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Abstract: Bones are vital for anchoring muscles, tendons, and ligaments, serving as a fundamental
element of the human skeletal structure. However, our understanding of bone development mecha-
nisms and the maintenance of bone homeostasis is still limited. Extracellular signal-related kinase 5
(ERK5), a recently identified member of the mitogen-activated protein kinase (MAPK) family, plays a
critical role in the pathogenesis and progression of various diseases, especially neoplasms. Recent
studies have highlighted ERK5’s significant role in both bone development and bone-associated
pathologies. This review offers a detailed examination of the latest research on ERK5 in different
tissues and diseases, with a particular focus on its implications for bone health. It also examines
therapeutic strategies and future research avenues targeting ERK5.
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1. Introduction

Bones are crucial attachment sites for muscles, tendons, and ligaments, forming a
vital part of the human body’s structural framework [1]. The health of mammalian bones
is preserved through the dynamic interplay between bone formation, primarily driven
by osteoblasts, and bone resorption, predominantly facilitated by osteoclasts [2]. This
process involves a complex network of cells and regulatory pathways, with significant
contributions from signaling molecules, such as hedgehog, notch, WNT, transforming
growth factor beta (TGFβ), bone morphogenic protein (BMP), fibroblast growth factor
(FGF), macrophage colony-stimulating factor (M-CSF), and receptor activator of nuclear
factor-κB ligand (RANKL) [1,3]. Extracellular signal-related kinase 5 (ERK5), a recent
addition to the mitogen-activated protein kinase (MAPK) family, plays a crucial role in
various tissues and pathologies [4]. Although research on ERK5, particularly in the field
of oncology, has been increasing, its role in bone biology has not been as thoroughly
investigated. Bone biology includes processes, such as growth, development, and disease.
This under-exploration is notable, especially when compared to the ERK1/2 signaling
pathway. The ERK1/2 pathway is well studied and known to impact several cellular
functions in skeletal cells. These functions include proliferation, differentiation, migration,
survival, metabolism, and transcription [5]. Recent studies, however, indicate a growing
interest in investigating ERK5’s role in bone-related conditions, notably osteoporosis and
osteosarcoma. This review aggregates and synthesizes the existing literature on this topic.
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2. Overview of Bone Development and Bone Homeostasis
2.1. Bone Formation

The maintenance and repair of mammalian bone homeostasis are contingent upon a
delicate balance between bone formation, primarily orchestrated by osteoclasts, and bone
resorption, predominantly governed by osteoclasts. This process involves a multitude of
cells and intricate regulatory networks. The principal cells involved in osteogenesis are
those of the bone lineage, including osteoblasts, osteocytes, and chondrocytes, whereas
osteoclasts derive from the hematopoietic lineage [1,2]. In healthy adults, the synergistic ac-
tion of osteoblast lineage cells and osteoclasts is essential for maintaining bone equilibrium.
Disruption of this balance can lead to various bone disorders. Excessive bone formation
relative to bone resorption can result in abnormal bone growth, such as heterotopic ossifi-
cation. Conversely, osteoporosis arises when bone resorption supersedes bone formation.
Additionally, exposure to carcinogens, genetic mutations, or aberrant gene expression can
precipitate tumor development.

Osteoblasts originate from bone marrow mesenchymal cells, which are capable of dif-
ferentiating into mature mesenchymal tissue cells, including those forming bone, cartilage,
and fat, influenced by various factors [6]. The differentiation of osteoblasts encompasses
three stages: osteoprogenitor cells, pre-osteoblasts, and osteoblasts. The transcription
factor SRY-related high-mobility group box-containing9 (SOX9) plays a pivotal role in
chondrocyte differentiation and chondrogenesis, initiating and driving chondrogenic dif-
ferentiation through the activation of chondrogenic genes [1,7,8]. Recent research has
identified Microtubule-Associated Serine/Threonine Kinase Family Member4 (Mast4) as
crucial in determining the osteogenic or chondrogenic fate of mesenchymal stromal cells
(MSCs). Mast4 induces the phosphorylation of SOX9 at serine 494, promoting its pro-
teasomal degradation, while transforming growth factor-β1 (TGFβ1) counters this effect,
enhancing SOX9 stability and favoring chondrogenesis. Conversely, enhanced stability of
the Mast4 protein, through the Wnt-mediated inhibition of glycogen synthase kinase 3β
(GSK-3β) and recruitment of Smad ubiquitination regulatory factor 1 (Smurf1), augments
β-catenin nuclear localization and Runt-related transcription factor 2 (RUNX2) activity,
fostering osteogenesis [9]. The expression of RUNX2 in cells signifies the emergence of
pre-osteoblasts. Subsequently, WNT-β-catenin signaling influences these pre-osteoblasts,
prompting the induction of osterix (OSX; also known as SP7), as the cells advance in
their differentiation into osteoblasts. The expression of RUNX2 and OSX denotes the
maturation of osteoblasts [3]. These osteoblasts can produce osteocalcin (OCN), alkaline
phosphatase (ALP), and a substantial quantity of type I collagen (COL-I) to establish the
bone’s framework. Hydroxyapatite minerals are deposited on this framework to solid-
ify the bone structure [2,10]. Upon bone formation, some osteoblasts undergo apoptosis,
while others secrete extracellular matrix components and integrate into the bone matrix,
becoming osteocytes [11]. Bone formation occurs predominantly through two mechanisms:
intramembranous ossification and endochondral ossification [12]. Intramembranous ossifi-
cation is responsible for the formation of structures, such as the skull, mandible, maxilla,
and clavicle. Conversely, endochondral ossification is the principal process in the growth
of long bones, wherein mesenchymal stem cells evolve into chondrocytes. These chon-
drocytes progress through resting, proliferation, and hypertrophy stages. Hypertrophic
chondrocytes facilitate the mineralization of the adjacent matrix, initiate vascular invasion
by emitting vascular endothelial growth factor and other substances, and draw osteoclasts
and bone marrow cells to the site. Subsequently, neighboring perichondral cells trans-
form into osteoblasts. Following the apoptosis of hypertrophic chondrocytes, osteoblasts
penetrate the cartilage matrix to generate new bone [2,13].

2.2. Bone Resorption

In vivo and in vitro experiments have established that osteoclasts originate from mono-
cytes of the hematopoietic lineage [14], with their maturation governed by M-CSF and
RANKL [15–17]. Osteoclast precursors are attracted to the bone by RANKL-expressing
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osteocytes, where they proliferate and evolve into mononuclear pre-osteoclasts before
fusing to become multinucleated osteoclasts [14]. While osteoclasts may share a progeni-
tor with macrophages and dendritic cells, only osteoclasts possess the capacity for bone
resorption [15]. Characterized by their unique structure, osteoclasts feature multiple nuclei,
a plethora of pleomorphic mitochondria, extensive vacuoles and lysosomes, and numerous
stacked Golgi membranes [14]. Additionally, osteoclasts exhibit a complex, deeply invagi-
nated, finger-like plasma membrane adjacent to the bone surface, termed ruffled borders.
These cells can form a sealing zone beneath the ruffled border, secreting enzymes and acids
into this space to irreversibly dissolve bone mineral [14].

3. ERK5 Overview
3.1. Discovery and Structure of ERK5

ERK5, also known as mitogen-activated protein kinase 7 (MAPK7) or big MAP kinase
1 (BMK1), has a large carboxyl terminal. This kinase, a member of the mitogen-activated
protein kinase (MAPK) family, was first identified in 1995 [18,19]. MAPKs, enzymes
that exhibit high conservation across evolution, are found in organisms ranging from
yeast to humans [20]. ERK5 functions via a three-tiered kinase cascade, similar to other
MAPK family members [21]. At the apex of this cascade, the MAPK kinase kinase (MAP-
KKK) responds to extracellular signals, activating the MAPK kinase (MAPKK) through
phosphorylation. The activated MAPKK then phosphorylates the threonine and tyrosine
residues within the Thr-X-Tyr (TXY) motif of MAPK. Concurrently, the C-terminal tail of
ERK5 undergoes autophosphorylation, altering its conformation and unfolding it. This
change prompts the dissociation of heat shock protein 90 (Hsp90) from the ERK5-Cdc37
complex [22]. Subsequently, the activated ERK5 relocates to the nucleus, where it activates
various downstream effector molecules, regulating transcription and other processes to
elicit biological responses. Upon dephosphorylation, ERK5 reverts to its folded state and
moves back to the cytoplasm [23] (Figure 1).
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Figure 1. ERK5 localization and activation. In the resting state, ERK5 is present in the cytoplasm,
and molecular interactions between the N-terminus and C-terminus of ERK5 place it in a folded
state, which reduces the activity of the nuclear localization signal (NLS) or generates a nuclear export
signal (NES) and binds to the cytoplasmic anchoring protein Hsp90. When the ERK5 TEY motif
is phosphorylated and activated, the C-terminal half of ERK5 can autophosphorylate, inducing an
unfolded state and dissociation from Hsp90, leading to NLS exposure and ERK5 nuclear translocation.
When ERK5 is dephosphorylated in the nucleus, it resumes its folding transition and translocates to
the cytoplasm. PR1: proline-rich 1; PR2: proline-rich 2.
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3.2. The Role of ERK5 in Different Tissues or Diseases

ERK5 is extensively expressed in the heart, lungs, liver, and other organs, playing a
crucial role in both physiological and pathological states. We summarize this as follows
(Table 1):

Table 1. The role of ERK5 in different tissues or diseases.

Distribution Function Disease References

Heart

Maintain endothelial integrity
Decrease cardiac endothelial cell permeability - [24]

Protect myocardium
Improve heart function

Myocardial infarction [25–27]
Myocardial infarction combined

with diabetes [28]

Myocardial damage caused by
hypothermia [29]

Metabolic stress-induced
cardiomyopathy [30]

Inhibit cardiomyocyte apoptosis Myocardial infarction [31]

Vascular endothelium

Developmentally necessary - [32–35]
Protect endothelial cells - [36]

Anti-inflammation, inhibition of apoptosis Atherosclerosis [36–38]
Inhibit endothelial-to-mesenchymal transition Atherosclerosis [37,39]

Nervous system

Protect brain cells Ischemia–reperfusion injury [40]
Inhibit oxidative damage

Inhibiting neuronal apoptosis Traumatic brain injury [41]

Promote learning ability and memory - [42]
Mediate damage signaling Neuropathic pain [43]

Protect neurons from cell death Oxidative stress [44,45]
Promote tumor cell migration Invasion glioma [46]

Lung

Promote resolution of inflammation Acute lung injury [47]
promote pulmonary fibrosis Pulmonary fibrosis [48]

Promote proliferation Squamous cell lung cancer [49]
Promote cell proliferation Non-small cell lung cancer [50]

Increase cell viability Lung cancer [51]
Inhibit epithelial–mesenchymal transition Lung cancer [52,53]

Promote invasion and migration Lung cancer [54]
Promote drug resistance Lung cancer [55]

Increase radiotherapy resistance Lung cancer [56]
Promote immune evasion Lung cancer [57]

Breast

Promote proliferation Breast cancer [58–63]
Promote invasion and migration Breast cancer [63–71]

Inhibit epithelial–mesenchymal transition Breast cancer [72]
Inhibits migration and invasion Breast cancer [73]

Promote drug resistance Breast cancer [74]

Kidney

Necessary for renal tubule development - [35]
Promote proliferation and contraction of renal

mesangial cells Kidney disease [75]

Promote podocyte proliferation Diabetic nephropathy [76]

Protect the kidneys Renal ischemia–reperfusion
injury [77]

Promote mesangial cell migration Chronic kidney disease [78]
Promote cancer cell proliferation Kidney cancer [79–81]

Promote glomerular fibrosis Glomerulonephritis [82]

Promote invasion and migration Kidney cancer [80]
Clear cell renal cell carcinoma [81]

Inhibit cancer cell apoptosis Kidney cancer [79]
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Table 1. Cont.

Distribution Function Disease References

Liver

Promote hepatic stellate cell proliferation and
inhibit migration. Liver damage [83]

Promote cancer cell migration Liver cancer [84]
Promote cancer cell proliferation
Promote cell cycle progression Hepatocellular carcinoma [80,85]

Skin

Promotes an inflammatory tumor
microenvironment Melanoma [86–88]

Promote proliferation of melanoma Melanoma [87,89]
Cutaneous squamous cell

carcinoma [87]

Promote migration, invasion and lung metastasis Melanoma [54]
Anti-cell aging Melanoma [90]

Hematopoietic system

Helps leukemic cells survive Leukemia [91]
Regulates monocyte differentiation of human

myeloid leukemia cells Myeloid leukemia [92]

Promote proliferation CML [93,94]
AML [95]

Inhibit apoptosis AML [95,96]
Promote drug resistance CML [97]

Prostate
promote proliferation Prostate cancer [98–101]

Promote migration and invasion Prostate cancer [101,102]

Esophagus Promote proliferation Esophageal cancer [49]
Prognosis related Esophageal cancer [103]

Oral cavity Promote cancer invasion Oral squamous cell carcinoma [104]
Associated with advanced cancer stage and

metastasis Oral squamous cell carcinoma [105]

Bile duct Promote proliferation, migration and invasion Cholangiocarcinoma [106,107]

Intestine
Promote proliferation Rectal cancer [108]

Promote intestinal development and maintain
intestinal integrity Intestinal agenesis (zebrafish) [109]

Stomach Promote proliferation and migration Gastric cancer [110]

Ovary Promote cancer proliferation, invasion and
migration Ovarian cancer [111]

3.2.1. Heart and Vascular Endothelium

ERK5 mediates a range of biological processes, including cell survival, prolifera-
tion, differentiation, migration, apoptosis, and angiogenesis, across various tissues and
organs [23,112]. It is crucial for cardiovascular development [35]. The complete deletion of
the ERK5 gene in mice results in inadequate blood vessel and heart development, causing
embryonic death between 9.5 and 10.5 days [32–34]. In healthy adult mice, ERK5 deletion
leads to vascular endothelium disorders, resulting in extensive organ hemorrhage and
mortality [34]. Intriguingly, while ERK5 deletion in the embryonic ectoderm, endothelial
cells, or system causes embryonic death, mice with the ERK5 deletion in cardiomyocytes
or neurons survive. Suppressing ERK5 in mouse vascular endothelial cells markedly
reduces allograft tumor growth. Studies indicate a significant decrease in blood vessel
density and a substantial reduction in the phosphorylation of ribosomal protein S6 (rpS6)
at Ser235/236 [113]. Additionally, rpS6 is known to be crucial for both cell proliferation
and the survival of vascular endothelial cells.

