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Abstract
It is commonly known that the MAPK pathway is involved in translating environmental inputs, regulating downstream 
reactions, and maintaining the intrinsic dynamic balance. Numerous essential elements and regulatory processes are 
included in this pathway, which are essential to its functionality. Among these, MAP3K4, a member of the serine/threonine 
kinases family, plays vital roles throughout the organism’s life cycle, including the regulation of apoptosis and autophagy. 
Moreover, MAP3K4 can interact with key partners like GADD45, which affects organism’s growth and development. Nota-
bly, MAP3K4 functions as both a tumor promotor and suppressor, being activated by a variety of factors and triggering 
diverse downstream pathways that differently influence cancer progression. The aim of this study is to provide a brief 
overview of physiological functions of MAP3K4 and shed light on its contradictory roles in tumorigenesis.
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PH  Periventricular heterotopia
FLNA  Filamin A
ARFGEF2  ADP ribosylation factor guanine exchange factor 2
VPA  Valproic acid
LT-HSC  Long-term repopulating hematopoietic stem cells
DMFS  Distant metastasis free survival
pRT  Preoperative radiotherapy
NENs  Neuroendocrine neoplasms
AIR  Actin interacting region
GIT1  G-protein-coupled receptor2 interacting protein 1
MMP9  Modifying matrix metalloproteinase-9
iCC  Intrahepatic cholangiocarcinoma
GATA6-AS  GATA binding protein 6 antisense
CSCC  Cutaneous squamous cell carcinoma
ER  Endoplasmic reticulum
WGS  Whole genome sequencing
WES  Whole exome sequencing
eIF2  Eukaryotic translation initiation factor 2
DDIT3  DNA damage-inducible transcript 3
ATB  Antitumor B

1 Introduction

Mitogen-activated protein (MAP) kinase signaling pathways are pervasive and highly stable biological processes in 
eukaryotic cells. These pathways facilitate collaborative and convergent responses to a broad spectrum of stimuli via 
protein kinase-type receptors, leading to significant cellular physiological manifestations [1, 2]. MAP3Ks, as serine/threo-
nine kinases, are pivotal in this cascade, phosphorylating downstream MAP2Ks and MAPKs to engage in a wide variety of 
biological functions. These include critical roles in regulating cell apoptosis and autophagy, which are essential for basic 
bodily functions [3, 4]. Furthermore, MAP3Ks support embryonic development and contribute to sex determination [5, 6]. 
Additionally, the contribution of MAP3K4 to the development of other organs is highlighted, with its inactivation linked to 
a range of developmental anomalies, including skeletal disorders, neural tube closure defects and other malformation [7].

Similar to other components within the MAPK pathway, MAP3K4 functions as both a tumor promotor and suppressor, 
accelerating or decelerating tumor proliferation and metastasis [8]. This insight propels forward the search for targeted 
inhibitors that could be utilized in clinical trials aimed at treating cancers. However, the challenge of effectively targeting 
MAP3K4 to thwart tumor genetic activation and achieve therapeutic success remains a significant hurdle that demands 
more in-depth investigation.

In this review, we evaluated the physiological roles of MAP3K4 and the MAP3Ks family, with a particular emphasis on 
the complex roles of MAP3K4 and its involvement in the mechanisms of cancer cells.

2  MAPK pathway and MAP3K4 gene

2.1  MAPK transduction pathways

MAP kinase signaling pathways play an important role in regulating transcriptions, determining enzymatic efficiency, 
and phosphorylating components of the eukaryotic cytoskeleton [1]. The main MAPK modules consist of a series of 
kinases, including a MAPK that undergoes phosphorylation on threonine and tyrosine residues by an upstream MAPK 
kinase (MAP2K). Subsequently, the MAP2K is activated by an upstream MAP2K kinase (MAP3K) in a similar manner [2]. In 
another word, the entire MAPK signaling cascade operates through a three-tiered hierarchy of protein kinases: MAPKKKs 
(for instance, MAP3K4) at the apex, MAPKKs (such as MKK3/6 and MKK4/7) at the intermediary level, and MAPKs (like 
JNK and p38) at the foundation [9].
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There are three distinct MAPK pathways: ERK [10], the p38 kinases [11], and JNK [12]. ERKs can be stimulated by vari-
ous receptors, including cytokine receptors, heterotrimeric G-protein-coupled receptors, and growth factor receptor 
tyrosine kinases. The activation of p38 protein kinases occurs in response to cellular stressors such as lipopolysaccharide 
exposure, proinflammatory cytokines, and osmotic imbalance. JNKs are triggered via a variety of factors, such as cellular 
stressors like ultraviolet radiation, protein synthesis depressors and pro-inflammatory cytokines [1].

Mitogen-activated protein kinases (MAPKs) are a group of kinases significantly involved in many cancer processes. 
Mutations affecting essential cell signaling pathways are frequently linked with cancer [13].

2.2  MAP3Ks family and MAP3K4 gene

MAP3Ks, belonging to the serine/threonine kinase family, operate upstream of MAP2Ks and MAPKs, representing the 
most abundant type of MAPK signaling components in human cells. With approximately 24 identified members, ranging 
from MAP3K1 to MAP3K21, along with A-Raf, B-Raf, and C-Raf [14]. MAP3Ks are activated by upstream stimuli like inflam-
matory substances, antigens, toxins, and stressors, and connect the triggering of various MAPKs to the cellular response 
of each event [15]. Different MAP3Ks may activate various MAPK modules or activate the same unit but with varying 
timing or localization, producing alternative effects. Considering the broad spectrum of stimuli activating various MAPKs, 
the multitude of MAP3Ks serves as the primary mechanism for the attainment of diversity in MAPK activation [15, 16].

The human MAP3K4 gene (GenBank: NM_005922.4), is located on chromosome 6q26, containing 29 exons, and 
125,612 bp in length (Fig. 1. The detailed location of MAP3K4). The orthologs of human MAP3K4 gene are found in 534 
organisms, such as zebrafish and the rhesus monkey. The human MAP3K4 protein (GenBank: NP_005913.3), co-localizing 
with Golgi-associated structures [17], is a 1608-amino acid (aa)-long protein with a molecular mass of 181,685 Da. It is 
also known as MEKK4 and MTK1.

2.3  The downstream of MAP3K4

As one of the MAP3Ks, MAP3K4 plays a crucial role in several MAPK pathways. Extracellular stimuli activate the MAPK 
pathways through mechanisms mediated by GTPases, RAC and CDC42 [17, 18]. It first phosphorylates two conserved 
serine (Ser) and threonine (Thr) regions on the enzyme activation loop of MKK3/6 and MKK4/7 [19]. Subsequently, MKK3/6 
activates p38 through the activation loop by phosphorylating Thr and Tyr on the Thr-Gly-Tyr motif [20]. Regarding JNKs, 
Tyrosine 185 is preferentially phosphorylated by MKK4, while threonine 183 is preferred by MKK7, enabling the complete 
activation of JNKs [21] (Fig. 2. The MAP3K4 involved pathways).

Stimulated JNKs possess the capability to govern the transcription of the cMyc, p53, ELK1, ATF2, STAT1/3, and BCL2 
family proteins. All of these proteins contribute to the management of numerous physiological events, which might 
include insulin signaling, neuronal activity, cell proliferation and apoptosis, immunological consequences [22, 23]. Similar 
to JNK activation, the p38 MAPKs govern cellular functions by promoting descending transcriptional targets such as 
PAX6, ETS1, AP-1, ATF1, and CHOP. The resulting proteins are responsible for transcription, chromatin remodeling, and 
gene regulation [14, 24].

Fig. 1  The detailed location of MAP3K4
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Engagement of JNK and p38 MAPK pathways in normally functioning tissue is primarily caused by metabolic stress, 
DNA damage, cytokines, and growth factors. Both pathways exhibit altered protein expression in malignant cells, con-
tributing either oncogenic or tumor-suppressive action [13, 25, 26].

3  Cellular regulations and interactions of MAP3K4

3.1  The regulation of cell apoptosis

MAP3Ks and the MAPK signaling pathway have been shown to be essential for bodily processes. MAP3Ks consist of an 
N-terminal domain, which lacks kinase function, and a C-terminal kinase domain. In contrast to full-length MAP3K1-3 
(FL MAP3K1-3), the transmitting activation of FL MAP3K4 is hardly perceptible in most processes. MAP3K4 becomes 
an exceptionally powerful JNK activator when its N-terminal domain is removed, revealing that, unlike other MAP3Ks, 
MAP3K4’s N-terminal domain hinders the enzyme’s capacity to engage in MAPK signaling. Therefore, MAP3K4 initiation 
may occur when a molecule like DNA-damage-inducible 45 (GADD45) prevents the N-terminal domain from inhibiting 
the functional region anymore [3, 27]. The researchers came to the conclusion that MAP3K4’s N-terminal domain incor-
porates an antiapoptotic promoting domain after noticing that MAP3K4 without N-terminal domain proved to be an 
extraordinarily effective apoptotic inducer, whereas FL- MAP3K4 failed to induce any apoptotic reactions and stimulated 
caspase-3-like proteases [3].

Fig. 2  The MAP3K4 involved pathways. Extracellular stimuli (e.g., growth factors, UV) activate MAP3K4, co-localizing with Golgi-associated 
structures, through the mechanisms mediated by GTPases (RAC and CDC42). Once MAP3K4 is activated, it phosphorylates MAPKKs (MKK4/7, 
MKK3/6) and MAPKKs in turn phosphorylate MAPKs (JNK, p38). Lastly, activated MAPKs phosphorylate series of transcription factors like 
p53, thereby regulating gene transcription
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Stress can give rise to the formation of cytoplasmic stress granules (SGs), serving as a key adaptive defense mechanism 
by prohibiting the synthesis of misfolded proteins. RACK1, a structural transmitting protein, interacts with the MAP3K4, 
adapting to stress and facilitating type 2 stress to activate it; however, throughout type 1 stress, RACK1 is sequestered 
within SGs [28]. As a consequence, the first conditions prevent the second from triggering the MAP3K4-p38/JNK pathway 
and leading to apoptosis [29]. The phenomenon of chemotherapy-induced hypoxic resistance may be explored with 
the aforementioned results.

