics .

It has been observed that tenascin-C (TNC), an extracellular matrix glycoprotein, may influence metastases and

contribute to the poor prognosis of patients with pancreatic cancer. TNC was shown to induce the migration and invasion

of pancreatic cancer cells. This was associated with the upregulation of EMT-associated markers, including MMP9, in a

JNK/c-JUN-dependent manner. Moreover, because TNC can activate JNK, it can enhance the association of paxillin with

FAK, which promotes pancreatic cancer cell motility and adhesion . The role of JNKs in metastasis was summarized

elsewhere .

Several investigations have demonstrated that JNK is involved in the migration and invasion of prostate cancer cells. In

PC3 and DU145 cells, the inhibition of JNK pathways by the JNK inhibitor SP600125 or JNK siRNA prevented

thrombospondin-2-induced migration and invasion . It has been also demonstrated that the CC chemokine receptor 7

(CCR7) may significantly boost the expression of phosphorylated JNK in PC3 cells by activating NOTCH signaling. This

results in increased migration and enhanced metastatic activity in PC3 cells .

ERK signaling events are tightly controlled cascades. These regulatory components include bispecific phosphatases,

scaffold proteins, control of signal duration, and intensity, as well as the dynamic subcellular localization of cascade

components in response to environmental stimuli . More recently, MLK3 has been identified as a crucial player in

MAPK signaling with an impact on cell invasion and metastasis. MLK3 belongs to the class of MAPKKK that transduce

signals from cell surface receptors to JNK, ERK, and P38 kinases. In mammals, MLK comprises four members: MLK1

(MAP3K9), MLK2 (MAP3K10), MLK3 (MAP3K11), and MLK4 with two isoforms (MLK4α and MLK4β). It is essential for

migrating cells to undergo cytoskeletal rearrangement and FA changes, which are controlled both spatially and temporally

by the activities of the GTPases CDC42, RAC1, and RHOA. MLK3 works as a scaffold protein for RAF1 and allows

subsequent BRAF phosphorylation and activation of MEK1/2 and ERK. MLK3 acts as a negative regulator of RHOA

GTPase via direct binding to RHOA-specific guanine exchange factor P63RHO-GEF . In breast cancer cells, the

catalytic activity of MLK3 is essential for the activation of JNK, which in turn phosphorylates Ser178 of paxillin, resulting in

the proliferation of the cancer cells. This phosphorylation event on paxillin engages FAKs, which in turn stimulates further

phosphorylation of paxillin on Tyr31 and Tyr118 . Phosphorylated paxillin is capable of competing with the RHOA-

specific GAP protein, P190RHO-GAP, for binding to the P120RAS-GAP. In this way, when paxillin attaches to P120RAS-

GAP, it releases P190RHO-GAP from the binding site of P120RAS-GAP, allowing P190RHO-GAP to decrease the activity

of RHOA . In addition to being essential for optimal JNK activation. MLK3 distribution in the centrosome and on

microtubules during mitosis appears to govern microtubule structure in a JNK-independent manner . Several members

of the JNK-interacting proteins (JIPs), including JIP-1, -2, and 3, have been shown to function as scaffold proteins for the

MLK3-MKK7-JNK signaling subsystem. It has been demonstrated that the JIP-2 protein serves as a docking site for the

recruitment of MLK3, MKK3, and either the P38α or P38δ isoforms of MAPK, allowing for MLK3-dependent P38 MAPK

activation to occur more efficiently. MLK3 has been demonstrated to signal through a variety of receptors, including EGFR

, and the discoidin domain receptor 1 (DDR1) . As a result, downstream JNK, ERK, or P38 signaling is triggered.

MLK3 has been also shown to be involved in the invasion of triple-negative breast cancer (TNBC) cells triggered by C-X-C

chemokine receptor type 4 (CXCR4)/stromal cell-derived factor 1 (CXCL12). Highly metastatic TNBC cells can be
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prevented from migrating by inhibiting either the MLK3 or JNK pathways, or by silencing the MLK3 gene. In highly

invasive breast cancer cells, the depletion of MLK3 or suppression of its activity leads to increased RHOA activity,

excessive FA and stress fiber production, and as a result, reduced cell motility. One possible mechanism by which MLK3

may govern cancer cell invasion is through the regulation of the expression of MMPs. For example, the expression of

MMP2 and MMP9 is dependent on the MLK3–ERK–AP1 axis. This suggests that MLK3 may promote cancer invasion in

part by upregulating MMPs. Furthermore, MLK3 promotes the EMT switch triggered by collagen type I in prostate cancer.

In this model, MLK3 transduces signaling from two collagen receptors, the integrin 2 and the DDR1 receptors, increasing

the production of the EMT marker N-cadherin in a process mediated through the MKK7-JNK pathway . The function of

MLK3 in proliferation, invasion, and metastasis was summarized in .
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