ERK5 has been established as a protector of the vascular endothelium [36]. NF-
E2-related factor 2 (Nrf2), a crucial transcription factor, plays a significant role in the
anti-atherosclerotic response under laminar flow. Under physiological conditions, vascular
endothelial cells are subjected to the laminar stimulation of blood flow. The activation
of ERK5 in these cells by laminar flow upregulates Nrf2, exerting anti-inflammatory and
anti-apoptotic effects that safeguard endothelial cells against atherosclerosis and injury [37].
Concurrently, laminar flow-induced ERK5 activation prevents endothelial cell apoptosis by
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phosphorylating the BCL-2-associated death promoter (Bad) and inhibits the endothelial-to-
mesenchymal transition, thereby preserving the vascular epithelium [38]. Zeste Homolog
2 (EZH2), the catalytic subunit of the Polycomb Repressive Complex 2, is pivotal in en-
dothelial dysfunction. The antagonistic interaction between ERK5 and EZH2 is essential
in regulating the endothelial-to-mesenchymal transition [39,114]. In research on post-
hypertrophic cardiac remodeling, it was discovered that inhibiting ERK5 expression in
neonatal rats diminishes myocyte enhancer factor 2 (MEF2) transcriptional activity and
mitigates the hypertrophic response [115]. In a study by Cameron et al., constructing a
mouse model of myocardial infarction revealed that ERK5 activation can stimulate platelets
under ischemic conditions, facilitating infarct expansion and enhancing cardiac function
post-myocardial infarction [26,27]. Further, it has been identified that post-myocardial
infarction, left ventricular dysfunction exacerbates when ERK5 transcriptional activity is
suppressed by diabetes-induced SUMOylation [28]. Additionally, apoptosis is observed.
Liu et al. found a loss of ERK5 expression in the hearts of obese or diabetic animal models,
leading to diminished cardiac contractility and mitochondrial dysfunction. However, restor-
ing ERK5 expression ameliorated these abnormalities. Further investigations revealed that
adequate ERK5 expression could prevent metabolic stress cardiomyopathy [30]. Bim func-
tions as a critical pro-apoptotic protein; however, increased ERK5 expression suppresses
Bim expression, thereby reducing cardiomyocyte apoptosis and highlighting ERK5’s protec-
tive role in the heart under cold stress [29]. Concurrently, another study showed that ERK5
inhibition promotes cardiomyocyte apoptosis [31]. Angiotensin II enhances ERK5 activa-
tion in the mouse myocardium, inducing cardiac hypertrophy [116]. Conversely, targeted
ERK5 knockout reduces this hypertrophy. ERK5 activates MEF2, which, as demonstrated by
Lee et al., promotes the expression of heparin-binding epidermal growth factor-like growth
factor (HB-EGF)-induced cyclooxygenase-2 (COX-2), further inducing cardiac hypertrophy.
This evidence underscores ERK5’s role in cardiac remodeling regulation [117].

3.2.2. Nervous System

ERK5 is prevalent in nerve cells and plays a significant role in neurogenesis [118,119].
Numerous studies indicate ERK5’s neuroprotective properties [44,45,120]. Suzaki et al.
showed that H(2)O(2) rapidly and significantly activates ERK5, enhancing MEF2C DNA-
binding activity to protect brain cells from ischemic cell damage [40]. Glucagon-like peptide-
1 (GLP-1) enhances ERK5 expression, mitigating oxidative harm to nerve cells and curbing
neuronal apoptosis [41]. In the context of nervous system tumors, ERK5 facilitates glioma
cell migration and invasion, whereas microRNA-429 (miR-429) inhibits these processes [46].
Van et al. reported that ERK5 is present in glaucomatous retinal ganglion cells and is
involved in mediating retrograde neurotrophic signaling in the rat optic nerve [121]. The
conditional activation of ERK5 enhances adult spatial learning and bolsters hippocampus-
dependent long-term memory [42]. CX3C motif ligand 1 (CX3CL1) is released from the
neuronal membrane following peripheral nerve injury and plays an important role in
transmitting injury signals between neurons and microglia. CX3CL1 and CX3C chemokine
receptor 1 (CX3CR1) facilitate nociceptive communication between neurons and microglia
through ERK5-mediated microglial activation [43]. ERK5 activation in spinal microglia
and dorsal root ganglion neurons is linked to the development of neuropathic pain, and
inhibiting this pathway could alleviate pain following nerve injury [122]. Additionally,
ERK5 is involved in regulating inflammatory diseases and neuropathic pain [123].

3.2.3. Lung

Liang et al. demonstrated that ERK5 could counteract tobacco smoke (TS)-induced
lung epithelial-to-mesenchymal transition (EMT), a process known to facilitate cancer
occurrence, invasion, and metastasis [52]. Furthermore, an in vitro study indicated that
sulforaphane (SFN) activates ERK5 to inhibit EMT in lung cancer cells [53]. ERK5 is
a key protein in macrophage endocytosis. The glycoprotein ulinastatin (UTI) increases
ERK5 levels, enhances endocytosis through the ERK5/Mer signaling pathway, and reduces
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lung inflammation and injury [47]. However, some studies present contrasting findings.
Research utilizing A549 adenocarcinoma human alveolar basal epithelial cells showed
that Biochanin A (the primary isoflavone component in chickpeas) might suppress PM2.5-
induced ERK5 expression by targeting MEK5, showcasing anti-acute lung cell injury
effects [124]. This discrepancy suggests that ERK5’s functions may vary across different
cell types.

Some studies highlight the detrimental effects of ERK5. It facilitates TGFβ1-induced
pulmonary fibrosis by increasing Smad3 acetylation [48]. The TGF-β1/Smad signaling path-
way plays a key role in the pathogenesis of pulmonary fibrosis. The epidermal growth factor
receptor (EGFR) can recruit mitogen-activated protein kinase kinase kinase 3 (MEKK3) in
a tumor necrosis factor receptor (TNF-R)-associated factor 4 (TRAF4)-dependent manner,
which activates ERK5 and supports the proliferation of non-small-cell lung cancer cells [50].
This activation leads to an increase in upstream stimulatory family 1 (USF1) transcription
factor expression, which, in turn, upregulates focal adhesion kinase (FAK) expression,
enhancing FAK signaling and promoting migration in non-small-cell lung cancer cells [54].
Additionally, ERK5 regulates lipid metabolism in small-cell lung cancer cells, increasing
cell viability and tumor growth [51]. ERK5 signaling has been implicated in promoting mi-
gration and invasion in lung cancer and melanoma [54]. Treatment combining osimertinib
with ERK5 or MEK5 inhibitors effectively curtailed the survival of osimertinib-resistant
lung cancer cell lines, indicating ERK5’s role in drug resistance development in lung cancer
cells [55]. Moreover, ERK5 can enhance the production of interleukin-6 (IL-6), aiding lung
cancer cells in evading anti-tumor immune responses [57], and can also amplify the DNA
damage response, increasing lung cancer cells’ resistance to radiotherapy [56]. Conse-
quently, many researchers consider ERK5 a potential therapeutic target for lung tumors,
with some studies validating the efficacy of targeting the MEK5/ERK5 pathway in lung
cancer treatment [125].

3.2.4. Breast

In breast cancer, ERK5 plays a crucial role in tumor formation and progression. Sawh-
ney et al. established that ERK5 is instrumental in cell adhesion, movement, and metastasis,
enhancing metastatic potential in breast and prostate cancer cells [70]. Mulloy et al. identi-
fied the cyclin D1 gene as a downstream target of the ERK5 cascade, highlighting ERK5’s
involvement in cell cycle regulation [62]. The inhibition of ERK5 reduces cancer cell prolif-
eration and increases sensitivity to anti-HER2 therapy [59,60]. Recent findings in breast
cancer research demonstrate that ERK5 inhibition results in cell cycle arrest and amplifies
the antiproliferative effects of anti-HER2 therapy in resistant cell lines [63]. Monlish et al.‘s
research underscores ERK5’s role in promoting breast cancer cell proliferation and its
interaction with the phosphoinositide 3-kinase (PI3K) pathway [61]. Numerous studies
have shown that ERK5 contributes to tumor invasion and migration during breast cancer
development. A kinome-wide high-content siRNA screen indicated that MEK5-ERK5 sig-
naling is vital for EMT and metastasis in breast cancer cells [71]. Javaid et al. reported that
ERK5 inhibition modulates EMT and reduces circulating tumor cells, thereby diminishing
tumor invasiveness [64]. Similarly, Zhai et al. demonstrated that downregulating ERK5
suppresses EMT and curtails breast cancer tumor growth [65].

Transcriptional upregulation of MEK5 by signal transducer and activator of tran-
scription 3 (STAT3) enhances the epithelial–mesenchymal transition in breast cancer cells,
facilitating their invasion and metastasis [68]. ERK5 modulates the ECM and upholds
its integrity, thus supporting triple-negative breast cancer (TNBC) cell growth and mi-
gration [69]. Xia et al. reported that ERK5 acts as a substrate for microRNA-143-3p
(miR-143-3p), which downregulates ERK5 expression, thereby inhibiting the proliferation,
migration, and invasion of breast cancer cells [58]. Furthermore, ERK5 fosters the invasion
of TNBC cells by activating FAK, which is associated with tumorigenesis and migration [67].
ERK5 also plays a role in mediating drug resistance, with the combined inhibition of the
PI3k/Akt and MEK5/ERK5 pathways reducing the viability of tamoxifen-resistant breast
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cancer cells [74]. However, some findings appear contradictory. Chen et al. demonstrated
that ERK5 could inhibit epithelial–mesenchymal transition via the AKT/GSK3β signaling
pathway [72]. Zuo et al. investigated Cdc42’s role in breast cancer, discovering that Cdc42
negatively regulates ERK5 phosphorylation, thus enhancing breast cancer cell migration
and invasion [73]. They proposed that ERK5 expression might be inversely associated with
the advancement of certain breast tumors.

3.2.5. Kidney and Liver

ERK5 is essential for renal tubulogenesis [35], predominantly expressed in mesangial
cells [126,127] and proximal tubular cells within the kidney [128]. Kato et al. established
that EGF effectively activates ERK5, which is crucial for EGF-induced cell proliferation
and cell cycle progression [129]. The downregulation of ERK5 curtails proliferation in
human kidney-derived mesangial cells, EGF-stimulated cell contraction, and diminishes
TGFβ1-induced collagen I expression [75]. Additionally, ERK5 facilitates platelet-derived
growth factor (PDGF)-induced migration of glomerular mesangial cells [78]. Research using
a mouse model of renal ischemia–reperfusion injury highlighted ERK5’s renal protective
role, noting that kidney ERK5 possesses a smaller apparent molecular mass, indicating a
variant form [77]. ERK5 also plays a role in various renal pathological conditions. Badshah
et al. discovered that ERK5 inhibitors could thwart TGFβ1-induced podocyte proliferation
without affecting apoptosis [76]. Elevated glucose levels trigger ERK5 activation in rat
glomeruli and mesangial cells, suggesting ERK5’s involvement in diabetic nephropathy’s
onset and progression [126]. Furthermore, ERK5 promotes chronic glomerular fibrosis in
RAS-induced glomerulonephritis [82]. In the context of renal tumors, Kanno et al. ob-
served that upregulated ERK5 promotes proliferation and suppresses apoptosis in renal
cancer cells. The inhibition of ERK5 led to elevated expression of the cyclin-dependent
kinase inhibitor p21 and reduced levels of the anti-apoptotic molecule B-cell lymphoma 2
(BCL2) [79]. Arias et al. confirmed that increased ERK5 levels foster proliferation, invasion,
and metastasis in clear cell renal cell carcinoma, with a positive correlation between ERK5
expression and the disease’s invasiveness and metastasis in fresh human samples [81]. An-
other study identified a connection between ERK5 and enhanced metastasis and advanced
disease stages [130]. A clinical investigation underscored ERK5’s prognostic significance in
renal cell carcinoma, where patients with elevated ERK5 expression experienced poorer
outcomes [131].

The ERK5 signaling pathway modulates the cell cycle through various mechanisms
and influences liver cell proliferation [132]. Hepatic stellate cells, critical in liver injury
repair, are regulated by ERK5, which enhances their proliferation and diminishes their
migration capacity in response to PDGF [83]. In tissue samples from hepatocellular carci-
noma patients, ERK5 expression in tumor and adjacent non-tumor tissues was elevated
compared to normal liver tissue. Further research indicated that ERK5 accelerates cancer
cell proliferation and cell cycle progression. The ERK5-specific inhibitor XMD8-92 has been
shown to inhibit these activities [80].