MAP3K4 can control apoptosis in addition to acting as a stimulating factor inducing apoptosis. For instance, experi-
mental investigations have disclosed that a BRCA1-dependent, serum withdrawal-induced apoptotic pathway that incre-
mentally encompasses H-Ras, MAP3K4, and JNK, subsequently followed by inducement of Fas ligand/Fas interactions 
and caspase-9-dependent signaling, resulting in the apoptosis of breast and ovarian malignancies [30].

3.2  The regulation of cell autophagy

Autophagy is an evolutionarily stable metabolic mechanism, which entails the disintegration of organelles and cytosolic 
biomolecules. This mechanism is fundamental to cellular homeostasis, mammalian development, cancer, and immunol-
ogy [31]. ATG5 and other autophagy-related proteins, conserved as significant regulators of autophagy, may be crucial 
in directing cell destiny [32]. AGT5 also takes involvement in the development of autophagosomes. It has been shown 
that the p38 MAPK is specifically concentrated on autophagosomes after being combined and activated by GADD45β. 
Active p38 phosphorylates ATG5 at threonine 75 at the autophagosomal membrane, which suppresses autophagy. In 
other words, this indicates that GADD45β-MAP3K4-mediated p38 activation selectively and spatially modulates ATG5 
activity and adversely affects autophagosome maturation [33, 34].

The bacterial sensor NOD2 (nucleotide-binding, oligomerization domain 2) within the cells also initiates autophagy 
as a defense strategy against germs [35]. According to previous studies, NOD2 drives autophagy through a mechanism 
reliant on the activity of the receptor-interacting protein kinase 2 (RIP2). MAP3K4 and p38 serve as prerequisites for the 
induction of NOD2-dependent autophagy, which is hampered by collaboration with a PP2A phosphatase enzyme, alone 
with NOD2 and RIP2 [36]. Apart from bacteria and humans, autophagy can also interact with viruses. Viruses frequently 
take advantage of autophagy, a crucial phase for host immunity, for assistance in their survival. In DF-1 cells, GADD45β 
has been reported to form associations with MAP3K4 and its removal had an impact on the infection of the avian leu-
kemia virus J (ALV-J). This indicates that ALV-J would potentially assist GADD45β in attaching to MAP3K4, enabling the 
p38 MAPK signaling pathway, which then inhibits autography [4].

3.3  The interactions with binding partners

The Rho superfamily GTP-binding proteins CDC42 and RAC are widely known for their capacity to control cytoskeletal 
processes [37]. According to previous studies [1, 17], MAP3K4 combines with the two proteins, and a mutation of MAP3K4 
without kinase activity precludes GTPase-deficient, activated CDC42 and RAC from triggering the JNK pathway. As a 
result, MAP3K4 is a leading contender to be a CDC42/RAC-regulated MAP3Ks. Given that GST-CDC42 binds to MAP3K4, 
generating this region in a GTP-dependent approach, and that MAP3K4 possesses a putative CRIB-like domain, it is likely 
that MAP3K4 belongs to the JNK pathway, which is governed by CDC42 and RAC [1].

Originally discovered as a part of the genes induced by inflammation and other biological stimulus, GADD45α is a tiny 
protein of 21 kDa that is regulated by p53. Since GADD45β and GADD45γ share a close relationship, they could possess 
similar but distinctive biological roles [27]. Through the utilization of yeast cells in an effective complementing examina-
tion procedure, growth arrest and GADD45 proteins have been demonstrated to be MAP3K4 activating agents. Studies 
came to the following conclusions: The GADD45 enzymes are MAP3K4 activating agents, adhering to its N-terminal part, 
and preventing the autoinhibitory region from blocking the kinase domain when they are attached to that area [38].

The multi-adaptor protein CIN85 is necessary for the continuous existence of neuronal cells as well as the reduction in 
the activity of tyrosine kinases in stimulated receptors [39]. Three SH3 domains in CIN85 distinctively attach the PxxxPR 
proline-arginine motif, which is present in a number of CIN85 effectors. The linkage of the SH3 domains of CIN85 to the 
special regions found within the MAP3K4 sequence causes MAP3K4 to become a new partner for CIN85. Researchers 
investigated the connection and discovered that this promotes the initiation of MKK6 and the cascade p38 MAP kinase 
in reaction to growth factor and oxidative stress stimulation. Furthermore, it has been demonstrated that MAP3K4’s 
multi-ubiquitination and the activation of MAP3K4 by GADD45 proteins are controlled by CIN85 [40].
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Axin is a multidomain protein that is fundamental and operates as a scaffold in Wnt signaling [41]. Axin binds to 
MAP3K1/4 before activating the p38/JNK MAPK downstream. MAP3K1 and MAP3K4 compete for Axin binding while 
adhering to separate locations, which implies that Axin could only bind to MAP3K1 or MAP3K4 based on particular 
signals or biological context [42]. Nevertheless, a number of Wnt pathway components, including CCD1, a known 
DIX domain protein crucial for Wnt, which control Axin’s activation of the MAPK pathway [43]. When conjugated 
with CCD1, Axin is incapable of adhering to MAP3K1. Additionally, MAP3K4 and CCD1 physically cooperate in their 
physiological dimensions, blocking MAP3K4’s capacity to bind to Axin [42].

TNF receptor-associated factor (TRAF) family proteins constitute a necessity for growth and immunity. TRAF pro-
teins operate as scaffolding, which helps organize the signaling networks corresponding to particular binding sites 
in the plasma membrane. TRAF4 is an unique protein belonging to the TRAF family [44]. MAP3K4 binds the TRAF 
domain, and the activation of JNK by MAP3K4/ TRAF4 is prevented by the expression of the TRAF domain. Moreover, 
TRAF4 boosts MAP3K4 kinase activity by facilitating MAP3K4 oligomerization, and MAP3K4 dimerization may be 
chemically induced to enhance JNK activation. These outcomes demonstrate that TRAF4 mediates the JNK pathway 
through MAP3K4 [45].

A serine/threonine kinase termed GSK3 governs multiple signaling pathways. GSK3α and GSK3β are two isoforms 
that are very similar; the latter is a negative regulator of a variety of signaling networks in cells [46]. Given that it 
interacts with the kinase domain and disables dimerization and MAP3K4 activity, MAP3K4 is a MAP3K that GSK3β 
governs for its blockade of JNK and p38 signaling [47]. In contrast to TRAF4, Axin, and GADD45, GSK3 restricts MAP3K4 
activity and prohibits it from activating JNK and p38.

Eukaryotic cells are capable of rapidly identifying and responding to changing environmental conditions to grow 
and thrive. This is normally accomplished through the activity of plasma membrane-based sensor proteins that are 
connected to signaling pathways for mitogen-activated protein (MAP) kinase. Osmotic stress leads to the breakdown 
of the actin cytoskeleton, a cessation of the cell cycle, and a boost in the excessive osmolarity growth mitogen-acti-
vated protein kinase pathway. According to studies, the MAP3K4 homolog Ssk2p manages the actin cytoskeleton’s 
recovery from osmotic stress.

The examination demonstrates that the mechanisms are conserved, thus MAP3K4 can also express itself at polar-
ized growth locations, establish an intricate network with actin, and correct the actin recovery defects in osmotically 
challenged yeast cells. In addition, by functioning upstream of tropomyosin and downstream of Bud6p and Pea2p, 
Ssk2p facilitates actin recovery, possibly through enhancing the formins’ actin nucleation activity [48].

Together, the detailed interactions among MAP3K4 and other molecules can be seen in Fig. 3 (The functional 
domain of MAP3K4 protein and the interactions with binding partners).

Fig. 3  The functional domain of MAP3K4 protein and the interactions with binding partners. A schematic diagram for human MAP3K4 pro-
tein structure is shown. It is a 1608-amino acid (aa)-long protein with two significant domains and interactions. The N-terminal domain with-
out kinase function hinders the enzyme’s capacity, unless a molecule like GADD45 attaches to this domain could initiate MAP3K4 function. 
The C-terminal kinase domain is the region that interacts with other important molecules, like CIN85 and AXIN, and performs functions. 
CDC42/RAC interactive bingding (CRIB) domain is encoded just upstream of the catalytic domain to combine with the two proteins
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4  The role of MAP3K4 in governing growth and development of body

4.1  The linkage between MAP3K4 and embryo development

To accurately work toward pre-implantation advancement, researchers chose P19 embryonal carcinoma cells, a viable 
test tube for mouse pre-implantation gestation [49]. Through the application of optimum cultivation conditions and 
a stimulation agent, P19 cells can generate the three germ layers: endoderm, mesoderm, and ectoderm [50].

Retinoic acid can induce the expression of Ga13 and the activation of JNK in P19 cells, leading to the development 
of primitive endoderm [51]. In the process controlling the differentiation of P19 stem cells into primitive endoderm, 
subsequent investigations have identified MAP3K4 as upstream of JNK [52].

An essential phase in the embryo implantation process is embryo adhesion. For embryo adhesion, homeobox 
A10 (HOXA10), a genetic mediator of endometrial receptivity, is indispensable. MAP3K4 phosphorylates HOXA10 at 
threonine 362, boosting the bonding between the embryo and endometrial epithelium, alone with the HOXA10-
regulated transcriptional recreations. In endometrial epithelial cells, specific MAP3K4 deletion or kinase inactivation 
reduces embryo-epithelial adhesion. Thus, the recently identified function of MAP3K4 as an entirely novel physiologi-
cally supportive regulator of HOXA10 initiation provides valuable information to maximize the success of embryo 
implantation [53].

After adhesion, the embryo begins to develop. During the formation of the embryo, the epithelial-mesenchymal 
transition (EMT) developmental scheme provides the basis for the proper construction of the body plan and the 
differentiation of many tissues and organs [54]. When trophoblasts differentiate during placentation, EMT occurs 
with a degradation of E-cadherin and the establishment of trophoblast invasiveness [55]. Researchers uncovered 
that MAP3K4 expression significantly decreases during differentiation yet prominently expressed in the developing 
embryo, trophoblast stem (TS) cells, and cells derived from TS cells. They noted that MAP3K4 modulates differentia-
tion, holds back devotion to an invasive phenotype, and preserves TS cells in addition to fibroblast growth factor 
4 (FGF4). Firstly, reduced MAP3K4 kinase activity in TS cells precludes FGF4 from initiating JNK and p38, contribut-
ing to a drop in E-cadherin expression and a spike in invasiveness, and the synthesis of chemicals that promote TS 
cell progression toward the spongiotrophoblast and syncytiotrophoblast lineages [56]. Secondly, to facilitate the 
acetylation of histones H2A and H2B (H2A/H2BAc) on the promoter sequences of genes essential for preserving 
the epithelial phenotype, MAP3K4 activates CBP, a histone acetyltransferase (HAT). As a result, the combined loss of 
MAP3K4/ CBP activity represses expression of epithelial genes and causes TS cells to undergo EMT while maintain-
ing their self-renewal and multipotency properties [6]. Thirdly, MAP3K4 expression hampers HDAC6 transcription 
and activity, which serves as a prerequisite for deacetylating cytoplasmic and nuclear proteins vital to EMT. HDAC6 
deacetylates the promoter regions of the genes that code for proteins that make up tight junctions, which reduces 
cell–cell adhesion and is a hallmark of the mesenchymal phenotype. HDAC6 expression and activity are both elevated 
in TS cells with the loss of MAP3K4 operation, and HDAC6 is silenced to restore epithelial characteristics [57]. MAP3K4 
collectively oversees the fundamental selection of TS cells to either engage in renewal for stem cell maintenance or 
initiate a program of increased motility, invasiveness, and differentiation for placental development.

Fetal development instability exerts profound adverse effects on human wellness, worsening fetal and infant mor-
bidity and mortality while raising the likelihood of lifelong health issues. Fetal growth restriction (FGR) or intrauterine 
growth limitation, for short, is the inability of a human being to reach their genetically assigned size as a consequence 
of placental insufficiency [58]. MAP3K4 stimulates CBP and suppresses HDAC6 to directly enhance insulin-like growth 
factor 1 receptor (IGF1R) transcript levels. IGF/insulin signaling plays an essential role in fetal growth, and mice with 
altered IGF/insulin signaling have been used in thoroughly researched models of FGR [59]. In TS cells and the pla-
centa, MAP3K4 is essential for the IGF1R/IR and Akt signaling pathways, and MAP3K4 kinase inactivation causes FGR 
driven by placental insufficiency [60].

4.2  The decisive role of MAP3K4 in sex determination

The Y-linked gene SRY’s existence or absence defines the sex of mammals. Sex-determining region of the Y (SRY) 
protein is responsible for boosting the expression of a related gene, SOX9, acting as a mediator of transcription, 
in the developing male (XY) gonad. This procedure leads to the initiation of the maturation of the testis while 
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simultaneously repressing the growth of the ovary. In the human population, sex-related disorders can range in 
severity from minor genital abnormalities to gonadal sex reversal [5]. The recessive boygirl (byg) mutation was 
discovered in some individuals in question. The MAP3K4 gene has undergone through an A to T transversion muta-
tion, resulting in an early stop codon. The detection of both active MKK4 and p38 in the coelomic region of the XY 
gonad at 11.5 days post also confirmed the connection between MAPK signaling in developing gonadal somatic 
cells and the regulation of SRY expression [61]. In the meantime, GADD45γ genetically interacts with MAP3K4 during 
sex determination, participating in promoting MAP3K4-mediated activation of p38 MAPK signaling in embryonic 
gonadal somatic cells [62].

T-associated sex reversal is a unique occurrence on proximal mouse chromosome 17. In B6-YAKR embryos with the Thp 
deletion, experiments proved that SRY expression is disrupted, which causes XY gonadal malformations. These abnormalities 
are corrected by the properly functioning MAP3K4 bacterial artificial chromosome via restoring the normal SRY sequence. 
These findings indicated that MAP3K4 level is a key driver of SRY and that MAP3K4 haploinsufficiency is a contributory factor 
of T-associated sex reversal [5]. All of these data strengthen the fact that MAP3K4-dependent signaling events are absolutely 
essential for allowing SRY to express appropriately as the testis matures.

4.3  The auxiliary function of MAP3K4 in the growth of other organs

Clinically vital human abnormalities, such as skeletal disorders and neural tube closure issues, are currently under investiga-
tion by researchers in order to understand the signaling pathways involved. MAP3K4-regulated p38 activity is critical for neu-
rulation. Targeted mutation of the active site lysine of MAP3K4 results in a kinase-inactive MAP3K4 protein (MAP3K4K1361R). 
Heat shock-induced actin cytoskeleton instability and a significant reduction in the phosphorylation of p38 and HSP27 have 
been observed in MAP3K4K1361R fibroblasts. Homozygous for this genetic variation leads to embryos perish before birth due 
to skeletal abnormalities and neural tube issues [63]. Neural tube abnormalities (NTDs) in MAP3K4-MKK4-p38/JNK-deficient 
mice are strongly penetrant and cannot be reversed by folic acid or inositol supplementation. Furthermore, during neural 
tube growth, MAP3K4 is vital in controlling MKK4 effectiveness and apoptosis, with the emerging neuroepithelium express-
ing high levels MAP3K4. Neural tube abnormalities (NTDs) that are strongly penetrant in MAP3K4-MKK4-p38/JNK-deficient 
mice cannot be reversed by folic acid or inositol supplementation [64]. Periventricular heterotopia (PH), a brain abnormality, 
can be recognized by neuronal nodules that are irregularly positioned along the cerebral cortex’s lateral ventricles. Human 
mutations in the Filamin A (FLNA) or ADP ribosylation factor guanine exchange factor 2 (ARFGEF2) genes can lead to PH. 
Researchers established a causal link between MAP3K4 and FLNA that affects the initiation of neuronal migration and pro-
vides insight into the pathogenesis of human PH [65].

As a molecular entity that is intimately linked to MAP3K4, GADD45 participates in signaling pathways that control organs. 
Valproic acid (VPA), a mood stabilizer and anticonvulsant, can upregulate GADD45 by activating MAP3K4, and subsequently 
drive the downstream JNK cascade, regulating neurite outgrowth [66]. GADD45α is also expressed in the developing corti-
ces of mice and humans. Its overexpression alters the morphology of neurons, decreases neurite complexity, induces soma 
hypertrophy, and accelerates cell death, while the reduction of both GADD45α and MAP3K4 hinders neurite outgrowth. 
Therefore, the expression of GADD45α and MAP3K4 in the normal, developing brains are tightly regulated, and factors alter-
ing their expression may have a significant impact on how neural circuitry develops [67]. Moreover, glucocorticoid and JNK 
signaling are essential for the arrangement of mammary epithelial cells into 3D acinar structures, and the latter is triggered by 
BRCA1-GADD45β- MAP3K4 [68]. Ultimately, researchers found that, under the guidance of differentiation-promoting cytokine 
receptor signaling, GADD45γ is a critical educator of long-term repopulating hematopoietic stem cells (LT-HSC) differentia-
tion. By predominantly activating MAP3K4-mediated MAPK p38, GADD45γ promotes and expedites LT-HSC development, 
bypassing the auto-renewal program [69]. Except for these detailed investigations, MAP3K4 has been demonstrated to be 
linked with intellectual development [70], innate immune response [71], inner ear morphogenesis [72], production of the 
cushion mesenchyme for heart development [73] and craniofacial development [74], all of them are of critical significance 
in the course of typical growth and development.
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5  The complex function of MAP3K4 concerning tumor

5.1  Working as a tumor‑promotor

An analysis of whole genome sequencing (WGS) data and whole exome sequencing (WES) data reported a finding: 
Non-coding mutations have the capacity to generate splice sites, and certain mutation-induced splicing modifica-
tions occur in tumor-related genes like MAP3K4 and TP53, frequently resulting in truncated proteins and influencing 
gene expression. To avoid overlooking these mutations based on conventional annotations, our researchers should 
concentrate more on the potential for splicing modifications in non-coding mutations in cancer studies and the 
oncogenic impacts of splice creating non-coding mutations [75].

In response to HER2/HER3 signaling, MAP3K4 is essential for breast cancer cells to migrate and generate extracel-
lular acidification [76]. Actin polymerization and intracellular actin-binding protein coordination are necessary for 
cell migration, which is a crucial component of cancer cell invasion and metastasis [77]. MAP3K4 interacts with actin 
through a 40 amino acid region known as the actin interacting region (AIR). The constitutive association between 
MAP3K4 and actin is disrupted by the deletion of the AIR in MAP3K4. These exhibit the close proximity of MAP3K4 
to the actin cytoskeleton. What’s more, MAP3K4 is paired with G-protein-coupled receptor 2 interacting protein 1 
(GIT1) and constitutes vital components for acidifying the extracellular space [76]. Matrix metalloproteinases and 
other enzymes required for the migratory response apparently benefit from the extracellular environment’s acidity, 
which maximizes their enzymatic activity [78].