3.2.6. Skin

ERK5 plays a crucial role in cancer-related inflammation during epidermal
carcinogenesis [133]. Additionally, TRAF1 expression increases ERK5 ubiquitination
at K184, subsequently activating Activator Protein-1 (AP-1), which facilitates solar UV-
induced skin cancer [134]. Numerous studies have highlighted its association with melanoma.
Investigations into ERK5 in skin tumors reveal that melanoma exploits the inflamma-
tory tumor microenvironment to its advantage [86–88], thereby enhancing tumor cell
proliferation [87,89]. ERK5 activation in macrophages leads to the phosphorylation of sig-
nal transducer and activator of transcription 3 (STAT3), thus promoting melanoma growth.
Conversely, inhibiting ERK5 can reprogram macrophages into an anti-tumor phenotype,
effectively curbing melanoma and cancer graft growth [88]. Elevated ERK5 expression not
only augments melanoma migration, invasion, and lung metastasis [54] but also supports
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the anti-aging properties of melanoma cells. Targeting ERK5 can trigger p21-mediated
cellular senescence in melanoma [90]. Furthermore, Lee et al.’s research further clarifies
ERK5’s role in mediating drug resistance [135]. While most existing studies indicate ERK5’s
role in promoting melanoma development, it has been noted that phosphorylation of ERK5
at the S496 residue may facilitate an exercise-induced inhibition in tumor growth [86].
Additionally, Wu et al. reported that IL-17 (IL-17A) sustains a chronic inflammatory milieu,
conducive to cutaneous squamous cell carcinoma formation, with IL-17 stimulating ker-
atinocyte proliferation and tumor genesis via the TRAF4-ERK5 axis [87]. Tumor-associated
macrophages (TAMs) significantly impact the tumor microenvironment (TME). Based on
extensive research across various malignancies, Giurisato et al. determined that TAM
proliferation is a common mechanism in cancer. Subsequent research revealed that ERK5
inhibits the differentiation of macrophages by suppressing p21 expression, thus preserving
their proliferative capacity. Furthermore, it was found that ERK5-mediated macrophage
proliferation enhances the in vivo metastasis of melanoma [136].

3.2.7. Hematopoietic System

ERK5 plays a pivotal role in leukemia cell survival and influences the monocyte dif-
ferentiation of human myeloid leukemia cells [91]. In vitro studies show that inhibiting
the MEK5/ERK5 pathway markedly diminishes the proliferative and colony-forming ca-
pacities of primary chronic myelogenous leukemia (CML) cells [93]. Additionally, the
ERK5 pathway impacts the terminal differentiation of myeloid leukemia cells triggered
by 1α, 25-(OH)2 vitamin D3. ERK5 inhibitors can also induce G2 phase arrest in acute
myeloid leukemia (AML) cells, thus curtailing cell proliferation [94]. Fms-like tyrosine
kinase-3 (FLT3), with its most prevalent activating mutation being internal tandem dupli-
cation (ITD), is a growth factor receptor. MEK5/ERK5 pathways counteract apoptosis in
FLT3-ITD leukemia cells, with increased apoptosis observed upon ERK5 inhibition [137].
Hartmann et al. identified ERK5 as a target of miR-143, which suppresses ERK5 expression,
thereby hindering AML cell growth and promoting apoptosis [97]. Suzuki et al.’s findings
further corroborate that ERK5 bolsters leukemia cells’ resistance to apoptosis triggered by
extrinsic pathways [96]. ERK5 also mediates CML cell resistance to imatinib, with Erk5
deletion significantly impeding the cell cycle progression in imatinib-treated cells [97].
Consequently, many researchers advocate targeting the ERK5 pathway as a novel strategy
to address human chronic myelogenous leukemia stem cells [138].

3.2.8. Prostate

The activation of ERK5 stimulates the entry of prostate cancer cells into the S phase of the
cell cycle, thereby enhancing cell proliferation [98]. Mehta et al. confirmed the involvement of
the MEK5/ERK5 pathway in the regulation of prostate cancer cell proliferation [139], poten-
tially linked to the initiation of MEK5/ERK5 signaling and activation of DNA replication
licensing pathways in the prostate [140]. Additionally, research has shown that phthalates
activate ERK5, further promoting prostate cancer cell proliferation [100]. Clapé et al. noted
that ERK5 is intimately associated with tumor cell proliferation and migration, and that
miR-143 can reduce ERK5 expression, leading to cell proliferation arrest and tumor growth
inhibition in mice [99]. McCracken et al. observed a significant increase in ERK5 levels
in prostate cancer compared to benign prostatic hyperplasia, with subsequent findings
indicating that ERK5 elevates tumor cell proliferation, invasion, and migration [101]. Ram-
say et al. found that ERK5 boosts the development of invasive pseudopodia and in vivo
metastasis in prostate cancer cells [102]. Moreover, Loveridge et al. suggested that the
response of prostate cancer to immune checkpoints might be influenced by ERK5’s role in
promoting T-cell infiltration in prostate cancer [141].

3.2.9. Other Tissues

A limited number of studies have elucidated the role of ERK5 in various tissues and
diseases. ERK5 is known to regulate the proliferation of esophageal cancer cells, and its



Biomolecules 2024, 14, 556 10 of 24

knockdown can mitigate this effect, a finding derived from analyzing samples from patients
with squamous cell lung cancer and esophageal cancer [49]. Zhou et al. reported that en-
hancing the ERK5 pathway facilitates the viability and metastasis of esophageal squamous
cell carcinoma cells [103]. Sticht et al. performed gene expression profiling on healthy oral
mucosa and oral squamous cell carcinoma tissues, discovering a strong association between
high ERK5 expression, advanced cancer stage, and lymph node metastasis [105]. Oxytocin
receptor high-expressing (OXTRHigh) stromal fibroblasts regulate oral squamous cell carci-
noma invasion via ERK5 signaling [104]. Gentilini et al. demonstrated that ERK5 promotes
proliferation, migration, and invasion in cholangiocarcinoma; silencing ERK5 reduces the
expression of angiogenic factors VEGF and angiopoietin 1, subsequently inhibiting these
phenotypes [106]. ERK5 has been implicated in the regulation of small intestinal tumor
development [142]. Research in colorectal cancer indicated that the loss of ERK1/2 in
intestinal epithelial cells led to nutrient absorption impairments, disrupted epithelial cell
migration, and secretory cell differentiation anomalies, albeit without hindering the prolifer-
ation of intestinal epithelial cells. Subsequent investigations revealed that ERK5 experiences
enhanced activation, compensating for the proliferation of intestinal epithelial cells [108].
Lv et al. identified a significant function of ERK5 in zebrafish, revealing its crucial role
in intestinal development and integrity maintenance. In zebrafish larvae, the knockout
of erk5 results in underdeveloped intestinal walls and increased permeability [109]. Ad-
ditionally, ERK5 exacerbates tobacco smoke-induced gastric epithelial-to-mesenchymal
transition in mice, a process reversible through ERK5 inhibition [143]. The overexpres-
sion of Special AT-rich sequence-binding protein 2 (SATB2) diminishes ERK5 expression,
thereby curtailing gastric cancer proliferation and migration [110]. Although sparingly
discussed [144,145], ERK5 is suggested to facilitate tumor growth in ovarian cancer by
upregulating type II collagen expression and enhancing cancer cell proliferation, invasion,
and migration [111]. ERK5 plays a role in the pathogenesis and progression of various
cancers [84,146]. Charlson et al. posited that ERK5 could act as an auxiliary mediator,
conveying stimulatory signals from diverse tumor promoters and participating in the
regulation of tumor development [147]. Numerous studies indicate that the ERK5 signaling
pathway contributes to epithelial–mesenchymal transition, invasion, and metastasis across
different cancers through varied mechanisms, with microRNA and knockdown strategies
capable of inhibiting these processes [148]. Erazo et al. discovered that Cdc37 overex-
pression promotes Hsp90’s dissociation from the ERK5-Cdc37 complex and facilitates the
nuclear translocation of non-phosphorylated yet transcriptionally active ERK5, suggesting
that ERK5 may promote tumor progression without specific activating enzymes in some
cancer types [22].

In addition, there are relatively few studies that highlight the distinct role of ERK5.
Whole-exome sequencing results suggest that ERK5 could be linked to susceptibility to
autism spectrum disorder [149]. Research indicates that ERK5 exerts a pro-inflammatory
effect in primary human endothelial cells and monocytes, with its inhibition reducing
inflammation and enhancing survival in endotoxemic mice [150]. In 2017, Yang et al.
reported that ERK5 could facilitate thrombosis [151]. An in-depth analysis of homeobox
genes in Hodgkin lymphoma cell lines suggests the potential involvement of ERK5 in the
development of Hodgkin lymphoma [152]. Devost et al. unveiled a novel function of ERK5,
demonstrating its role in inhibiting oxytocin-induced COX-2, thereby preventing uterine
muscle contractions, an activity dependent on ERK5 [153]. Additionally, ERK5 is implicated
in the regulation of decidualization, proliferation, and migration of human endometrial
stromal cells, mediated through a lysine-deficient protein kinase 1 (WNK1)-dependent
pathway [154].
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4. The Role of ERK5 in Bones
4.1. ERK5 and Bone Metabolism (Figure 2)
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4.1.1. Bone Formation

In adult bone marrow mesenchymal stem cells (BM-MSCs), ERK5 plays a crucial role
in regulating bone homeostasis, maintaining a dynamic balance by preventing excessive
osteogenesis through the Erk5-Smurf2Thr249 axis [155]. Li et al. were pioneers in demon-
strating that fluid shear stress (FSS) enhances ERK5 phosphorylation in MC3T3-E1 cells,
elevates cyclin D1 expression, and stimulates osteoblast proliferation [156]. The integrity of
the cytoskeleton is essential for FSS-induced ERK5 activation, as its disruption significantly
reduces ERK5 phosphorylation [157]. Intermittent FSS stress activation of ERK5 increases
ALP activity and boosts the protein expression of OPN and OCN, thereby fostering os-
teoblast differentiation. Additionally, ERK5 influences the expression of RUNX2 triggered
by FSS [158]. Subsequent studies revealed that FSS could mitigate TNF-α-induced apop-
tosis in MC3T3-E1 cells, with activated ERK5 promoting AKT phosphorylation, thereby
activating FoxO3 to deter apoptosis [159]. Contrasting reports exist where the inhibitor
BIX02189 of MEK5 significantly decreases ERK5 phosphorylation, inhibiting osteoblast
proliferation but promoting differentiation in MC3T3-E1 cells. Both RNA interference
knockdown of ERK5 and adenoviral overexpression have corroborated these findings [160].
The exact cause of these discrepancies, whether due to the absence of FSS loading or
other unknown mechanisms, requires further investigation. Zhang et al. conducted ex-
tensive research to decipher the influence of the G protein αq subunit (Gαq) on osteoblast
proliferation, demonstrating that FSS induces osteoblast proliferation via the Gαq-ERK5
pathway [161]. FSS also stimulates osteoblast proliferation by enhancing Nuclear Factor
of Activated T-cells 1 (NFATc1), augmenting ERK5 phosphorylation and elevating the ex-
pression of E2F transcription factor 2 (E2F2) and cyclin E1 [162]. Furthermore, Kruppel-like
factor 4 (KLF4) can inhibit the proliferation of osteoblast lineage cells, but FSS upregulates
ERK5, reducing KLF4 expression and promoting osteoblast lineage cell proliferation [163].
Wang highlighted an additional mechanism, where an FSS-induced reduction in miR-140-
5p expression activates the VEGFA/ERK5 signaling pathway, thus enhancing osteoblast
proliferation [164].

A study on human bone marrow-derived multipotent progenitor cells (MPCs) re-
vealed that ERK5 negatively regulates their chondrogenesis. RNA interference knockdown
of MEK5 and ERK5 in MPCs leads to the increased expression of SOX9 and COL2A1, con-
trasting with the regulation seen in the ERK1/2 kinase cascade [165]. In vitro experiments
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demonstrated that a shear force of 2dyn/cm2 induces peroxisome proliferator-activated
receptor gamma transcriptional activity via ERK5 [166], increasing Kruppel-like factor 4
(KLF4) transcription. KLF4, a versatile transcription factor [167], subsequently reduces
IL-1β-stimulated nuclear factor-κB activation, thereby offering protection to cartilage [7].
SOX9, a high-mobility-group (HMG) domain transcription factor, is recognized as a cru-
cial regulator of chondrocyte differentiation and chondrogenesis [7]. In ERK5-deficient
mesenchymal cells, SOX9 expression notably increases, as do the protein levels of Smad1,
Smad2, and Smad3, with SOX9 induction. ERK5 phosphorylates Thr at the Smurf2 site
Thr to activate Smad ubiquitination, which regulates the Smurf1-dependent proteasomal
degradation of Smad1, hence impeding chondrogenic differentiation [168]. Further research
indicated that ERK5 downregulates Col2A1 and SOX9 expression, a process inhibited by
an ERK5 inhibitor [169]. Wu et al. performed an ERK5 knockout study in mouse chondro-
cytes, resulting in kyphosis and osteopenia. They discovered that ERK5 deficiency leads
to increased MEF2C expression, activating PI3K/AKT signaling, inducing chondrocyte
hypertrophy, and impairing vertebral body ossification [170]. ERK5 is crucial for chondro-
cyte proliferation, survival, and differentiation during growth plate development [171].
Mice with chondrocyte-specific ERK5 knockout exhibit postnatal limb shortening, with
studies showing reduced chondrocyte proliferation and increased apoptosis in the central
proliferative layer (the most hypoxic area) and downregulated hypertrophic differentiation
markers below the abnormal cell apoptosis layer. The underlying mechanism may involve
ERK5’s inability to modulate hypoxia-inducible factor-1α (HIF1α) signaling, crucial for
adapting to hypoxic conditions [171]. In human mesenchymal stem cells, ERK5 activation
upregulates parathyroid hormone-like hormone (PTHLH) expression, a key regulator of
calcium and bone homeostasis [172]. PTHLH is known to enhance bone matrix strength
by influencing bone mineralization without affecting osteoclast generation [173]. During
osteoblast differentiation, PTHLH expression declines, alongside a reduction in ERK5
phosphorylation [172].

4.1.2. Bone Resorption

Studies on ERK5 in osteoclasts are few, and the results are inconsistent. Osteoclasts,
originating from bone marrow macrophages, are pivotal in maintaining bone equilibrium
by resorbing mineral and organic bone components [174]. ERK5 plays a critical role in os-
teoclast differentiation; Amano et al. discovered that M-CSF activates ERK5, subsequently
inducing the transcription factor c-Fos and steering RAW264.7D clone cells toward osteo-
clast differentiation—a process inhibited by MEK5 or ERK5 blockers [175]. Intriguingly, a
study by Loveridge et al., which specifically knocked out ERK5 in mouse prostates, found
that all ERK5-deficient mice exhibited pronounced thoracic spine curvature deformation
and reduced trabecular bone volume. They revealed that ERK5 knockout increases os-
teoclast numbers and the expression of osteoclast marker genes [176]. There is also an
alternative view that FSS can diminish the expression of nuclear factor of activated T-cells 1
(NFATc1) and its downstream effectors, matrix metalloproteinase-9 (MMP-9), cathepsin K
(CTSK), and tartrate-resistant acid phosphatase (TRAP), inhibiting osteoclast differentiation
by elevating ERK5 [177]. Chemerin, an adipokine with elevated levels in obesity, type 2
diabetes, and osteoporosis patients, was found to heighten ERK5 expression, enhancing
actin ring formation and bone resorption activity in mature osteoclasts, without impacting
osteoclast differentiation and formation [178].