Small non-coding RNAs, called microRNAs (miRNAs), silence genes by post-transcriptionally attaching to the 
30-UTR of their intended target mRNAs [79]. One of the primary mechanisms for regulating gene expression has been 
considered to be co-expression network analysis of miRNA and mRNA. Since miR-24-1 targets genes on critical sign-
aling pathways that are closely related to cell proliferation and migration, it is conceivable that miR-24-1 promoted 
tumor progression by regulating the expression of the MAPK pathway in ependymal tumor cells [80].

As a member of the galectin family, human galectin-1 exhibits significant expression various malignancies and is 
involved in numerous oncogenic processes. Galectin-1 contributes to the MAP3K4-JNK-AP1 transduction mechanism, 
emphasizing the crucial role of MAP3K4 in this process [8].

5.2  Working as a tumor‑suppressor

Larger tumor size, vascular invasion, intrahepatic spreading, and lymph node metastasis, all indicators of a poor 
prognosis and recurrence of tumor were substantially associated with low expression of MAP3K4 [81]. For instance, 
the putative tumor suppressor MAP3K4 potently controls the EMT process and invasive growth in intrahepatic chol-
angiocarcinoma (iCC), despite being highly down-regulated and frequently mutated [82]. One prospective strategy 
that offers an unconventional approach to mitigate malignant tumor is to focus on the altered metabolic state 
reconfigured by oncogenic transformation. For example, the TNF and MAP3K4-p38Noxa pathways are substantially 
activated in cystine-dependent breast cancer cells and tumors, rendering them vulnerable to the necrosis caused 
by cystine deprivation [83].

It has been established that lncRNAs play an enormous part in the regulation of MAPKs in the growth of cancer [84]. 
A recently discovered lncRNA, GATA binding protein 6 antisense (GATA6-AS), is downregulated in the tumor tissues 
of cervical squamous cell carcinoma patients. According to this study, MAP3K4 is downregulated when GATA6-AS is 
expressed, hindering cancer cells from migrating and invading [85]. With a similar mechanism, the long non-coding 
RNA-OIS1 inhibits HPV-positive, but not HPV-negative cervical squamous cell carcinoma by upregulating MAP3K4 
[86]. Downregulation of ERBB3 diminishes cervical cancer cell motility, proliferation, and invasion via its interaction 
with MAP3K4, which still controls the occurrence and development of the disease [87]. Similarly, the overexpression 
of miR-148a significantly inhibits cutaneous squamous cell carcinoma (CSCC) cell proliferation and metastasis by 
down-regulation of MAP3K9 and MAP3K4 expression [88].

CircRNAs also play an indispensable supervisory role in tumor formation and carcinogenesis of tumors, as evi-
denced by mounting research. Researchers revealed that the phosphorylation of eukaryotic translation initiation 
factor 2 (eIF2) and the formation of SGs are suppressed due to circRNA-CREIT’s promotion of the degradation of PKR 
through the HACE1-mediated ubiquitin–proteasome pathway. CircRNA-CREIT’s suppression of SGs formation allows 
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more RACK1 protein to engage with MAP3K4 and activate the apoptotic pathway [89]. Furthermore, it appears that 
apoptosis pathway plays a significant role in suppressing tumor development [30].

Together, the dual role of MAP3K4 and the detailed mechanisms regulating tumors can be seen in Fig. 4 (The dual 
role of MAP3K4 in tumorigenesis) and Table 1.

5.3  Working as a biomarker

The identification and characterization of biomarkers in tumor biopsies from patients with known clinical responses, 
both before and after therapy, could assist in identifying the patients who respond poorly. This allows for the selection of 
more efficient treatment, refraining from overtreatment, and subsequently lowering associated medical expenses [90].

A tumor is considered clinically radio-resistant when radiation fails to shrink its size or when a recurrence happens 
following a potential regression [91]. In patients receiving radiation, the MAP3K4 gene is discovered to accurately and 
independently predict distant metastasis free survival (DMFS). Due to a negative interaction between high MAP3K4 
expression and radiotherapy, patients with excessive expression of MAP3K4 receiving radiotherapy (RT) exhibit shorter 
DMFS than patients with low expression of MAP3K4. Identifying biomarkers indicative of the initial response to preopera-
tive radiotherapy (pRT) would be advantageous for forecast the clinical outcome in radiotherapy treated patients [92].

MAP3K4 is a specific gene related to tumorigenesis. Its mutation, regulating filamin expression and neuronal migration 
[7], was detected in breast neuroendocrine neoplasms (NENs), a peculiar histologic subtype [93]. Genome-wide sequenc-
ing shows that MAP3K4 and its mutations also frequently appear in several kinds of tumor tissues, such as serous endo-
metrial tumor [94], wilms tumor [95], EBV-positive gastric tumor [96], pancreatic cancer [97], and family lung cancer [98].

5.4  Targeting MAP3K4 as cancer therapy

ERKs, JNKs, and p38 MAPKs proteins are part of the MAPK family, each protein plays distinct roles in either fostering or 
restraining cancer. As these three MAPK families are tightly regulated by the same upstream substances, which are made 
up of MAPKK and MAPKKK, selectively activating tumor-suppressor without simultaneously stimulating the promotor 
has become a challenging issue. This presents an innovative opportunity for the research and development of novel 
anti-cancer drugs.

Triptonide, a component isolated from the traditional Chinese herbal, exhibits an extensive spectrum of biologi-
cal characteristics [99]. Triptonide potently suppresses expression of the cell cycle critical gene CDK3 while selectively 
activates the MAP3K4-MKK4-p38 signaling pathway and promotes expression of p38 downstream tumor suppressor 
p21 [100]. This leads to cancer cell cycle arrest at the G2/M phase, causing a potent anti-cancer impact, especially in the 
treatment of pancreatic cancer and contributing to the development of new cancer therapies [101].

Similarly, dehydroeffusol, an active component isolated from a medicinal herb named Juncus effuses, is explored as 
a novel anti-gastric cancer agent. It activates the intracellular tumor-suppressive stress response via upregulating the 
critical ER stress marker DNA damage-inducible transcript 3 (DDIT3) through the regulation of activating transcription 
factor 4 (ATF4). This component significantly triggers the MAP3K4-MKK3/6-p38-DDIT3 stress response transmission cas-
cade while mildly dampening ERK signaling. Dehydroeffusol, with the goal of mitigating gastric cancer cell proliferation 

Fig. 4  The dual role of MAP3K4 in tumorigenesis. MAP3K4-dependent cellular processes can be classified on the basis of the role they play 
during tumorigenesis
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and tumorigenicity, selectively exhibits an overwhelming tumor-suppressive endoplasmic reticulum (ER) response to 
stressful conditions and a moderate apoptotic reaction [102].

In addition to the traditional tumor-targeting medications, researchers priortize on investigating brand-new medica-
tions with remarkable preventive efficacy. For instance, the Chinese herbal combination Antitumor B (ATB), which contains 
six distinct species of plants, regulates genes involved across multiple cellular signaling networks, including MAP3K4. 
ATB treatment drastically reduces lung tumor multiplicity and tumor load in mice of different genotypes, indicating that 
it is an efficient chemopreventive against mouse lung carcinogenesis [103].

MAP3K4 plays significant roles in cancers, but it doesn’t only depend on itself rather relies heavily on the entire path-
ways. Therefore, the listed Chinese herbal components selectively activate the MAP3Ks–MAP2Ks-MAPKs signaling path-
way rather than just MAP3K4 solely. What’s more, we need to pay much attention to target other molecules downstream 
the p38/JNK pathways, thus limiting the response to only a subset of p38/JNK-mediated responses, thereby ensuring 
that only certain functions are eliminated or initiated [19, 104].

6  Discussion

Since its initial discovery in the 1990s, much progress has been made in understanding of the regulation and functions 
of MAP3K4. Researchers have comprehended its connection with the classical MAPK pathways, mastered its functions 
in regulating normal growth and development of the human body, investigated its interaction with other key molecules 
inside cells, and explored its complex role in governing malignant carcinomas. Nevertheless, comprehension of several 
fundamental features of MAP3K4’s functionality is currently limited. For instance, the search for novel medications that 
selectively target MAP3K4 persists to be challenging.

A deeper understanding of the MAP3K4 mechanism will give rise to better therapeutic strategies for cancer therapy 
with higher favorable outcome rates. It’s long been known that MAPK pathways play dual roles in regulating tumor 
progression. While medicines based on MAP3K4 inhibition- effectively halt tumor growth, it should be noted that they 
may also make it easier for malignancies to occur in other tissues exposed to oncogenic triggers.

MAP3K4 is a part of the MAPK pathways, which are crucial for transmitting signals from the outside of cells to the 
inside, affecting various cellular processes like growth, differentiation, and apoptosis [1]. This process consists of two 
steps. First, how the functions of MAP3K4 initiate based on the balance of extracellular signals. Second, how the roles of 
MAP3K4 change in cellular signaling pathways. So far, research has only reported that MAP3K4 activity is stimulated or 
suppressed by extracellular signals like growth factors, inflammatory cytokines, and environmental stress [47]. But almost 
no researchers have explored the specific molecular mechanisms through which these factors affect MAP3K4, thereby 
activating or inhibiting the entire MAPK pathways. When it comes to the “roles change” inside cells, it may imply that the 
roles of MAP3K4 in the cell can shift from being beneficial to harmful. In most cases, it promotes growth and survival, 
while its same involving signaling pathways can also lead to uncontrolled cell growth even malignant diseases under 
certain conditions. This concept highlights the complexity of signaling pathways and the importance of maintaining a 
proper balance of signals for cellular health.

The connection between MAPK signaling pathways and other cellular pathways or components shouldn’t be ignored. 
MAP3K4 and the entire MAPK signaling pathways are truly responsible for delivering extracellular stimuli, but they are 
not isolated in vivo. Indeed, they are capable of activating or inhibiting other enzymes and consequently regulating a 
broad range of physiological responses. Besides being able to act as promotors or suppressors in cellular functions, they 
can also serve as signal transduction mediators, responsible for signal transmit among complex pathway networks [105]. 
Downstream signaling pathways are quite divergent and different pathways may interact with one another to coordi-
nate cellular processes. This concept guides us that future investigations would benefit from attention to the interaction 
between different pathways, and the coordination among signaling events.

The MKKKs can serve as candidates for the creation of inhibitors that prevent MAPK from being inhibited universally by 
preventing stimulus-specific MAPK-dependent cell activity. Human conditions are crucial and necessitate comprehensive 
investigation into the inducible gene transcription regulated by s MKKKs before having the capacity to focus on MKKKs 
to precisely inhibit the intended genes and behaviors.

Acknowledgements We would like to thank the members from Department of Breast Cancer Center, Chongqing University Cancer Hospital 
for their contributions.



Vol.:(0123456789)

Discover Oncology           (2024) 15:99  | https://doi.org/10.1007/s12672-024-00961-x Review

Author contributions All authors contributed to the conception and design of the research and provided critical revisions and intellectual 
content to the manuscript. XZ provided substantial intellectual content to the manuscript. YH and GW conducted analyses and drafted the 
manuscript. NZ provided revisions and was responsible for language editing to the manuscript. All authors discussed the results and contrib-
uted to the final version of the manuscript. All authors provided critical and intellectual feedback of the research, analysis, and manuscript.

Funding This work was supported by Talent Program of Chongqing (Grant No. CQYC20200303137), Chongqing Municipal Health and Health 
Commission (Grant No. 2019NLTS005), Chongqing Research Institute Performance Incentive Guide Special Project.

Data availability Not applicable.

Declarations 

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Gerwins P, Blank JL, Johnson GL. Cloning of a novel mitogen-activated protein kinase kinase kinase, MEKK4, that selectively regulates 
the c-Jun amino terminal kinase pathway. J Biol Chem. 1997;272(13):8288–95. https:// doi. org/ 10. 1074/ jbc. 272. 13. 8288.

 2. Champion A, Picaud A, Henry Y. Reassessing the MAP3K and MAP4K relationships. Trends Plant Sci. 2004;9(3):123–9. https:// doi. org/ 10. 
1016/j. tplan ts. 2004. 01. 005.

 3. Bonvin C, Guillon A, van Bemmelen MX, Gerwins P, Johnson GL, Widmann C. Role of the amino-terminal domains of MEKKs in the activa-
tion of NF kappa B and MAPK pathways and in the regulation of cell proliferation and apoptosis. Cell Signal. 2002;14(2):123–31. https:// 
doi. org/ 10. 1016/ s0898- 6568(01) 00219-4.

 4. Liao Z, Zhang X, Song C, et al. ALV-J inhibits autophagy through the GADD45β/MEKK4/P38MAPK signaling pathway and mediates 
apoptosis following autophagy. Cell Death Dis. 2020;11(8):684. https:// doi. org/ 10. 1038/ s41419- 020- 02841-y.

 5. Bogani D, Brixey R, Warr N, et al. Transgenic expression of Map3k4 rescues T-associated sex reversal (Tas) in mice. Hum Mol Genet. 
2014;23(11):3035–44. https:// doi. org/ 10. 1093/ hmg/ ddu020.

 6. Abell AN, Jordan NV, Huang W, et al. MAP3K4/CBP-regulated H2B acetylation controls epithelial-mesenchymal transition in trophoblast 
stem cells. Cell Stem Cell. 2011;8(5):525–37. https:// doi. org/ 10. 1016/j. stem. 2011. 03. 008.

 7. Sarkisian MR, Bartley CM, Chi H, et al. MEKK4 signaling regulates filamin expression and neuronal migration. Neuron. 2006;52(5):789–801. 
https:// doi. org/ 10. 1016/j. neuron. 2006. 10. 024.

 8. Shen KH, Li CF, Chien LH, et al. Role of galectin-1 in urinary bladder urothelial carcinoma cell invasion through the JNK pathway. Cancer 
Sci. 2016;107(10):1390–8. https:// doi. org/ 10. 1111/ cas. 13016.

 9. Cargnello M, Roux PP. Activation and function of the MAPKs and their substrates, the MAPK-activated protein kinases. Microbiol Mol 
Biol Rev. 2011;75(1):50–83. https:// doi. org/ 10. 1128/ MMBR. 00031- 10.

 10. Boulton TG, Yancopoulos GD, Gregory JS, et al. An insulin-stimulated protein kinase similar to yeast kinases involved in cell cycle control. 
Science. 1988;2007(249):15–8.

 11. Jiang Y, Chen C, Li Z, et al. Characterization of the structure and function of a new mitogen-activated protein kinase (p38beta). J Biol 
Chem. 1996;271(30):17920–6. https:// doi. org/ 10. 1074/ jbc. 271. 30. 17920.

 12. Dérijard B, Hibi M, Wu IH, et al. JNK1: a protein kinase stimulated by UV light and Ha-Ras that binds and phosphorylates the c-Jun activa-
tion domain. Cell. 1994;76(6):1025–37. https:// doi. org/ 10. 1016/ 0092- 8674(94) 90380-8.

 13. Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in cancer. Oncogene. 2007;26(22):3279–90. https:// doi. org/ 10. 
1038/ sj. onc. 12104 21.

 14. Cuarental L, Sucunza-Sáenz D, Valiño-Rivas L, et al. MAP3K kinases and kidney injury. Nefrologia. 2019;39(6):568–80. https:// doi. org/ 10. 
1016/j. nefro. 2019. 03. 004.

 15. Cuevas BD, Abell AN, Johnson GL. Role of mitogen-activated protein kinase kinase kinases in signal integration. Oncogene. 
2007;26(22):3159–71. https:// doi. org/ 10. 1038/ sj. onc. 12104 09.

 16. Nguyen K, Boehling J, Tran MN, et al. NEK family review and correlations with patient survival outcomes in various cancer types. Cancers 
(Basel). 2023. https:// doi. org/ 10. 3390/ cance rs150 72067.

 17. Fanger GR, Johnson NL, Johnson GL. MEK kinases are regulated by EGF and selectively interact with Rac/Cdc42. EMBO J. 1997;16(16):4961–
72. https:// doi. org/ 10. 1093/ emboj/ 16. 16. 4961.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1074/jbc.272.13.8288
https://doi.org/10.1016/j.tplants.2004.01.005
https://doi.org/10.1016/j.tplants.2004.01.005
https://doi.org/10.1016/s0898-6568(01)00219-4
https://doi.org/10.1016/s0898-6568(01)00219-4
https://doi.org/10.1038/s41419-020-02841-y
https://doi.org/10.1093/hmg/ddu020
https://doi.org/10.1016/j.stem.2011.03.008
https://doi.org/10.1016/j.neuron.2006.10.024
https://doi.org/10.1111/cas.13016
https://doi.org/10.1128/MMBR.00031-10
https://doi.org/10.1074/jbc.271.30.17920
https://doi.org/10.1016/0092-8674(94)90380-8
https://doi.org/10.1038/sj.onc.1210421
https://doi.org/10.1038/sj.onc.1210421
https://doi.org/10.1016/j.nefro.2019.03.004
https://doi.org/10.1016/j.nefro.2019.03.004
https://doi.org/10.1038/sj.onc.1210409
https://doi.org/10.3390/cancers15072067
https://doi.org/10.1093/emboj/16.16.4961


Vol:.(1234567890)

Review Discover Oncology           (2024) 15:99  | https://doi.org/10.1007/s12672-024-00961-x

 18. Liu Y, Shepherd EG, Nelin LD. MAPK phosphatases-regulating the immune response. Nat Rev Immunol. 2007;7(3):202–12. https:// doi. 
org/ 10. 1038/ nri20 35.

 19. Martínez-Limón A, Joaquin M, Caballero M, Posas F, de Nadal E. The p38 pathway: from biology to cancer therapy. Int J Mol Sci. 2020. 
https:// doi. org/ 10. 3390/ ijms2 10619 13.

 20. Doza YN, Cuenda A, Thomas GM, Cohen P, Nebreda AR. Activation of the MAP kinase homologue RK requires the phosphorylation of 
Thr-180 and Tyr-182 and both residues are phosphorylated in chemically stressed KB cells. FEBS Lett. 1995;364(2):223–8. https:// doi. 
org/ 10. 1016/ 0014- 5793(95) 00346-b.

 21. Weston CR, Davis RJ. The JNK signal transduction pathway. Curr Opin Genet Dev. 2002;12(1):14–21. https:// doi. org/ 10. 1016/ s0959- 
437x(01) 00258-1.

 22. Gkouveris I, Nikitakis NG. Role of JNK signaling in oral cancer: a mini review. Tumour Biol J Int Soc Oncodevelopmental Biol Med. 
2017;39(6):1010428317711659. https:// doi. org/ 10. 1177/ 10104 28317 711659.

 23. Bubici C, Papa S. JNK signalling in cancer: in need of new, smarter therapeutic targets. Br J Pharmacol. 2014;171(1):24–37. https:// doi. 
org/ 10. 1111/ bph. 12432.

 24. Koul HK, Pal M, Koul S. Role of p38 MAP kinase signal transduction in solid tumors. Genes Cancer. 2013;4(9–10):342–59. https:// doi. org/ 
10. 1177/ 19476 01913 507951.

 25. Martínez-Limón A, Joaquin M, Caballero M, Posas F, de Nadal E. The p38 pathway: from biology to cancer therapy. Int J Mol Sci. 
2020;21(6):1–18. https:// doi. org/ 10. 3390/ ijms2 10619 13.

 26. Burotto M, Chiou VL, Lee JM, Kohn EC. The MAPK pathway across different malignancies: a new perspective. Cancer. 2014;120(22):3446–56. 
https:// doi. org/ 10. 1002/ cncr. 28864.