4.1.3. Osteoporosis

A study incorporating genetic sequencing and in vitro experiments in patient cohorts
revealed that rare coding variants of ERK5 are susceptibility genes for Adolescent Idio-
pathic Scoliosis (AIS). The researchers found that three ERK5 mutants interfered with ERK5
nuclear translocation, a discovery validated using zebrafish models [179]. ERK5 knockout
in zebrafish led to the manifestation of scoliosis, underscoring the necessity of ERK5 in
skeletal development and functional maintenance. Osteoporosis arises when bone anabolic
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activity is surpassed by catabolic activity, often linked to diminished osteoblast production
and functionality [2]. Mechanical stimuli play a pivotal role in bone homeostasis [23]. Gue-
vara et al. utilized finite element analysis to ascertain that stress distribution during bone
development influences local epiphyseal structure growth and histological alignment with
the growth plate, illustrating the correlation between mechanical stress and bone mass [180].
Conditions like fracture fixation and prolonged bed rest lead to osteoporosis due to the
absence of stress stimulation [181]. Similar to vascular endothelial cells, shear stress in
interstitial fluid and blood vessels is integral to maintaining bone tissue equilibrium and fa-
cilitating bone repair [36]. Previous studies have established that fluid shear force enhances
ERK5 expression, which, in turn, modulates osteoblast and osteoclast activity, playing a
role in osteoporosis development. Astronauts experience bone loss under microgravity,
posing a significant challenge in space exploration [182]. Research indicated that simu-
lated microgravity activates the ERK5/NF-κB/IL-8 axis, leading to the proliferation and
increased migration of pancreatic cancer cells [183]. The influence of ERK5 on osteoporosis
in microgravity conditions is a subject of ongoing research in our laboratory. Additionally,
the expression levels of ERK5 in normal versus degenerated nucleus pulposus tissue vary
significantly, suggesting ERK5’s involvement in the regulation of human nucleus pulposus
tissue degeneration, although the precise mechanism remains to be elucidated.

4.2. ERK5 and Bone Neoplasms

Osteosarcoma is a prevalent malignant tumor among children and adolescents [184,185].
ERK5 has been found to enhance the growth, proliferation, and migration of osteosarcoma
cells, without diminishing cell viability. Kim et al. utilized siRNA to suppress ERK5 in
osteosarcoma cell lines, assessing its biological role. Their findings indicated that ERK5
expression stimulates MMP-9 expression and regulates the invasion of osteosarcoma cells;
however, silencing ERK5 does not impact cell proliferation [186]. Yue further demonstrated
that knocking down ERK5 in osteosarcoma cell lines could enhance Slug signaling and
MMP-9 expression, thereby reducing tumor cell migration and invasion [187]. Single-cell
sequencing on primary bone cancer revealed that the ERK5/MMP9 pathway promotes
cancer cell proliferation, colony formation, migration, tumor growth, and lung metastasis,
with the RNA interference silencing of ERK5 mitigating these effects [188]. Research ana-
lyzing osteosarcoma samples before and after chemotherapy suggested that monotherapy
targeting osteosarcoma is insufficient, proposing that ERK5-specific inhibitors could com-
plement multimodal treatments [189]. Tesser et al. supported this approach, discovering
that combining major chemotherapy agents (cisplatin, doxorubicin, and methotrexate) with
ERK5 silencing significantly boosts the inhibitory impact on ERK5, presenting a potential
therapeutic strategy [190]. Moreover, ERK5 serves as a valuable marker for assessing
treatment and prognosis in osteosarcoma [191]. Lopes et al. observed overexpression of the
ERK5 gene in pre-chemotherapy samples compared to post-treatment and normal bone
specimens, associating high ERK5 expression with adverse therapeutic outcomes and lower
survival rates in osteosarcoma patients [192]. Numerous studies corroborate the therapeutic
potential of targeting ERK5 in various malignancies [193,194]. Tusa’s team demonstrated
that inhibiting the MEK5/ERK5 pathway reduces CML cell growth [93]. Bioinformatics
and luciferase reporter assays confirmed ERK5’s analogous role in osteosarcoma, with
microRNA-143 targeting and inhibiting ERK5 to decrease osteosarcoma cell proliferation
and migration [195]. In vitro studies verified that ERK5 promotes proliferation, migration,
and invasion in human osteosarcoma cell lines, whereas microRNA-187 suppresses these
processes by targeting ERK5, with ERK5 overexpression countering this effect. ERK5
has been identified as a key regulator of macrophage polarity; inhibiting ERK5 curtails
STAT3-induced gene expression, thus reprogramming macrophages into an anti-tumor
state [88]. Interaction between osteosarcoma cells and the surrounding TME is crucial for
tumor growth and metastasis. TAMs play a vital role within the tumor matrix, significantly
influencing the surrounding microenvironment and participating in the regulation of os-
teosarcoma progression and bone balance [196]. This suggests that ERK5 may perform
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similar roles in the osteosarcoma microenvironment and tumor-associated macrophages
(TAMs), making it a compelling subject for further research.

In myeloma, IL-6 can activate Erk5 independently of Ras and tyrosine–protein ki-
nase Src(Src), thereby enhancing myeloma cell proliferation [197]. TG02 (Zotiraciclib), a
novel pyrimidine-based multi-kinase inhibitor, can inhibit ERK5 activity, leading to cell
cycle arrest in multiple myeloma cells, thereby impeding proliferation and promoting
apoptosis [198].

4.3. Drugs

Osteoporosis is characterized by bone loss and the deterioration of bone tissue struc-
ture, increasing susceptibility to fractures in patients [199]. Current osteoporosis treatments
primarily comprise bone resorption inhibitors (such as calcium, estrogen, calcitonin, bispho-
sphonates, and vitamin D) and bone formation stimulants (such as fluoride, parathyroid
hormone, vitamin K2, and growth factors). Research on anti-osteoporosis drugs also encom-
passes numerous synthetic compounds [200,201], with only a limited number of studies
reporting on drugs that influence ERK5 (Table 2). Adam et al. discovered that bisphos-
phonates, in addition to inducing osteoclast apoptosis and offering anti-bone resorption
benefits, can activate ERK5 in primary human endothelial cells and osteoblasts, promot-
ing osteogenic differentiation and mineralization [172]. He et al. found that mangiferin,
a xanthone glucoside extracted from plants, enhances the osteogenic differentiation of
MC3T3-E1 cells via the receptor tyrosine kinase AXL/ERK5 axis and alleviates osteoporo-
sis in ovariectomized (OVX) mice [202]. Vildagliptin, commonly used to manage type 2
diabetes, was recently highlighted by He et al. for its novel skeletal system mechanism. It
stimulates the formation and differentiation of precursor osteoblasts and BMSCs through
the GAS6/AXL/ERK5 axis while concurrently inhibiting osteoclast differentiation [203].
TG02 inhibits cyclin-dependent kinases (CDKs) 1, 2, and 9, as well as ERK5 activity, thereby
suppressing myeloma cell proliferation [198].

Table 2. Drugs that regulate ERK5 in bone diseases.

Drug Mechanism Disease Reference

Nitrogen-containing
bisphosphonates

Induce ERK5 phosphorylation
and ERK5-dependent gene

expression
Osteoporosis [172]

mangiferin Upregulated AXL Osteoporosis [202]
Vildagliptin Upregulated AXL Osteoporosis [203]

TG02 block CDKs 1, 2, and 9
as well as ERK5 activity Multiple myeloma [198]

Given that most research underscores ERK5’s role in fostering cancer progression,
current drug development targeting ERK5 predominantly focuses on inhibitors. Presently,
XMD8-92 [204,205], BIX02188, and BIX02189 [206] are extensively utilized, alongside var-
ious natural or synthetic compounds, largely informed by findings from other cancer
studies [148,198,207–216]. Although significant advancements have been made in targeted
osteosarcoma therapy in recent years [217], research on targeting ERK5 in osteosarcoma
treatment remains scarce.

5. Summary and Outlook

Currently, the roles of ERK5 in cancer and targeted therapy remain the primary di-
rections for future research. Investigations into ERK5’s function in bone are nascent, with
numerous unresolved questions. For instance, the specific mechanisms through which
ERK5 regulates the differentiation, proliferation, and apoptosis of bone cells remain to
be elucidated. Additionally, the underlying processes by which ERK5 inhibits osteoclast
differentiation, while simultaneously being essential for this process, require further clarifi-
cation. Given ERK5’s dual role in both safeguarding bone and facilitating the progression
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of osteosarcoma and other cancers, strategizing its use as a therapeutic target for bone
diseases continues to be a topic of significant merit.

Author Contributions: L.W.: Writing—original draft, conceptualization, visualization, methodology,
investigation. Z.L. (Zirui Liu): Writing—original draft, visualization, methodology, investigation.
L.Z.: Investigation, methodology. Z.L. (Zhongcheng Liu): Investigation, methodology. Q.L.: Formal
analysis investigation. B.G.: Project administration, supervision. Y.X.: Writing—review and editing,
supervision, project administration, funding acquisition, conceptualization. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (81960403,
82060405 and 82360436); Lanzhou Science and Technology Plan Program (2021-RC-102); Natural Sci-
ence Foundation of Gansu Province (22JR5RA943, 22JR5RA956 and 23JRRA1500); Cuiying Scientific
and Technological Innovation Program of Lanzhou University Second Hospital (CY2021-MS-A07,
CY2022-MS-A19).

Acknowledgments: We acknowledge all the authors who participated in the design and litera-
ture analysis of this paper, as well as to The Second Hospital & Clinical Medical School, Lanzhou
University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Salhotra, A.; Shah, H.N.; Levi, B.; Longaker, M.T. Mechanisms of bone development and repair. Nat. Rev. Mol. Cell Biol. 2020, 21,

696–711. [CrossRef] [PubMed]
2. Long, F. Building strong bones: Molecular regulation of the osteoblast lineage. Nat. Rev. Mol. Cell Biol. 2011, 13, 27–38. [CrossRef]
3. Soltanoff, C.S.; Yang, S.; Chen, W.; Li, Y.P. Signaling networks that control the lineage commitment and differentiation of bone

cells. Crit. Rev. Eukaryot. Gene Expr. 2009, 19, 1–46. [CrossRef]
4. Nithianandarajah-Jones, G.N.; Wilm, B.; Goldring, C.E.; Müller, J.; Cross, M.J. ERK5: Structure, regulation and function. Cell.

Signal. 2012, 24, 2187–2196. [CrossRef] [PubMed]
5. Lu, N.; Malemud, C.J. Extracellular Signal-Regulated Kinase: A Regulator of Cell Growth, Inflammation, Chondrocyte and Bone

Cell Receptor-Mediated Gene Expression. Int. J. Mol. Sci. 2019, 20, 3792. [CrossRef]
6. Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, J.D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.;

Marshak, D.R. Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143–147. [CrossRef] [PubMed]
7. Bi, W.; Deng, J.M.; Zhang, Z.; Behringer, R.R.; de Crombrugghe, B. Sox9 is required for cartilage formation. Nat. Genet. 1999, 22,

85–89. [CrossRef]
8. Lefebvre, V.; Dvir-Ginzberg, M. SOX9 and the many facets of its regulation in the chondrocyte lineage. Connect. Tissue Res. 2017,

58, 2–14. [CrossRef]
9. Kim, P.; Park, J.; Lee, D.J.; Mizuno, S.; Shinohara, M.; Hong, C.P.; Jeong, Y.; Yun, R.; Park, H.; Park, S.; et al. Mast4 determines the

cell fate of MSCs for bone and cartilage development. Nat. Commun. 2022, 13, 3960. [CrossRef]
10. Ko, F.C.; Sumner, D.R. How faithfully does intramembranous bone regeneration recapitulate embryonic skeletal development?

Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2021, 250, 377–392. [CrossRef]
11. Compton, J.T.; Lee, F.Y. A review of osteocyte function and the emerging importance of sclerostin. J. Bone Jt. Surg. Am. Vol. 2014,

96, 1659–1668. [CrossRef]
12. Berendsen, A.D.; Olsen, B.R. Bone development. Bone 2015, 80, 14–18. [CrossRef] [PubMed]
13. Kronenberg, H.M. Developmental regulation of the growth plate. Nature 2003, 423, 332–336. [CrossRef] [PubMed]
14. Suda, T.; Takahashi, N.; Martin, T.J. Modulation of osteoclast differentiation. Endocr. Rev. 1992, 13, 66–80. [CrossRef]
15. Jacome-Galarza, C.E.; Lee, S.K.; Lorenzo, J.A.; Aguila, H.L. Identification, characterization, and isolation of a common progenitor

for osteoclasts, macrophages, and dendritic cells from murine bone marrow and periphery. J. Bone Miner. Res. Off. J. Am. Soc.
Bone Miner. Res. 2013, 28, 1203–1213. [CrossRef]

16. Arai, F.; Miyamoto, T.; Ohneda, O.; Inada, T.; Sudo, T.; Brasel, K.; Miyata, T.; Anderson, D.M.; Suda, T. Commitment and
differentiation of osteoclast precursor cells by the sequential expression of c-Fms and receptor activator of nuclear factor kappaB
(RANK) receptors. J. Exp. Med. 1999, 190, 1741–1754. [CrossRef]

17. Suda, T.; Takahashi, N.; Udagawa, N.; Jimi, E.; Gillespie, M.T.; Martin, T.J. Modulation of osteoclast differentiation and function
by the new members of the tumor necrosis factor receptor and ligand families. Endocr. Rev. 1999, 20, 345–357. [CrossRef]

18. Zhou, G.; Bao, Z.Q.; Dixon, J.E. Components of a new human protein kinase signal transduction pathway. J. Biol. Chem. 1995, 270,
12665–12669. [CrossRef] [PubMed]

19. Lee, J.D.; Ulevitch, R.J.; Han, J. Primary structure of BMK1: A new mammalian map kinase. Biochem. Biophys. Res. Commun. 1995,
213, 715–724. [CrossRef]

https://doi.org/10.1038/s41580-020-00279-w
https://www.ncbi.nlm.nih.gov/pubmed/32901139
https://doi.org/10.1038/nrm3254
https://doi.org/10.1615/critreveukargeneexpr.v19.i1.10
https://doi.org/10.1016/j.cellsig.2012.07.007
https://www.ncbi.nlm.nih.gov/pubmed/22800864
https://doi.org/10.3390/ijms20153792
https://doi.org/10.1126/science.284.5411.143
https://www.ncbi.nlm.nih.gov/pubmed/10102814
https://doi.org/10.1038/8792
https://doi.org/10.1080/03008207.2016.1183667
https://doi.org/10.1038/s41467-022-31697-3
https://doi.org/10.1002/dvdy.240
https://doi.org/10.2106/jbjs.M.01096
https://doi.org/10.1016/j.bone.2015.04.035
https://www.ncbi.nlm.nih.gov/pubmed/26453494
https://doi.org/10.1038/nature01657
https://www.ncbi.nlm.nih.gov/pubmed/12748651
https://doi.org/10.1210/edrv-13-1-66
https://doi.org/10.1002/jbmr.1822
https://doi.org/10.1084/jem.190.12.1741
https://doi.org/10.1210/edrv.20.3.0367
https://doi.org/10.1074/jbc.270.21.12665
https://www.ncbi.nlm.nih.gov/pubmed/7759517
https://doi.org/10.1006/bbrc.1995.2189


Biomolecules 2024, 14, 556 16 of 24

20. Widmann, C.; Gibson, S.; Jarpe, M.B.; Johnson, G.L. Mitogen-activated protein kinase: Conservation of a three-kinase module
from yeast to human. Physiol. Rev. 1999, 79, 143–180. [CrossRef]

21. Cargnello, M.; Roux, P.P. Activation and function of the MAPKs and their substrates, the MAPK-activated protein kinases.
Microbiol. Mol. Biol. Rev. 2011, 75, 50–83. [CrossRef]

22. Erazo, T.; Moreno, A.; Ruiz-Babot, G.; Rodríguez-Asiain, A.; Morrice, N.A.; Espadamala, J.; Bayascas, J.R.; Gómez, N.; Lizcano, J.M.
Canonical and kinase activity-independent mechanisms for extracellular signal-regulated kinase 5 (ERK5) nuclear translocation
require dissociation of Hsp90 from the ERK5-Cdc37 complex. Mol. Cell. Biol. 2013, 33, 1671–1686. [CrossRef] [PubMed]

23. Paudel, R.; Fusi, L.; Schmidt, M. The MEK5/ERK5 Pathway in Health and Disease. Int. J. Mol. Sci. 2021, 22, 7594. [CrossRef]
[PubMed]

24. Wilkinson, E.L.; Sidaway, J.E.; Cross, M.J. Statin regulated ERK5 stimulates tight junction formation and reduces permeability in
human cardiac endothelial cells. J. Cell. Physiol. 2018, 233, 186–200. [CrossRef] [PubMed]

25. Cameron, S.J.; Itoh, S.; Baines, C.P.; Zhang, C.; Ohta, S.; Che, W.; Glassman, M.; Lee, J.D.; Yan, C.; Yang, J.; et al. Activation of big
MAP kinase 1 (BMK1/ERK5) inhibits cardiac injury after myocardial ischemia and reperfusion. FEBS Lett. 2004, 566, 255–260.
[CrossRef] [PubMed]

26. Ruiz-Velasco, A.; Zi, M.; Hille, S.S.; Azam, T.; Kaur, N.; Jiang, J.; Nguyen, B.; Sekeres, K.; Binder, P.; Collins, L.; et al. Targeting
mir128-3p alleviates myocardial insulin resistance and prevents ischemia-induced heart failure. eLife 2020, 9, e54298. [CrossRef]
[PubMed]

27. Cameron, S.J.; Ture, S.K.; Mickelsen, D.; Chakrabarti, E.; Modjeski, K.L.; McNitt, S.; Seaberry, M.; Field, D.J.; Le, N.T.; Abe, J.; et al.
Platelet Extracellular Regulated Protein Kinase 5 Is a Redox Switch and Triggers Maladaptive Platelet Responses and Myocardial
Infarct Expansion. Circulation 2015, 132, 47–58. [CrossRef] [PubMed]

28. Shishido, T.; Woo, C.H.; Ding, B.; McClain, C.; Molina, C.A.; Yan, C.; Yang, J.; Abe, J. Effects of MEK5/ERK5 association on small
ubiquitin-related modification of ERK5: Implications for diabetic ventricular dysfunction after myocardial infarction. Circ. Res.
2008, 102, 1416–1425. [CrossRef]

29. Wang, Y.S.; Zhou, J.; Liang, C.; Hong, K.; Cheng, X.S.; Wu, Z.G. ERK5 knock down aggravates detrimental effects of hypothermal
stimulation on cardiomyocytes via Bim upregulation. Environ. Toxicol. Pharmacol. 2013, 36, 724–731. [CrossRef]

30. Liu, W.; Ruiz-Velasco, A.; Wang, S.; Khan, S.; Zi, M.; Jungmann, A.; Dolores Camacho-Muñoz, M.; Guo, J.; Du, G.; Xie, L.; et al.
Metabolic stress-induced cardiomyopathy is caused by mitochondrial dysfunction due to attenuated Erk5 signaling. Nat. Commun.
2017, 8, 494. [CrossRef]

31. Le, N.T.; Takei, Y.; Shishido, T.; Woo, C.H.; Chang, E.; Heo, K.S.; Lee, H.; Lu, Y.; Morrell, C.; Oikawa, M.; et al. p90RSK targets the
ERK5-CHIP ubiquitin E3 ligase activity in diabetic hearts and promotes cardiac apoptosis and dysfunction. Circ. Res. 2012, 110,
536–550. [CrossRef] [PubMed]

32. Regan, C.P.; Li, W.; Boucher, D.M.; Spatz, S.; Su, M.S.; Kuida, K. Erk5 null mice display multiple extraembryonic vascular and
embryonic cardiovascular defects. Proc. Natl. Acad. Sci. USA 2002, 99, 9248–9253. [CrossRef] [PubMed]

33. Wang, X.; Merritt, A.J.; Seyfried, J.; Guo, C.; Papadakis, E.S.; Finegan, K.G.; Kayahara, M.; Dixon, J.; Boot-Handford, R.P.;
Cartwright, E.J.; et al. Targeted deletion of mek5 causes early embryonic death and defects in the extracellular signal-regulated
kinase 5/myocyte enhancer factor 2 cell survival pathway. Mol. Cell. Biol. 2005, 25, 336–345. [CrossRef] [PubMed]

34. Hayashi, M.; Kim, S.W.; Imanaka-Yoshida, K.; Yoshida, T.; Abel, E.D.; Eliceiri, B.; Yang, Y.; Ulevitch, R.J.; Lee, J.D. Targeted
deletion of BMK1/ERK5 in adult mice perturbs vascular integrity and leads to endothelial failure. J. Clin. Investig. 2004, 113,
1138–1148. [CrossRef] [PubMed]

35. Roberts, O.L.; Holmes, K.; Müller, J.; Cross, D.A.; Cross, M.J. ERK5 is required for VEGF-mediated survival and tubular
morphogenesis of primary human microvascular endothelial cells. J. Cell Sci. 2010, 123, 3189–3200. [CrossRef] [PubMed]

36. Ohnesorge, N.; Viemann, D.; Schmidt, N.; Czymai, T.; Spiering, D.; Schmolke, M.; Ludwig, S.; Roth, J.; Goebeler, M.; Schmidt, M.
Erk5 activation elicits a vasoprotective endothelial phenotype via induction of Kruppel-like factor 4 (KLF4). J. Biol. Chem. 2010,
285, 26199–26210. [CrossRef] [PubMed]

37. Kim, M.; Kim, S.; Lim, J.H.; Lee, C.; Choi, H.C.; Woo, C.H. Laminar flow activation of ERK5 protein in vascular endothelium leads
to atheroprotective effect via NF-E2-related factor 2 (Nrf2) activation. J. Biol. Chem. 2012, 287, 40722–40731. [CrossRef] [PubMed]

38. Pi, X.; Yan, C.; Berk, B.C. Big mitogen-activated protein kinase (BMK1)/ERK5 protects endothelial cells from apoptosis. Circ. Res.
2004, 94, 362–369. [CrossRef] [PubMed]

39. Vanchin, B.; Offringa, E.; Friedrich, J.; Brinker, M.G.; Kiers, B.; Pereira, A.C.; Harmsen, M.C.; Moonen, J.A.; Krenning, G.
MicroRNA-374b induces endothelial-to-mesenchymal transition and early lesion formation through the inhibition of MAPK7
signaling. J. Pathol. 2019, 247, 456–470. [CrossRef]

40. Suzaki, Y.; Yoshizumi, M.; Kagami, S.; Koyama, A.H.; Taketani, Y.; Houchi, H.; Tsuchiya, K.; Takeda, E.; Tamaki, T. Hydrogen
peroxide stimulates c-Src-mediated big mitogen-activated protein kinase 1 (BMK1) and the MEF2C signaling pathway in PC12
cells: Potential role in cell survival following oxidative insults. J. Biol. Chem. 2002, 277, 9614–9621. [CrossRef]

41. Wang, S.; Liu, A.; Xu, C.; Hou, J.; Hong, J. GLP-1(7-36) protected against oxidative damage and neuronal apoptosis in the
hippocampal CA region after traumatic brain injury by regulating ERK5/CREB. Mol. Biol. Rep. 2024, 51, 313. [CrossRef]
[PubMed]

https://doi.org/10.1152/physrev.1999.79.1.143
https://doi.org/10.1128/mmbr.00031-10
https://doi.org/10.1128/mcb.01246-12
https://www.ncbi.nlm.nih.gov/pubmed/23428871
https://doi.org/10.3390/ijms22147594
https://www.ncbi.nlm.nih.gov/pubmed/34299213
https://doi.org/10.1002/jcp.26064
https://www.ncbi.nlm.nih.gov/pubmed/28639275
https://doi.org/10.1016/j.febslet.2004.03.120
https://www.ncbi.nlm.nih.gov/pubmed/15147905
https://doi.org/10.7554/eLife.54298
https://www.ncbi.nlm.nih.gov/pubmed/32223896
https://doi.org/10.1161/circulationaha.115.015656
https://www.ncbi.nlm.nih.gov/pubmed/25934838
https://doi.org/10.1161/circresaha.107.168138
https://doi.org/10.1016/j.etap.2013.06.012
https://doi.org/10.1038/s41467-017-00664-8
https://doi.org/10.1161/circresaha.111.254730
https://www.ncbi.nlm.nih.gov/pubmed/22267842
https://doi.org/10.1073/pnas.142293999
https://www.ncbi.nlm.nih.gov/pubmed/12093914
https://doi.org/10.1128/mcb.25.1.336-345.2005
https://www.ncbi.nlm.nih.gov/pubmed/15601854
https://doi.org/10.1172/jci19890
https://www.ncbi.nlm.nih.gov/pubmed/15085193
https://doi.org/10.1242/jcs.072801
https://www.ncbi.nlm.nih.gov/pubmed/20736307
https://doi.org/10.1074/jbc.M110.103127
https://www.ncbi.nlm.nih.gov/pubmed/20551324
https://doi.org/10.1074/jbc.M112.381509
https://www.ncbi.nlm.nih.gov/pubmed/23043106
https://doi.org/10.1161/01.Res.0000112406.27800.6f
https://www.ncbi.nlm.nih.gov/pubmed/14670836
https://doi.org/10.1002/path.5204
https://doi.org/10.1074/jbc.M111790200
https://doi.org/10.1007/s11033-024-09244-8
https://www.ncbi.nlm.nih.gov/pubmed/38374452


Biomolecules 2024, 14, 556 17 of 24

42. Wang, W.; Pan, Y.W.; Zou, J.; Li, T.; Abel, G.M.; Palmiter, R.D.; Storm, D.R.; Xia, Z. Genetic activation of ERK5 MAP kinase
enhances adult neurogenesis and extends hippocampus-dependent long-term memory. J. Neurosci. Off. J. Soc. Neurosci. 2014, 34,
2130–2147. [CrossRef] [PubMed]

43. Sun, J.L.; Xiao, C.; Lu, B.; Zhang, J.; Yuan, X.Z.; Chen, W.; Yu, L.N.; Zhang, F.J.; Chen, G.; Yan, M. CX3CL1/CX3CR1 regulates
nerve injury-induced pain hypersensitivity through the ERK5 signaling pathway. J. Neurosci. Res. 2013, 91, 545–553. [CrossRef]
[PubMed]

44. Su, C.; Sun, F.; Cunningham, R.L.; Rybalchenko, N.; Singh, M. ERK5/KLF4 signaling as a common mediator of the neuroprotective
effects of both nerve growth factor and hydrogen peroxide preconditioning. Age 2014, 36, 9685. [CrossRef] [PubMed]

45. Watson, F.L.; Heerssen, H.M.; Bhattacharyya, A.; Klesse, L.; Lin, M.Z.; Segal, R.A. Neurotrophins use the Erk5 pathway to mediate
a retrograde survival response. Nat. Neurosci. 2001, 4, 981–988. [CrossRef] [PubMed]

46. Chen, W.; Zhang, B.; Guo, W.; Gao, L.; Shi, L.; Li, H.; Lu, S.; Liu, Y.; Li, X. miR-429 inhibits glioma invasion through BMK1
suppression. J. Neuro-Oncol. 2015, 125, 43–54. [CrossRef]