 27. Takekawa M, Saito H. A family of stress-inducible GADD45-like proteins mediate activation of the stress-responsive MTK1/MEKK4 MAP-
KKK. Cell. 1998;95(4):521–30. https:// doi. org/ 10. 1016/ s0092- 8674(00) 81619-0.

 28. Arimoto K, Fukuda H, Imajoh-ohmi S, Saito H, Takekawa M. Formation of stress granules inhibits apoptosis by suppressing stress-
responsive MAPK pathways. Nat Cell Biol. 2008. https:// doi. org/ 10. 1038/ ncb17 91.

 29. Arimoto K, Fukuda H, Imajoh-Ohmi S, Saito H, Takekawa M. Formation of stress granules inhibits apoptosis by suppressing stress-
responsive MAPK pathways. Nat Cell Biol. 2008;10(11):1324–32. https:// doi. org/ 10. 1038/ ncb17 91.

 30. Thangaraju M, Kaufmann SH, Couch FJ. BRCA1 facilitates stress-induced apoptosis in breast and ovarian cancer cell lines *. J Biol Chem. 
2000;275(43):33487–96. https:// doi. org/ 10. 1074/ jbc. M0058 24200.

 31. Mizushima N, Komatsu M. Review autophagy : renovation of cells and tissues. Cell. 2011;147(4):728–41. https:// doi. org/ 10. 1016/j. cell. 
2011. 10. 026.

 32. He C, Klionsky DJ. Regulation mechanisms and signaling pathways of autophagy. Annu Rev Genet. 2009;43:67–93. https:// doi. org/ 10. 
1146/ annur ev- genet- 102808- 114910.

 33. Höcker R, Walker A, Schmitz I. Inhibition of autophagy through MAPK14-mediated phosphorylation of ATG5. Autophagy. 2013;9(3):426–8. 
https:// doi. org/ 10. 4161/ auto. 22924.

 34. Keil E, Höcker R, Schuster M, et al. Phosphorylation of Atg5 by the Gadd45β-MEKK4-p38 pathway inhibits autophagy. Cell Death Differ. 
2013;20(2):321–32. https:// doi. org/ 10. 1038/ cdd. 2012. 129.

 35. Strober W, Watanabe T. NOD2, an intracellular innate immune sensor involved in host defense and Crohn ’ s disease. Mucosal Immunol. 
2011. https:// doi. org/ 10. 1038/ mi. 2011. 29.

 36. Homer CR, Kabi A, Marina-García N, et al. A dual role for receptor-interacting protein kinase 2 (RIP2) kinase activity in nucleotide-binding 
oligomerization domain 2 (NOD2)-dependent autophagy. J Biol Chem. 2012;287(30):25565–76. https:// doi. org/ 10. 1074/ jbc. M111. 326835.

 37. Nobes CD, Hall A. Rho, Rac, and Cdc42 GTPases regulate the assembly of multimolecular focal complexes associated with actin stress 
fibers, lamellipodia, and filopodia. Cell. 1995;81(1):53–62. https:// doi. org/ 10. 1016/ 0092- 8674(95) 90370-4.

 38. Mita H, Tsutsui J, Takekawa M, Witten EA, Saito H. Regulation of MTK1/MEKK4 kinase activity by its N-terminal autoinhibitory domain 
and GADD45 binding. Mol Cell Biol. 2002;22(13):4544–55. https:// doi. org/ 10. 1128/ MCB. 22. 13. 4544.

 39. Helfand BT, Mendez MG, Pugh J, Delsert C, Goldman RD. A role for intermediate filaments in determining and maintaining the shape of 
nerve cells. Mol Biol Cell. 2003;14(12):5069–81. https:// doi. org/ 10. 1091/ mbc. e03- 06- 0376.

 40. Kim J, Kang D, Sun BK, Kim JH, Song JJ. TRAIL/MEKK4/p38/HSP27/Akt survival network is biphasically modulated by the Src/CIN85/c-Cbl 
complex. Cell Signal. 2013;25(1):372–9. https:// doi. org/ 10. 1016/j. cells ig. 2012. 10. 010.

 41. Zeng L, Fagotto F, Zhang T, et al. The mouse fused locus encodes axin, an inhibitor of the Wnt signaling pathway that regulates embryonic 
axis formation. Cell. 1997;90(1):181–92. https:// doi. org/ 10. 1016/ S0092- 8674(00) 80324-4.

 42. Wong CK, Luo W, Deng Y, Zou H, Ye Z, Lin S. The DIX domain protein coiled-coil-DIX1 inhibits c-Jun N-terminal kinase activation by axin 
and dishevelled through distinct mechanisms*. J Biol Chem. 2004;279(38):39366–73. https:// doi. org/ 10. 1074/ jbc. M4045 98200.

 43. Shiomi K, Uchida H, Keino-Masu K, Masu M. Ccd1, a novel protein with a DIX domain, is a positive regulator in the Wnt signaling during 
zebrafish neural patterning. Curr Biol. 2003;13(1):73–7. https:// doi. org/ 10. 1016/ S0960- 9822(02) 01398-2.

 44. Wajant H, Henkler F, Scheurich P. The TNF-receptor-associated factor family - Scaffold molecules for cytokine receptors, kinases and their 
regulators. Cell Signal. 2001;13(6):389–400. https:// doi. org/ 10. 1016/ S0898- 6568(01) 00160-7.

 45. Abell AN, Johnson GL. MEKK4 is an effector of the embryonic TRAF4 for JNK activation. J Biol Chem. 2005;280(43):35793–6. https:// doi. 
org/ 10. 1074/ jbc. C5002 60200.

 46. Doble BW, Woodgett JR. GSK-3: tricks of the trade for a multi-tasking kinase. J Cell Sci. 2003;116(7):1175–86. https:// doi. org/ 10. 1242/ jcs. 
00384.

 47. Abell AN, Granger DA, Johnson GL. MEKK4 stimulation of p38 and JNK activity is negatively regulated by GSK3beta. J Biol Chem. 
2007;282(42):30476–84. https:// doi. org/ 10. 1074/ jbc. M7057 83200.

 48. Bettinger BT, Clark MG, Amberg DC. Requirement for the polarisome and formin function in Ssk2p-mediated actin recovery from osmotic 
stress in Saccharomyces cerevisiae. Genetics. 2007;175(4):1637–48. https:// doi. org/ 10. 1534/ genet ics. 106. 063370.

 49. Graham CF. Teratocarcinoma endoderm. Differentiation. 1979;13(1):29–31. https:// doi. org/ 10. 1111/j. 1432- 0436. 1979. tb016 11.x.
 50. Jones-Villeneuve EM, Rudnicki MA, Harris JF, McBurney MW. Retinoic acid-induced neural differentiation of embryonal carcinoma cells. 

Mol Cell Biol. 1983;3(12):2271–9. https:// doi. org/ 10. 1128/ mcb.3. 12. 2271- 2279. 1983.

https://doi.org/10.1038/nri2035
https://doi.org/10.1038/nri2035
https://doi.org/10.3390/ijms21061913
https://doi.org/10.1016/0014-5793(95)00346-b
https://doi.org/10.1016/0014-5793(95)00346-b
https://doi.org/10.1016/s0959-437x(01)00258-1
https://doi.org/10.1016/s0959-437x(01)00258-1
https://doi.org/10.1177/1010428317711659
https://doi.org/10.1111/bph.12432
https://doi.org/10.1111/bph.12432
https://doi.org/10.1177/1947601913507951
https://doi.org/10.1177/1947601913507951
https://doi.org/10.3390/ijms21061913
https://doi.org/10.1002/cncr.28864
https://doi.org/10.1016/s0092-8674(00)81619-0
https://doi.org/10.1038/ncb1791
https://doi.org/10.1038/ncb1791
https://doi.org/10.1074/jbc.M005824200
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.4161/auto.22924
https://doi.org/10.1038/cdd.2012.129
https://doi.org/10.1038/mi.2011.29
https://doi.org/10.1074/jbc.M111.326835
https://doi.org/10.1016/0092-8674(95)90370-4
https://doi.org/10.1128/MCB.22.13.4544
https://doi.org/10.1091/mbc.e03-06-0376
https://doi.org/10.1016/j.cellsig.2012.10.010
https://doi.org/10.1016/S0092-8674(00)80324-4
https://doi.org/10.1074/jbc.M404598200
https://doi.org/10.1016/S0960-9822(02)01398-2
https://doi.org/10.1016/S0898-6568(01)00160-7
https://doi.org/10.1074/jbc.C500260200
https://doi.org/10.1074/jbc.C500260200
https://doi.org/10.1242/jcs.00384
https://doi.org/10.1242/jcs.00384
https://doi.org/10.1074/jbc.M705783200
https://doi.org/10.1534/genetics.106.063370
https://doi.org/10.1111/j.1432-0436.1979.tb01611.x
https://doi.org/10.1128/mcb.3.12.2271-2279.1983


Vol.:(0123456789)

Discover Oncology           (2024) 15:99  | https://doi.org/10.1007/s12672-024-00961-x Review

 51. Jho EH, Davis RJ, Malbon CC. c-Jun amino-terminal kinase is regulated by Galpha12/Galpha13 and obligate for differentiation of P19 
embryonal carcinoma cells by retinoic acid. J Biol Chem. 1997;272(39):24468–74. https:// doi. org/ 10. 1074/ jbc. 272. 39. 24468.

 52. Wang H, Kanungo J, Malbon CC. Expression of Galpha 13 (Q226L) induces P19 stem cells to primitive endoderm via MEKK1, 2, or 4. J Biol 
Chem. 2002;277(5):3530–6. https:// doi. org/ 10. 1074/ jbc. M1070 31200.

 53. Zhang M, Zhang Q, Cao Z, et al. MEKK4-mediated phosphorylation of HOXA10 at threonine 362 facilitates embryo adhesion to the 
endometrial epithelium. Cell Death Discov. 2022. https:// doi. org/ 10. 1038/ s41420- 022- 01203-1.