47. Li, J.; Shao, R.; Xie, Q.; Qin, K.; Ming, S.; Xie, Y.; Du, X. Ulinastatin promotes macrophage efferocytosis and ameliorates lung
inflammation via the ERK5/Mer signaling pathway. FEBS Open Bio 2022, 12, 1498–1508. [CrossRef]

48. Kim, S.; Lim, J.H.; Woo, C.H. ERK5 inhibition ameliorates pulmonary fibrosis via regulating Smad3 acetylation. Am. J. Pathol.
2013, 183, 1758–1768. [CrossRef] [PubMed]

49. Gavine, P.R.; Wang, M.; Yu, D.; Hu, E.; Huang, C.; Xia, J.; Su, X.; Fan, J.; Zhang, T.; Ye, Q.; et al. Identification and validation of
dysregulated MAPK7 (ERK5) as a novel oncogenic target in squamous cell lung and esophageal carcinoma. BMC Cancer 2015, 15,
454. [CrossRef]

50. He, S.; Dong, D.; Lin, J.; Wu, B.; Nie, X.; Cai, G. Overexpression of TRAF4 promotes lung cancer growth and EGFR-dependent
phosphorylation of ERK5. FEBS Open Bio 2022, 12, 1747–1760. [CrossRef]

51. Cristea, S.; Coles, G.L.; Hornburg, D.; Gershkovitz, M.; Arand, J.; Cao, S.; Sen, T.; Williamson, S.C.; Kim, J.W.; Drainas, A.P.; et al.
The MEK5-ERK5 Kinase Axis Controls Lipid Metabolism in Small-Cell Lung Cancer. Cancer Res. 2020, 80, 1293–1303. [CrossRef]
[PubMed]

52. Liang, Z.; Xie, W.; Wu, R.; Geng, H.; Zhao, L.; Xie, C.; Li, X.; Huang, C.; Zhu, J.; Zhu, M.; et al. ERK5 negatively regulates tobacco
smoke-induced pulmonary epithelial–mesenchymal transition. Oncotarget 2015, 6, 19605–19618. [CrossRef] [PubMed]

53. Chen, Y.; Chen, J.Q.; Ge, M.M.; Zhang, Q.; Wang, X.Q.; Zhu, J.Y.; Xie, C.F.; Li, X.T.; Zhong, C.Y.; Han, H.Y. Sulforaphane inhibits
epithelial–mesenchymal transition by activating extracellular signal-regulated kinase 5 in lung cancer cells. J. Nutr. Biochem. 2019,
72, 108219. [CrossRef] [PubMed]

54. Jiang, W.; Cai, F.; Xu, H.; Lu, Y.; Chen, J.; Liu, J.; Cao, N.; Zhang, X.; Chen, X.; Huang, Q.; et al. Extracellular signal regulated
kinase 5 promotes cell migration, invasion and lung metastasis in a FAK-dependent manner. Protein Cell 2020, 11, 825–845.
[CrossRef] [PubMed]

55. Zhao, W.; Yu, D.; Chen, Z.; Yao, W.; Yang, J.; Ramalingam, S.S.; Sun, S.Y. Inhibition of MEK5/ERK5 signaling overcomes acquired
resistance to the third generation EGFR inhibitor, osimertinib, via enhancing Bim-dependent apoptosis. Cancer Lett. 2021, 519,
141–149. [CrossRef] [PubMed]

56. Jiang, W.; Jin, G.; Cai, F.; Chen, X.; Cao, N.; Zhang, X.; Liu, J.; Chen, F.; Wang, F.; Dong, W.; et al. Extracellular signal-regulated
kinase 5 increases radioresistance of lung cancer cells by enhancing the DNA damage response. Exp. Mol. Med. 2019, 51, 1–20.
[CrossRef]

57. Riegel, K.; Yurugi, H.; Schlöder, J.; Jonuleit, H.; Kaulich, M.; Kirschner, F.; Arnold-Schild, D.; Tenzer, S.; Schild, H.; Rajalingam, K.
ERK5 modulates IL-6 secretion and contributes to tumor-induced immune suppression. Cell Death Dis. 2021, 12, 969. [CrossRef]

58. Xia, C.; Yang, Y.; Kong, F.; Kong, Q.; Shan, C. MiR-143-3p inhibits the proliferation, cell migration and invasion of human breast
cancer cells by modulating the expression of MAPK7. Biochimie 2018, 147, 98–104. [CrossRef] [PubMed]

59. Montero, J.C.; Ocaña, A.; Abad, M.; Ortiz-Ruiz, M.J.; Pandiella, A.; Esparís-Ogando, A. Expression of Erk5 in early stage breast
cancer and association with disease free survival identifies this kinase as a potential therapeutic target. PLoS ONE 2009, 4, e5565.
[CrossRef]

60. Ortiz-Ruiz, M.J.; Álvarez-Fernández, S.; Parrott, T.; Zaknoen, S.; Burrows, F.J.; Ocaña, A.; Pandiella, A.; Esparís-Ogando, A.
Therapeutic potential of ERK5 targeting in triple negative breast cancer. Oncotarget 2014, 5, 11308–11318. [CrossRef]

61. Monlish, D.A.; Cavanaugh, J.E. Age-Related Changes in ERK5 Signaling and Crosstalk with ERK1/2 and PI3K in Breast Cancer.
Cancer Res. 2010, 70, P2-07-05. [CrossRef]

62. Mulloy, R.; Salinas, S.; Philips, A.; Hipskind, R.A. Activation of cyclin D1 expression by the ERK5 cascade. Oncogene 2003, 22,
5387–5398. [CrossRef] [PubMed]

63. Zhang, J.; Pearson, A.J.; Sabherwal, N.; Telfer, B.A.; Ali, N.; Kan, K.; Xu, Q.; Zhang, W.; Chen, F.; Li, S.; et al. Inhibiting ERK5
overcomes breast cancer resistance to anti-HER2 therapy by targeting the G1/S cell cycle transition. Cancer Res. Commun. 2022, 2,
131–145. [CrossRef] [PubMed]

64. Javaid, S.; Zhang, J.; Smolen, G.A.; Yu, M.; Wittner, B.S.; Singh, A.; Arora, K.S.; Madden, M.W.; Desai, R.; Zubrowski, M.J.; et al.
MAPK7 Regulates EMT Features and Modulates the Generation of CTCs. Mol. Cancer Res. 2015, 13, 934–943. [CrossRef] [PubMed]

65. Zhai, L.; Ma, C.; Li, W.; Yang, S.; Liu, Z. miR-143 suppresses epithelial–mesenchymal transition and inhibits tumor growth of
breast cancer through down-regulation of ERK5. Mol. Carcinog. 2016, 55, 1990–2000. [CrossRef] [PubMed]

https://doi.org/10.1523/jneurosci.3324-13.2014
https://www.ncbi.nlm.nih.gov/pubmed/24501354
https://doi.org/10.1002/jnr.23168
https://www.ncbi.nlm.nih.gov/pubmed/23361876
https://doi.org/10.1007/s11357-014-9685-5
https://www.ncbi.nlm.nih.gov/pubmed/25015774
https://doi.org/10.1038/nn720
https://www.ncbi.nlm.nih.gov/pubmed/11544482
https://doi.org/10.1007/s11060-015-1887-x
https://doi.org/10.1002/2211-5463.13461
https://doi.org/10.1016/j.ajpath.2013.08.014
https://www.ncbi.nlm.nih.gov/pubmed/24095924
https://doi.org/10.1186/s12885-015-1455-y
https://doi.org/10.1002/2211-5463.13458
https://doi.org/10.1158/0008-5472.Can-19-1027
https://www.ncbi.nlm.nih.gov/pubmed/31969375
https://doi.org/10.18632/oncotarget.3747
https://www.ncbi.nlm.nih.gov/pubmed/25965818
https://doi.org/10.1016/j.jnutbio.2019.108219
https://www.ncbi.nlm.nih.gov/pubmed/31473507
https://doi.org/10.1007/s13238-020-00701-1
https://www.ncbi.nlm.nih.gov/pubmed/32144580
https://doi.org/10.1016/j.canlet.2021.07.007
https://www.ncbi.nlm.nih.gov/pubmed/34245854
https://doi.org/10.1038/s12276-019-0209-3
https://doi.org/10.1038/s41419-021-04257-8
https://doi.org/10.1016/j.biochi.2018.01.003
https://www.ncbi.nlm.nih.gov/pubmed/29360495
https://doi.org/10.1371/journal.pone.0005565
https://doi.org/10.18632/oncotarget.2324
https://doi.org/10.1158/0008-5472.SABCS10-P2-07-05
https://doi.org/10.1038/sj.onc.1206839
https://www.ncbi.nlm.nih.gov/pubmed/12934098
https://doi.org/10.1158/2767-9764.Crc-21-0089
https://www.ncbi.nlm.nih.gov/pubmed/36466034
https://doi.org/10.1158/1541-7786.Mcr-14-0604
https://www.ncbi.nlm.nih.gov/pubmed/25678598
https://doi.org/10.1002/mc.22445
https://www.ncbi.nlm.nih.gov/pubmed/26618772


Biomolecules 2024, 14, 556 18 of 24

66. Madak-Erdogan, Z.; Ventrella, R.; Petry, L.; Katzenellenbogen, B.S. Novel roles for ERK5 and cofilin as critical mediators linking
ERα-driven transcription, actin reorganization, and invasiveness in breast cancer. Mol. Cancer Res. 2014, 12, 714–727. [CrossRef]
[PubMed]

67. Xu, Q.; Zhang, J.; Telfer, B.A.; Zhang, H.; Ali, N.; Chen, F.; Risa, B.; Pearson, A.J.; Zhang, W.; Finegan, K.G.; et al. The extracellular-
regulated protein kinase 5 (ERK5) enhances metastatic burden in triple-negative breast cancer through focal adhesion protein
kinase (FAK)-mediated regulation of cell adhesion. Oncogene 2021, 40, 3929–3941. [CrossRef] [PubMed]

68. Liu, F.; Zhang, H.; Song, H. Upregulation of MEK5 by Stat3 promotes breast cancer cell invasion and metastasis. Oncol. Rep. 2017,
37, 83–90. [CrossRef] [PubMed]

69. Hoang, V.T.; Matossian, M.D.; Ucar, D.A.; Elliott, S.; La, J.; Wright, M.K.; Burks, H.E.; Perles, A.; Hossain, F.; King, C.T.; et al. ERK5
Is Required for Tumor Growth and Maintenance Through Regulation of the Extracellular Matrix in Triple Negative Breast Cancer.
Front. Oncol. 2020, 10, 1164. [CrossRef]

70. Sawhney, R.S.; Liu, W.; Brattain, M.G. A novel role of ERK5 in integrin-mediated cell adhesion and motility in cancer cells via Fak
signaling. J. Cell. Physiol. 2009, 219, 152–161. [CrossRef]

71. Pavan, S.; Meyer-Schaller, N.; Diepenbruck, M.; Kalathur, R.K.R.; Saxena, M.; Christofori, G. A kinome-wide high-content siRNA
screen identifies MEK5-ERK5 signaling as critical for breast cancer cell EMT and metastasis. Oncogene 2018, 37, 4197–4213.
[CrossRef] [PubMed]

72. Chen, R.; Yang, Q.; Lee, J.D. BMK1 kinase suppresses epithelial–mesenchymal transition through the Akt/GSK3β signaling
pathway. Cancer Res. 2012, 72, 1579–1587. [CrossRef] [PubMed]

73. Zuo, Y.; Wu, Y.; Wehrli, B.; Chakrabarti, S.; Chakraborty, C. Modulation of ERK5 is a novel mechanism by which Cdc42 regulates
migration of breast cancer cells. J. Cell. Biochem. 2015, 116, 124–132. [CrossRef] [PubMed]

74. Wright, T.Z. Dual Inhibition of the PI3K/Akt and MEK5/ERK5 Pathways for the Treatment of Breast Cancer. Ph.D. Thesis,
Duquesne Universit, Pittsburgh, PA, USA, 2019.

75. Dorado, F.; Velasco, S.; Esparís-Ogando, A.; Pericacho, M.; Pandiella, A.; Silva, J.; López-Novoa, J.M.; Rodríguez-Barbero, A. The
mitogen-activated protein kinase Erk5 mediates human mesangial cell activation. Nephrol. Dial. Transplant. 2008, 23, 3403–3411.
[CrossRef] [PubMed]

76. Badshah, I.I.; Baines, D.L.; Dockrell, M.E. Erk5 is a mediator to TGFβ1-induced loss of phenotype and function in human
podocytes. Front. Pharmacol. 2014, 5, 71. [CrossRef] [PubMed]

77. Kawakami, T.; Park, S.W.; Kaku, R.; Yang, J. Extracellular-regulated-kinase 5-mediated renal protection against ischemia–
reperfusion injury. Biochem. Biophys. Res. Commun. 2012, 418, 603–608. [CrossRef] [PubMed]

78. Ishizawa, K.; Dorjsuren, N.; Izawa-Ishizawa, Y.; Sugimoto, R.; Ikeda, Y.; Kihira, Y.; Kawazoe, K.; Tomita, S.; Tsuchiya, K.;
Minakuchi, K.; et al. Inhibitory effects of adiponectin on platelet-derived growth factor-induced mesangial cell migration. J.
Endocrinol. 2009, 202, 309–316. [CrossRef] [PubMed]

79. Kanno, H.; Naito, S.; Obara, Y.; Ito, H.; Ichiyanagi, O.; Narisawa, T.; Kato, T.; Nagaoka, A.; Tsuchiya, N. Effect of Extracellular
Signal-Regulated Protein Kinase 5 Inhibition in Clear Cell Renal Cell Carcinoma. Int. J. Mol. Sci. 2022, 23, 8448. [CrossRef]
[PubMed]

80. Rovida, E.; Di Maira, G.; Tusa, I.; Cannito, S.; Paternostro, C.; Navari, N.; Vivoli, E.; Deng, X.; Gray, N.S.; Esparís-Ogando, A.; et al.
The mitogen-activated protein kinase ERK5 regulates the development and growth of hepatocellular carcinoma. Gut 2015, 64,
1454–1465. [CrossRef]