 54. Jordan NV, Johnson GL, Abell AN. Tracking the intermediate stages of epithelial-mesenchymal transition in epithelial stem cells and 
cancer. Cell Cycle. 2011;10(17):2865–73. https:// doi. org/ 10. 4161/ cc. 10. 17. 17188.

 55. Sutherland A. Mechanisms of implantation in the mouse: differentiation and functional importance of trophoblast giant cell behavior. 
Dev Biol. 2003;258(2):241–51. https:// doi. org/ 10. 1016/ s0012- 1606(03) 00130-1.

 56. Tanaka S, Kunath T, Hadjantonakis AK, Nagy A, Rossant J. Promotion of trophoblast stem cell proliferation by FGF4. Science. 
1998;282(5396):2072–5. https:// doi. org/ 10. 1126/ scien ce. 282. 5396. 2072.

 57. Shendy NAM, Raghu D, Roy S, et al. Coordinated regulation of Rel expression by MAP3K4, CBP, and HDAC6 controls phenotypic switch-
ing. Commun Biol. 2020;3(1):475. https:// doi. org/ 10. 1038/ s42003- 020- 01200-z.

 58. Colella M, Frérot A, Novais ARB, Baud O. Neonatal and long-term consequences of fetal growth restriction. Curr Pediatr Rev. 
2018;14(4):212–8. https:// doi. org/ 10. 2174/ 15733 96314 66618 07121 14531.

 59. Randhawa R, Cohen P. The role of the insulin-like growth factor system in prenatal growth. Mol Genet Metab. 2005;86(1–2):84–90. https:// 
doi. org/ 10. 1016/j. ymgme. 2005. 07. 028.

 60. Perry CH, Mullins NA, Sweileh RBA, et al. MAP3K4 promotes fetal and placental growth by controlling the receptor tyrosine kinases IGF1R 
/ IR and Akt signaling pathway. J Biol Chem. 2022;298(9):102310. https:// doi. org/ 10. 1016/j. jbc. 2022. 102310.

 61. Shendy NAM, Broadhurst AL, Shoemaker K, Read R, Abell AN. MAP3K4 kinase activity dependent control of mouse gonadal sex deter-
mination†. Biol Reprod. 2021;105(2):491–502. https:// doi. org/ 10. 1093/ biolre/ ioab0 83.

 62. Warr N, Siggers P, Carré GA, Wells S, Greenfield A. Genetic analyses reveal functions for MAP2K3 and MAP2K6 in mouse testis determina-
tion. Biol Reprod. 2016;94(5):103. https:// doi. org/ 10. 1095/ biolr eprod. 115. 138057.

 63. Abell AN, Rivera-perez JA, Cuevas BD, et al. Ablation of MEKK4 kinase activity causes neurulation and skeletal patterning defects in the 
mouse embryo. Mol Cell Biol. 2005;25(20):8948–59. https:// doi. org/ 10. 1128/ MCB. 25. 20. 8948.

 64. Chi H, Sarkisian MR, Rakic P, Flavell RA. Loss of mitogen-activated protein kinase kinase kinase 4 (MEKK4) results in enhanced apoptosis 
and defective neural tube development. Proc Natl Acad Sci. 2005;102(10):3846–51.

 65. Ferland RJ, Batiz LF, Neal J, et al. Disruption of neural progenitors along the ventricular and subventricular zones in periventricular het-
erotopia. Hum Mol Genet. 2009;18(3):497–516. https:// doi. org/ 10. 1093/ hmg/ ddn377.

 66. Yamauchi J, Miyamoto Y, Murabe M, et al. Gadd45a, the gene induced by the mood stabilizer valproic acid, regulates neurite outgrowth 
through JNK and the substrate paxillin in N1E–115 neuroblastoma cells. Exp Cell Res. 2007;313(9):1886–96. https:// doi. org/ 10. 1016/j. 
yexcr. 2007. 02. 019.

 67. Sarkisian MR, Siebzehnrubl D. Abnormal levels of Gadd45alpha in developing neocortex impair neurite outgrowth. PLoS ONE. 
2012;7(9):e44207. https:// doi. org/ 10. 1371/ journ al. pone. 00442 07.

 68. Murtagh J, McArdle E, Gilligan E, Thornton L, Furlong F, Martin F. Organization of mammary epithelial cells into 3D acinar structures 
requires glucocorticoid and JNK signaling. J Cell Biol. 2004;166(1):133–43. https:// doi. org/ 10. 1083/ jcb. 20040 3020.

 69. Thalheimer FB, Wingert S, De Giacomo P, et al. Cytokine-regulated GADD45G induces differentiation and lineage selection in hemat-
opoietic stem cells. Stem Cell Rep. 2014;3(1):34–43. https:// doi. org/ 10. 1016/j. stemcr. 2014. 05. 010.

 70. Lindholm Carlström E, Halvardson J, Etemadikhah M, Wetterberg L, Gustavson KH, Feuk L. Linkage and exome analysis implicate multiple 
genes in non-syndromic intellectual disability in a large Swedish family. BMC Med Genomics. 2019;12(1):156. https:// doi. org/ 10. 1186/ 
s12920- 019- 0606-4.

 71. Liu G, Chen M, Yu C, et al. Molecular cloning, characterization and functional analysis of a putative mitogen-activated protein kinase 
kinase kinase 4 (MEKK4) from blood clam Tegillarca granosa. Fish Shellfish Immunol. 2017. https:// doi. org/ 10. 1016/j. fsi. 2017. 05. 012.

 72. Haque K, Pandey AK, Zheng H, Riazuddin XS, Sha S, Puligilla XC. MEKK4 signaling regulates sensory cell development and function in 
the mouse inner ear. J Neurosci. 2016;36(4):1347–61. https:// doi. org/ 10. 1523/ JNEUR OSCI. 1853- 15. 2016.

 73. Stevens MV, Parker P, Vaillancourt RR, Camenisch TD. MEKK4 regulates developmental EMT in the embryonic heart. Dev Dyn. 
2006;235:2761–70. https:// doi. org/ 10. 1002/ dvdy. 20922.

 74. Richbourg HA, Marcucio RS. miR-199 family contributes to regulation of sonic hedgehog expression during craniofacial development. 
Dev Dyn. 2020;249:1062–76. https:// doi. org/ 10. 1002/ dvdy. 191.

 75. Cao S, Zhou DC, Oh C, et al. Discovery of driver non-coding splice-site-creating mutations in cancer. Nat Commun. 2020;11(1):5573. 
https:// doi. org/ 10. 1038/ s41467- 020- 19307-6.

 76. Garcia-Flores AE, Sollome JJ, Thavathiru E, Bower JL, Vaillancourt RR. HER2/HER3 regulates lactate secretion and expression of lactate 
receptor mRNA through the MAP3K4 associated protein GIT1. Sci Rep. 2019;9(1):10823. https:// doi. org/ 10. 1038/ s41598- 019- 46954-7.

 77. Yamazaki D, Kurisu S, Takenawa T. Regulation of cancer cell motility through actin reorganization. Cancer Sci. 2005;96(7):379–86. https:// 
doi. org/ 10. 1111/j. 1349- 7006. 2005. 00062.x.

 78. Sollome JJ, Thavathiru E, Camenisch TD, Vaillancourt RR. HER2/HER3 regulates extracellular acidification and cell migration through 
MTK1 (MEKK4). Cell Signal. 2014;26(1):70–82. https:// doi. org/ 10. 1016/j. cells ig. 2013. 08. 043.

 79. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004;116(2):281–97. https:// doi. org/ 10. 1016/ S0092- 8674(04) 
00045-5.

 80. Liu F, Dong H, Mei Z, Huang T. Investigation of miRNA and mRNA co-expression network in ependymoma. Front Bioeng Biotechnol. 
2020;8:177. https:// doi. org/ 10. 3389/ fbioe. 2020. 00177.

 81. Fisher SB, Patel SH, Kooby DA, et al. Lymphovascular and perineural invasion as selection criteria for adjuvant therapy in intrahepatic 
cholangiocarcinoma: a multi-institution analysis. HPB. 2012;14(8):514–22. https:// doi. org/ 10. 1111/j. 1477- 2574. 2012. 00489.x.

 82. Yang LX, Gao Q, Shi JY, et al. Mitogen-activated protein kinase kinase kinase 4 deficiency in intrahepatic cholangiocarcinoma leads to 
invasive growth and epithelial-mesenchymal transition. Hepatology. 2015;62(6):1804–16. https:// doi. org/ 10. 1002/ hep. 28149.

https://doi.org/10.1074/jbc.272.39.24468
https://doi.org/10.1074/jbc.M107031200
https://doi.org/10.1038/s41420-022-01203-1
https://doi.org/10.4161/cc.10.17.17188
https://doi.org/10.1016/s0012-1606(03)00130-1
https://doi.org/10.1126/science.282.5396.2072
https://doi.org/10.1038/s42003-020-01200-z
https://doi.org/10.2174/1573396314666180712114531
https://doi.org/10.1016/j.ymgme.2005.07.028
https://doi.org/10.1016/j.ymgme.2005.07.028
https://doi.org/10.1016/j.jbc.2022.102310
https://doi.org/10.1093/biolre/ioab083
https://doi.org/10.1095/biolreprod.115.138057
https://doi.org/10.1128/MCB.25.20.8948
https://doi.org/10.1093/hmg/ddn377
https://doi.org/10.1016/j.yexcr.2007.02.019
https://doi.org/10.1016/j.yexcr.2007.02.019
https://doi.org/10.1371/journal.pone.0044207
https://doi.org/10.1083/jcb.200403020
https://doi.org/10.1016/j.stemcr.2014.05.010
https://doi.org/10.1186/s12920-019-0606-4
https://doi.org/10.1186/s12920-019-0606-4
https://doi.org/10.1016/j.fsi.2017.05.012
https://doi.org/10.1523/JNEUROSCI.1853-15.2016
https://doi.org/10.1002/dvdy.20922
https://doi.org/10.1002/dvdy.191
https://doi.org/10.1038/s41467-020-19307-6
https://doi.org/10.1038/s41598-019-46954-7
https://doi.org/10.1111/j.1349-7006.2005.00062.x
https://doi.org/10.1111/j.1349-7006.2005.00062.x
https://doi.org/10.1016/j.cellsig.2013.08.043
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.3389/fbioe.2020.00177
https://doi.org/10.1111/j.1477-2574.2012.00489.x
https://doi.org/10.1002/hep.28149


Vol:.(1234567890)

Review Discover Oncology           (2024) 15:99  | https://doi.org/10.1007/s12672-024-00961-x

 83. Tang X, Ding CK, Wu J, et al. Cystine addiction of triple-negative breast cancer associated with EMT augmented death signaling. Onco-
gene. 2017;36(30):4235–42. https:// doi. org/ 10. 1038/ onc. 2016. 394.