81. Arias-González, L.; Moreno-Gimeno, I.; del Campo, A.R.; Serrano-Oviedo, L.; Valero, M.L.; Esparís-Ogando, A.; de la Cruz-
Morcillo, M.; Melgar-Rojas, P.; García-Cano, J.; Cimas, F.J.; et al. ERK5/BMK1 is a novel target of the tumor suppressor VHL:
Implication in clear cell renal carcinoma. Neoplasia 2013, 15, 649–659. [CrossRef]

82. Nagai, T.; Urushihara, M.; Kinoshita, Y.; Jamba, A.; Kondo, S.; Kagami, S. Differential regulation of angiotensin II-induced
extracellular signal regulated kinase-1/2 and -5 in progressive glomerulonephritis. Nephrology 2016, 21, 950–958. [CrossRef]

83. Rovida, E.; Navari, N.; Caligiuri, A.; Dello Sbarba, P.; Marra, F. ERK5 differentially regulates PDGF-induced proliferation and
migration of hepatic stellate cells. J. Hepatol. 2008, 48, 107–115. [CrossRef] [PubMed]

84. Ippolito, F.; Consalvi, V.; Noce, V.; Battistelli, C.; Cicchini, C.; Tripodi, M.; Amicone, L.; Marchetti, A. Extracellular signal-Regulated
Kinase 5 (ERK5) is required for the Yes-associated protein (YAP) co-transcriptional activity. Cell Death Dis. 2023, 14, 32. [CrossRef]

85. Zen, K.; Yasui, K.; Nakajima, T.; Zen, Y.; Zen, K.; Gen, Y.; Mitsuyoshi, H.; Minami, M.; Mitsufuji, S.; Tanaka, S.; et al. ERK5 is a
target for gene amplification at 17p11 and promotes cell growth in hepatocellular carcinoma by regulating mitotic entry. Genes
Chromosomes Cancer 2009, 48, 109–120. [CrossRef]

86. Savage, H.; Pareek, S.; Lee, J.; Ballarò, R.; Conterno Minussi, D.; Hayek, K.; Sadullozoda, M.; Lochmann, B.S.; McQuade, J.L.;
LaVoy, E.C.; et al. Aerobic Exercise Alters the Melanoma Microenvironment and Modulates ERK5 S496 Phosphorylation. Cancer
Immunol. Res. 2023, 11, 1168–1183. [CrossRef]

87. Wu, L.; Chen, X.; Zhao, J.; Martin, B.; Zepp, J.A.; Ko, J.S.; Gu, C.; Cai, G.; Ouyang, W.; Sen, G.; et al. A novel IL-17 signaling
pathway controlling keratinocyte proliferation and tumorigenesis via the TRAF4-ERK5 axis. J. Exp. Med. 2015, 212, 1571–1587.
[CrossRef]

88. Giurisato, E.; Xu, Q.; Lonardi, S.; Telfer, B.; Russo, I.; Pearson, A.; Finegan, K.G.; Wang, W.; Wang, J.; Gray, N.S.; et al. Myeloid
ERK5 deficiency suppresses tumor growth by blocking protumor macrophage polarization via STAT3 inhibition. Proc. Natl. Acad.
Sci. USA 2018, 115, E2801–E2810. [CrossRef] [PubMed]

https://doi.org/10.1158/1541-7786.Mcr-13-0588
https://www.ncbi.nlm.nih.gov/pubmed/24505128
https://doi.org/10.1038/s41388-021-01798-2
https://www.ncbi.nlm.nih.gov/pubmed/33981002
https://doi.org/10.3892/or.2016.5256
https://www.ncbi.nlm.nih.gov/pubmed/27878304
https://doi.org/10.3389/fonc.2020.01164
https://doi.org/10.1002/jcp.21662
https://doi.org/10.1038/s41388-018-0270-8
https://www.ncbi.nlm.nih.gov/pubmed/29713055
https://doi.org/10.1158/0008-5472.Can-11-2055
https://www.ncbi.nlm.nih.gov/pubmed/22282661
https://doi.org/10.1002/jcb.24950
https://www.ncbi.nlm.nih.gov/pubmed/25160664
https://doi.org/10.1093/ndt/gfn333
https://www.ncbi.nlm.nih.gov/pubmed/18567890
https://doi.org/10.3389/fphar.2014.00071
https://www.ncbi.nlm.nih.gov/pubmed/24795631
https://doi.org/10.1016/j.bbrc.2012.01.043
https://www.ncbi.nlm.nih.gov/pubmed/22293190
https://doi.org/10.1677/joe-08-0469
https://www.ncbi.nlm.nih.gov/pubmed/19460854
https://doi.org/10.3390/ijms23158448
https://www.ncbi.nlm.nih.gov/pubmed/35955582
https://doi.org/10.1136/gutjnl-2014-306761
https://doi.org/10.1593/neo.121896
https://doi.org/10.1111/nep.12685
https://doi.org/10.1016/j.jhep.2007.08.010
https://www.ncbi.nlm.nih.gov/pubmed/17998143
https://doi.org/10.1038/s41419-023-05569-7
https://doi.org/10.1002/gcc.20624
https://doi.org/10.1158/2326-6066.Cir-22-0465
https://doi.org/10.1084/jem.20150204
https://doi.org/10.1073/pnas.1707929115
https://www.ncbi.nlm.nih.gov/pubmed/29507229


Biomolecules 2024, 14, 556 19 of 24

89. Tusa, I.; Gagliardi, S.; Tubita, A.; Pandolfi, S.; Menconi, A.; Lulli, M.; Dello Sbarba, P.; Stecca, B.; Rovida, E. The Hedgehog-GLI
Pathway Regulates MEK5-ERK5 Expression and Activation in Melanoma Cells. Int. J. Mol. Sci. 2021, 22, 11259. [CrossRef]
[PubMed]

90. Tubita, A.; Lombardi, Z.; Tusa, I.; Lazzeretti, A.; Sgrignani, G.; Papini, D.; Menconi, A.; Gagliardi, S.; Lulli, M.; Dello
Sbarba, P.; et al. Inhibition of ERK5 Elicits Cellular Senescence in Melanoma via the Cyclin-Dependent Kinase Inhibitor p21.
Cancer Res. 2022, 82, 447–457. [CrossRef]

91. Buschbeck, M.; Hofbauer, S.; Di Croce, L.; Keri, G.; Ullrich, A. Abl-kinase-sensitive levels of ERK5 and its intrinsic basal activity
contribute to leukaemia cell survival. EMBO Rep. 2005, 6, 63–69. [CrossRef]

92. Wang, X.; Pesakhov, S.; Harrison, J.S.; Danilenko, M.; Studzinski, G.P. ERK5 pathway regulates transcription factors important for
monocytic differentiation of human myeloid leukemia cells. J. Cell. Physiol. 2014, 229, 856–867. [CrossRef] [PubMed]

93. Tusa, I.; Cheloni, G.; Poteti, M.; Gozzini, A.; DeSouza, N.H.; Shan, Y.; Deng, X.; Gray, N.S.; Li, S.; Rovida, E.; et al. Targeting the
Extracellular Signal-Regulated Kinase 5 Pathway to Suppress Human Chronic Myeloid Leukemia Stem Cells. Stem Cell Rep. 2018,
11, 929–943. [CrossRef] [PubMed]

94. Wang, X.; Pesakhov, S.; Weng, A.; Kafka, M.; Gocek, E.; Nguyen, M.; Harrison, J.S.; Danilenko, M.; Studzinski, G.P. ERK 5/MAPK
pathway has a major role in 1α,25-(OH)2 vitamin D3-induced terminal differentiation of myeloid leukemia cells. J. Steroid Biochem.
Mol. Biol. 2014, 144 Pt A, 223–227. [CrossRef] [PubMed]

95. Hartmann, J.U.; Bräuer-Hartmann, D.; Kardosova, M.; Wurm, A.A.; Wilke, F.; Schödel, C.; Gerloff, D.; Katzerke, C.; Krakowsky,
R.; Namasu, C.Y.; et al. MicroRNA-143 targets ERK5 in granulopoiesis and predicts outcome of patients with acute myeloid
leukemia. Cell Death Dis. 2018, 9, 814. [CrossRef] [PubMed]

96. Suzuki, T.; Yang, J. Hydrogen peroxide activation of ERK5 confers resistance to Jurkat cells against apoptosis induced by the
extrinsic pathway. Biochem. Biophys. Res. Commun. 2014, 444, 248–253. [CrossRef] [PubMed]

97. Sovershaev, M.A.; Egorina, E.M.; Gruber, F.X.; Bjorkoy, G.; Johansen, T. Extracellular signal-regulated protein kinase 5 mediates
resistance of human chronic mycloid leukemia K562 cells to imatinib. Blood 2006, 108, 604A. [CrossRef]

98. Xiong, Y.; Zhang, L.; Wang, T. Phosphorylation of BMK1 induces prostatic carcinoma cell proliferation by promoting entry into
the S phase of the cell cycle. Oncol. Lett. 2016, 11, 99–104. [CrossRef] [PubMed]

99. Clapé, C.; Fritz, V.; Henriquet, C.; Apparailly, F.; Fernandez, P.L.; Iborra, F.; Avancès, C.; Villalba, M.; Culine, S.; Fajas, L. miR-143
interferes with ERK5 signaling, and abrogates prostate cancer progression in mice. PLoS ONE 2009, 4, e7542. [CrossRef] [PubMed]

100. Zhu, M.; Huang, C.; Ma, X.; Wu, R.; Zhu, W.; Li, X.; Liang, Z.; Deng, F.; Wu, J.; Geng, S.; et al. Phthalates promote prostate cancer
cell proliferation through activation of ERK5 and p38. Environ. Toxicol. Pharmacol. 2018, 63, 29–33. [CrossRef]

101. McCracken, S.R.; Ramsay, A.; Heer, R.; Mathers, M.E.; Jenkins, B.L.; Edwards, J.; Robson, C.N.; Marquez, R.; Cohen, P.; Leung, H.Y.
Aberrant expression of extracellular signal-regulated kinase 5 in human prostate cancer. Oncogene 2008, 27, 2978–2988. [CrossRef]

102. Ramsay, A.K.; McCracken, S.R.; Soofi, M.; Fleming, J.; Yu, A.X.; Ahmad, I.; Morland, R.; Machesky, L.; Nixon, C.;
Edwards, D.R.; et al. ERK5 signalling in prostate cancer promotes an invasive phenotype. Br. J. Cancer 2011, 104, 664–672.
[CrossRef] [PubMed]

103. Zhou, J.; Yang, Y.; Cheng, J.; Luan, S.; Xiao, X.; Li, X.; Fang, P.; Gu, Y.; Shang, Q.; Zhang, H.; et al. MTHFD1L confers a poor
prognosis and malignant phenotype in esophageal squamous cell carcinoma by activating the ERK5 signaling pathway. Exp. Cell
Res. 2023, 427, 113584. [CrossRef] [PubMed]

104. Ding, L.; Fu, Y.; Zhu, N.; Zhao, M.; Ding, Z.; Zhang, X.; Song, Y.; Jing, Y.; Zhang, Q.; Chen, S.; et al. OXTR(High) stroma fibroblasts
control the invasion pattern of oral squamous cell carcinoma via ERK5 signaling. Nat. Commun. 2022, 13, 5124. [CrossRef]
[PubMed]

105. Sticht, C.; Freier, K.; Knöpfle, K.; Flechtenmacher, C.; Pungs, S.; Hofele, C.; Hahn, M.; Joos, S.; Lichter, P. Activation of MAP kinase
signaling through ERK5 but not ERK1 expression is associated with lymph node metastases in oral squamous cell carcinoma
(OSCC). Neoplasia 2008, 10, 462–470. [CrossRef] [PubMed]

106. Gentilini, A.; Lori, G.; Caligiuri, A.; Raggi, C.; Di Maira, G.; Pastore, M.; Piombanti, B.; Lottini, T.; Arcangeli, A.; Madiai, S.; et al.
Extracellular Signal-Regulated Kinase 5 Regulates the Malignant Phenotype of Cholangiocarcinoma Cells. Hepatology 2021, 74,
2007–2020. [CrossRef] [PubMed]

107. Zhang, D.; Li, H.; Jiang, X.; Cao, L.; Wen, Z.; Yang, X.; Xue, P. Role of AP-2α and MAPK7 in the regulation of autocrine
TGF-β/miR-200b signals to maintain epithelial–mesenchymal transition in cholangiocarcinoma. J. Hematol. Oncol. 2017, 10, 170.
[CrossRef] [PubMed]

108. de Jong, P.R.; Taniguchi, K.; Harris, A.R.; Bertin, S.; Takahashi, N.; Duong, J.; Campos, A.D.; Powis, G.; Corr, M.; Karin, M.; et al.
ERK5 signalling rescues intestinal epithelial turnover and tumour cell proliferation upon ERK1/2 abrogation. Nat. Commun. 2016,
7, 11551. [CrossRef] [PubMed]

109. Lv, H.; Jin, Z.; Wang, D.; Guo, X.; Wang, H.; Yang, S. Erk5 functions in modulation of zebrafish intestinal permeability. Cell Tissue
Res. 2023, 393, 281–296. [CrossRef] [PubMed]

110. Wu, L.; Chen, J.; Qin, Y.; Mo, X.; Huang, M.; Ru, H.; Yang, Y.; Liu, J.; Lin, Y. SATB2 suppresses gastric cancer cell proliferation and
migration. Tumour Biol. 2016, 37, 4597–4602. [CrossRef]

111. Dai, J.; Wang, T.; Wang, W.; Zhang, S.; Liao, Y.; Chen, J. Role of MAPK7 in cell proliferation and metastasis in ovarian cancer. Int.
J. Clin. Exp. Pathol. 2015, 8, 10444–10451.