 84. Tasharrofi B, Ghafouri-Fard S. Long non-coding RNAs as regulators of the mitogen-activated protein kinase (MAPK) pathway in cancer. 
Klin Onkol. 2018;31(2):95–102. https:// doi. org/ 10. 14735/ amko2 01895.

 85. Chen L, Wang X, Song L, Yao D, Tang Q, Zhou J. Upregulation of lncRNA GATA6-AS suppresses the migration and invasion of cervical 
squamous cell carcinoma by downregulating MTK-1. Oncol Lett. 2019;18(3):2605–11. https:// doi. org/ 10. 3892/ ol. 2019. 10554.

 86. Zhou D, Wu F, Cui Y, Wei F, Meng Q, Lv Q. Long non-coding RNA-OIS1 inhibits HPV-positive, but not HPV-negative cervical squamous cell 
carcinoma by upregulating MTK-1. Oncol Lett. 2019;17(3):2923–30. https:// doi. org/ 10. 3892/ ol. 2019. 9891.

 87. Du J, Zhou S, Wang L, Yu M, Mei L. Downregulation of ERBB3 decreases the proliferation, migration and invasion of cervical cancer cells 
though the interaction with MTK-1. Oncol Lett. 2018;16(3):3453–8. https:// doi. org/ 10. 3892/ ol. 2018. 9088.

 88. Luo Q, Li W, Zhao T, Tian X, Liu Y, Zhang X. Role of miR-148a in cutaneous squamous cell carcinoma by repression of MAPK pathway. Arch 
Biochem Biophys. 2015;583:47–54. https:// doi. org/ 10. 1016/j. abb. 2015. 07. 022.

 89. Wang X, Chen T, Li C, et al. CircRNA - CREIT inhibits stress granule assembly and overcomes doxorubicin resistance in TNBC by destabiliz-
ing PKR. J Hematol Oncol. 2022. https:// doi. org/ 10. 1186/ s13045- 022- 01345-w.

 90. Tanić M, Krivokuća A, Čavić M, et al. Molecular signature of response to preoperative radiotherapy in locally advanced breast cancer. 
Radiat Oncol. 2018;13(1):193. https:// doi. org/ 10. 1186/ s13014- 018- 1129-4.

 91. Mladenovic J, Susnjar S, Tanic M, et al. Tumor response and patient outcome after preoperative radiotherapy in locally advanced non-
inflammatory breast cancer patients. J BUON. 2017;22(2):325–33.

 92. Tani M, Krivoku A, Milena Č, et al. Molecular signature of response to preoperative radiotherapy in locally advanced breast cancer. Radiat 
Oncol. 2018;13:1–10.

 93. Wei Y. Clinical and genomic analyses of neuroendocrine neoplasms of the breast. Mod Pathol. 2021;35(4):495–505. https:// doi. org/ 10. 
1038/ s41379- 021- 00965-w.

 94. Meyers EC, Solorzano BR, James J, et al. Vagus nerve stimulation enhances stable plasticity and generalization of stroke recovery. Stroke. 
2018;49(3):710–7. https:// doi. org/ 10. 1161/ STROK EAHA. 117. 019202.

 95. Gadd S, Huff V, Walz AL, et al. A Children’s Oncology Group and TARGET initiative exploring the genetic landscape of Wilms tumor. Nat 
Genet. 2017;49(10):1487–94. https:// doi. org/ 10. 1038/ ng. 3940.

 96. Liang Q, Yao X, Tang S, et al. Integrative identification of Epstein-Barr virus-associated mutations and epigenetic alterations in gastric 
cancer. Gastroenterology. 2014;147(6):1350-62.e4. https:// doi. org/ 10. 1053/j. gastro. 2014. 08. 036.

 97. Zhao LL, Liu HL, Luo S, Walsh KM, Li W, Wei Q. Associations of novel variants in PIK3C3, INSR and MAP3K4 of the ATM pathway genes with 
pancreatic cancer risk. Am J Cancer Res. 2020;10(7):2128–44.

 98. Musolf AM, Simpson CL, Moiz BA, et al. Genetic variation and recurrent haplotypes on chromosome 6q23-25 risk locus in familial lung 
cancer. Cancer Res. 2021;81(12):3162–73. https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 20- 3196.

 99. Yang P, Dong F, Zhou Q. Triptonide acts as a novel potent anti-lymphoma agent with low toxicity mainly through inhibition of proto-
oncogene Lyn transcription and suppression of Lyn signal pathway. Toxicol Lett. 2017;278:9–17. https:// doi. org/ 10. 1016/j. toxlet. 2017. 
06. 010.

 100. Yee AS, Paulson EK, McDevitt MA, et al. The HBP1 transcriptional repressor and the p38 MAP kinase: unlikely partners in G1 regulation 
and tumor suppression. Gene. 2004;336(1):1–13. https:// doi. org/ 10. 1016/j. gene. 2004. 04. 004.

 101. Zhang B, Meng M, Xiang S, et al. Selective activation of tumor-suppressive MAPKP signaling pathway by triptonide effectively inhibits 
pancreatic cancer cell tumorigenicity and tumor growth. Biochem Pharmacol. 2019;166:70–81. https:// doi. org/ 10. 1016/j. bcp. 2019. 05. 
010.

 102. Zhang B, Han H, Fu S, et al. Dehydroeffusol inhibits gastric cancer cell growth and tumorigenicity by selectively inducing tumor-sup-
pressive endoplasmic reticulum stress and a moderate apoptosis. Biochem Pharmacol. 2016;104:8–18. https:// doi. org/ 10. 1016/j. bcp. 
2016. 01. 002.

 103. Zhang Z, Wang Y, Yao R, et al. Cancer chemopreventive activity of a mixture of Chinese herbs (antitumor B) in mouse lung tumor models. 
Oncogene. 2004;23(21):3841–50. https:// doi. org/ 10. 1038/ sj. onc. 12074 96.

 104. Lee S, Rauch J, Kolch W. Targeting MAPK signaling in cancer: mechanisms of drug resistance and sensitivity. Int J Mol Sci. 2020. https:// 
doi. org/ 10. 3390/ ijms2 10311 02.

 105. Zarubin T, Han J. Activation and signaling of the p38 MAP kinase pathway. Cell Res. 2005;15(1):11–8. https:// doi. org/ 10. 1038/ sj. cr. 72902 
57.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/onc.2016.394
https://doi.org/10.14735/amko201895
https://doi.org/10.3892/ol.2019.10554
https://doi.org/10.3892/ol.2019.9891
https://doi.org/10.3892/ol.2018.9088
https://doi.org/10.1016/j.abb.2015.07.022
https://doi.org/10.1186/s13045-022-01345-w
https://doi.org/10.1186/s13014-018-1129-4
https://doi.org/10.1038/s41379-021-00965-w
https://doi.org/10.1038/s41379-021-00965-w
https://doi.org/10.1161/STROKEAHA.117.019202
https://doi.org/10.1038/ng.3940
https://doi.org/10.1053/j.gastro.2014.08.036
https://doi.org/10.1158/0008-5472.CAN-20-3196
https://doi.org/10.1016/j.toxlet.2017.06.010
https://doi.org/10.1016/j.toxlet.2017.06.010
https://doi.org/10.1016/j.gene.2004.04.004
https://doi.org/10.1016/j.bcp.2019.05.010
https://doi.org/10.1016/j.bcp.2019.05.010
https://doi.org/10.1016/j.bcp.2016.01.002
https://doi.org/10.1016/j.bcp.2016.01.002
https://doi.org/10.1038/sj.onc.1207496
https://doi.org/10.3390/ijms21031102
https://doi.org/10.3390/ijms21031102
https://doi.org/10.1038/sj.cr.7290257
https://doi.org/10.1038/sj.cr.7290257

	MAP3K4 kinase action and dual role in cancer
	Abstract
	1 Introduction
	2 MAPK pathway and MAP3K4 gene
	2.1 MAPK transduction pathways
	2.2 MAP3Ks family and MAP3K4 gene
	2.3 The downstream of MAP3K4

	3 Cellular regulations and interactions of MAP3K4
	3.1 The regulation of cell apoptosis
	3.2 The regulation of cell autophagy
	3.3 The interactions with binding partners

	4 The role of MAP3K4 in governing growth and development of body
	4.1 The linkage between MAP3K4 and embryo development
	4.2 The decisive role of MAP3K4 in sex determination
	4.3 The auxiliary function of MAP3K4 in the growth of other organs

	5 The complex function of MAP3K4 concerning tumor
	5.1 Working as a tumor-promotor
	5.2 Working as a tumor-suppressor
	5.3 Working as a biomarker
	5.4 Targeting MAP3K4 as cancer therapy

	6 Discussion
	Acknowledgements 
	References