https://doi.org/10.3390/ijms222011259
https://www.ncbi.nlm.nih.gov/pubmed/34681917
https://doi.org/10.1158/0008-5472.Can-21-0993
https://doi.org/10.1038/sj.embor.7400316
https://doi.org/10.1002/jcp.24513
https://www.ncbi.nlm.nih.gov/pubmed/24264602
https://doi.org/10.1016/j.stemcr.2018.08.016
https://www.ncbi.nlm.nih.gov/pubmed/30245209
https://doi.org/10.1016/j.jsbmb.2013.10.002
https://www.ncbi.nlm.nih.gov/pubmed/24514755
https://doi.org/10.1038/s41419-018-0837-x
https://www.ncbi.nlm.nih.gov/pubmed/30050105
https://doi.org/10.1016/j.bbrc.2014.01.058
https://www.ncbi.nlm.nih.gov/pubmed/24462874
https://doi.org/10.1182/blood.V108.11.2131.2131
https://doi.org/10.3892/ol.2015.3909
https://www.ncbi.nlm.nih.gov/pubmed/26870175
https://doi.org/10.1371/journal.pone.0007542
https://www.ncbi.nlm.nih.gov/pubmed/19855844
https://doi.org/10.1016/j.etap.2018.08.007
https://doi.org/10.1038/sj.onc.1210963
https://doi.org/10.1038/sj.bjc.6606062
https://www.ncbi.nlm.nih.gov/pubmed/21266977
https://doi.org/10.1016/j.yexcr.2023.113584
https://www.ncbi.nlm.nih.gov/pubmed/37004948
https://doi.org/10.1038/s41467-022-32787-y
https://www.ncbi.nlm.nih.gov/pubmed/36045118
https://doi.org/10.1593/neo.08164
https://www.ncbi.nlm.nih.gov/pubmed/18472963
https://doi.org/10.1002/hep.31888
https://www.ncbi.nlm.nih.gov/pubmed/33959996
https://doi.org/10.1186/s13045-017-0528-6
https://www.ncbi.nlm.nih.gov/pubmed/29084594
https://doi.org/10.1038/ncomms11551
https://www.ncbi.nlm.nih.gov/pubmed/27187615
https://doi.org/10.1007/s00441-023-03786-2
https://www.ncbi.nlm.nih.gov/pubmed/37256363
https://doi.org/10.1007/s13277-015-4282-5


Biomolecules 2024, 14, 556 20 of 24

112. Lavoie, H.; Gagnon, J.; Therrien, M. ERK signalling: A master regulator of cell behaviour, life and fate. Nat. Rev. Mol. Cell Biol.
2020, 21, 607–632. [CrossRef]

113. Hayashi, M.; Fearns, C.; Eliceiri, B.; Yang, Y.; Lee, J.D. Big mitogen-activated protein kinase 1/extracellular signal-regulated
kinase 5 signaling pathway is essential for tumor-associated angiogenesis. Cancer Res. 2005, 65, 7699–7706. [CrossRef]

114. Vanchin, B.; Sol, M.; Gjaltema, R.A.F.; Brinker, M.; Kiers, B.; Pereira, A.C.; Harmsen, M.C.; Moonen, J.A.J.; Krenning, G. Reciprocal
regulation of endothelial–mesenchymal transition by MAPK7 and EZH2 in intimal hyperplasia and coronary artery disease. Sci.
Rep. 2021, 11, 17764. [CrossRef] [PubMed]

115. Kimura, T.E.; Jin, J.; Zi, M.; Prehar, S.; Liu, W.; Oceandy, D.; Abe, J.; Neyses, L.; Weston, A.H.; Cartwright, E.J.; et al. Targeted
deletion of the extracellular signal-regulated protein kinase 5 attenuates hypertrophic response and promotes pressure overload-
induced apoptosis in the heart. Circ. Res. 2010, 106, 961–970. [CrossRef] [PubMed]

116. García-Hoz, C.; Sánchez-Fernández, G.; García-Escudero, R.; Fernández-Velasco, M.; Palacios-García, J.; Ruiz-Meana, M.; Díaz-
Meco, M.T.; Leitges, M.; Moscat, J.; García-Dorado, D.; et al. Protein kinase C (PKC)ζ-mediated Gαq stimulation of ERK5 protein
pathway in cardiomyocytes and cardiac fibroblasts. J. Biol. Chem. 2012, 287, 7792–7802. [CrossRef]

117. Lee, K.S.; Park, J.H.; Lim, H.J.; Park, H.Y. HB-EGF induces cardiomyocyte hypertrophy via an ERK5-MEF2A-COX2 signaling
pathway. Cell. Signal. 2011, 23, 1100–1109. [CrossRef]

118. Li, T.; Pan, Y.W.; Wang, W.; Abel, G.; Zou, J.; Xu, L.; Storm, D.R.; Xia, Z. Targeted deletion of the ERK5 MAP kinase impairs
neuronal differentiation, migration, and survival during adult neurogenesis in the olfactory bulb. PLoS ONE 2013, 8, e61948.
[CrossRef] [PubMed]

119. Middleton, R.C.; Liao, K.; Liu, W.; de Couto, G.; Garcia, N.; Antes, T.; Wang, Y.; Wu, D.; Li, X.; Tourtellotte, W.G.; et al. Newt A1
cell-derived extracellular vesicles promote mammalian nerve growth. Sci. Rep. 2023, 13, 11829. [CrossRef]

120. Cavanaugh, J.E. Role of extracellular signal regulated kinase 5 in neuronal survival. Eur. J. Biochem. 2004, 271, 2056–2059.
[CrossRef]

121. van Oterendorp, C.; Sgouris, S.; Schallner, N.; Biermann, J.; Lagrèze, W.A. Retrograde neurotrophic signaling in rat retinal
ganglion cells is transmitted via the ERK5 but not the ERK1/2 pathway. Investig. Ophthalmol. Vis. Sci. 2014, 55, 658–665. [CrossRef]

122. Obata, K.; Katsura, H.; Mizushima, T.; Sakurai, J.; Kobayashi, K.; Yamanaka, H.; Dai, Y.; Fukuoka, T.; Noguchi, K. Roles
of extracellular signal-regulated protein kinases 5 in spinal microglia and primary sensory neurons for neuropathic pain. J.
Neurochem. 2007, 102, 1569–1584. [CrossRef] [PubMed]

123. Yu, L.N.; Sun, L.H.; Wang, M.; Yan, M. Research progress of the role and mechanism of extracellular signal-regulated protein
kinase 5 (ERK5) pathway in pathological pain. J. Zhejiang Univ. Sci. B 2016, 17, 733–741. [CrossRef] [PubMed]

124. Xue, Z.; Wang, J.; Yu, W.; Li, D.; Zhang, Y.; Wan, F.; Kou, X. Biochanin A protects against PM(2.5)-induced acute pulmonary cell
injury by interacting with the target protein MEK5. Food Funct. 2019, 10, 7188–7203. [CrossRef] [PubMed]

125. Sánchez-Fdez, A.; Re-Louhau, M.F.; Rodríguez-Núñez, P.; Ludeña, D.; Matilla-Almazán, S.; Pandiella, A.; Esparís-Ogando, A.
Clinical, genetic and pharmacological data support targeting the MEK5/ERK5 module in lung cancer. NPJ Precis. Oncol. 2021, 5,
78. [CrossRef] [PubMed]

126. Suzaki, Y.; Yoshizumi, M.; Kagami, S.; Nishiyama, A.; Ozawa, Y.; Kyaw, M.; Izawa, Y.; Kanematsu, Y.; Tsuchiya, K.; Tamaki, T.
BMK1 is activated in glomeruli of diabetic rats and in mesangial cells by high glucose conditions. Kidney Int. 2004, 65, 1749–1760.
[CrossRef] [PubMed]

127. Urushihara, M.; Takamatsu, M.; Shimizu, M.; Kondo, S.; Kinoshita, Y.; Suga, K.; Kitamura, A.; Matsuura, S.; Yoshizumi,
M.; Tamaki, T.; et al. ERK5 activation enhances mesangial cell viability and collagen matrix accumulation in rat progressive
glomerulonephritis. Am. J. Physiol. Ren. Physiol. 2010, 298, F167–F176. [CrossRef] [PubMed]

128. Sarközi, R.; Miller, B.; Pollack, V.; Feifel, E.; Mayer, G.; Sorokin, A.; Schramek, H. ERK1/2-driven and MKP-mediated inhibition of
EGF-induced ERK5 signaling in human proximal tubular cells. J. Cell. Physiol. 2007, 211, 88–100. [CrossRef] [PubMed]

129. Kato, Y.; Tapping, R.I.; Huang, S.; Watson, M.H.; Ulevitch, R.J.; Lee, J.D. Bmk1/Erk5 is required for cell proliferation induced by
epidermal growth factor. Nature 1998, 395, 713–716. [CrossRef] [PubMed]

130. Serrano-Oviedo, L.; Giménez-Bachs, J.M.; Nam-Cha, S.Y.; Cimas, F.J.; García-Cano, J.; Sánchez-Prieto, R.; Salinas-Sánchez,
A.S. Implication of VHL, ERK5, and HIF-1alpha in clear cell renal cell carcinoma: Molecular basis. Urol. Oncol. 2017, 35,
114.e115–114.e122. [CrossRef]

131. Salinas-Sánchez, A.S.; Serrano-Oviedo, L.; Nam-Cha, S.Y.; Roche-Losada, O.; Sánchez-Prieto, R.; Giménez-Bachs, J.M. Prognostic
Value of the VHL, HIF-1α, and VEGF Signaling Pathway and Associated MAPK (ERK1/2 and ERK5) Pathways in Clear-Cell
Renal Cell Carcinoma. A Long-Term Study. Clin. Genitourin. Cancer 2017, 15, e923–e933. [CrossRef]

132. Li, Z.; Cheng, Z.; Wang, G.; Hao, X.; Zhang, L.; Xu, C. 6 Paths of ERK5 signaling pathway regulate hepatocyte proliferation in rat
liver regeneration. Indian J. Biochem. Biophys. 2012, 49, 165–172. [PubMed]

133. Finegan, K.G.; Perez-Madrigal, D.; Hitchin, J.R.; Davies, C.C.; Jordan, A.M.; Tournier, C. ERK5 is a critical mediator of
inflammation-driven cancer. Cancer Res. 2015, 75, 742–753. [CrossRef] [PubMed]

134. Yamamoto, H.; Ryu, J.; Min, E.; Oi, N.; Bai, R.; Zykova, T.A.; Yu, D.H.; Moriyama, K.; Bode, A.M.; Dong, Z. TRAF1 Is Critical for
DMBA/Solar UVR-Induced Skin Carcinogenesis. J. Investig. Dermatol. 2017, 137, 1322–1332. [CrossRef] [PubMed]

135. Lee, B.; Sahoo, A.; Sawada, J.; Zisoulis, D.G.; Marchica, J.; Sahoo, S.; Layng, F.I.A.D.L.; Finlay, D.; Mazar, J.; Joshi, P.; et al.
microRNA-211 promotes aggressive melanoma growth in vivo by epigenetic modification, and contributes to BRAFV600E
inhibitor resistance via ERK5 signaling. Cancer Res. 2019, 79, 3550. [CrossRef]

https://doi.org/10.1038/s41580-020-0255-7
https://doi.org/10.1158/0008-5472.Can-04-4540
https://doi.org/10.1038/s41598-021-97127-4
https://www.ncbi.nlm.nih.gov/pubmed/34493753
https://doi.org/10.1161/circresaha.109.209320
https://www.ncbi.nlm.nih.gov/pubmed/20075332
https://doi.org/10.1074/jbc.M111.282210
https://doi.org/10.1016/j.cellsig.2011.01.006
https://doi.org/10.1371/journal.pone.0061948
https://www.ncbi.nlm.nih.gov/pubmed/23630619
https://doi.org/10.1038/s41598-023-38671-z
https://doi.org/10.1111/j.1432-1033.2004.04131.x
https://doi.org/10.1167/iovs.13-12985
https://doi.org/10.1111/j.1471-4159.2007.04656.x
https://www.ncbi.nlm.nih.gov/pubmed/17509087
https://doi.org/10.1631/jzus.B1600188
https://www.ncbi.nlm.nih.gov/pubmed/27704743
https://doi.org/10.1039/c9fo01382b
https://www.ncbi.nlm.nih.gov/pubmed/31608342
https://doi.org/10.1038/s41698-021-00218-8
https://www.ncbi.nlm.nih.gov/pubmed/34404896
https://doi.org/10.1111/j.1523-1755.2004.00576.x
https://www.ncbi.nlm.nih.gov/pubmed/15086914
https://doi.org/10.1152/ajprenal.00124.2009
https://www.ncbi.nlm.nih.gov/pubmed/19846573
https://doi.org/10.1002/jcp.20909
https://www.ncbi.nlm.nih.gov/pubmed/17131384
https://doi.org/10.1038/27234
https://www.ncbi.nlm.nih.gov/pubmed/9790194
https://doi.org/10.1016/j.urolonc.2016.10.010
https://doi.org/10.1016/j.clgc.2017.05.016
https://www.ncbi.nlm.nih.gov/pubmed/22803331
https://doi.org/10.1158/0008-5472.Can-13-3043
https://www.ncbi.nlm.nih.gov/pubmed/25649771
https://doi.org/10.1016/j.jid.2016.12.026
https://www.ncbi.nlm.nih.gov/pubmed/28131816
https://doi.org/10.1158/1538-7445.SABCS18-3550


Biomolecules 2024, 14, 556 21 of 24

136. Giurisato, E.; Lonardi, S.; Telfer, B.; Lussoso, S.; Risa-Ebrí, B.; Zhang, J.; Russo, I.; Wang, J.; Santucci, A.; Finegan, K.G.; et al.
Extracellular-Regulated Protein Kinase 5-Mediated Control of p21 Expression Promotes Macrophage Proliferation Associated
with Tumor Growth and Metastasis. Cancer Res. 2020, 80, 3319–3330. [CrossRef] [PubMed]

137. Razumovskaya, E.; Sun, J.; Rönnstrand, L. Inhibition of MEK5 by BIX02188 induces apoptosis in cells expressing the oncogenic
mutant FLT3-ITD. Biochem. Biophys. Res. Commun. 2011, 412, 307–312. [CrossRef] [PubMed]

138. Tusa, I.; Cheloni, G.; Gray, N.; Gozzini, A.; Dello Sbarba, P.; Rovida, E. Inhibition of the ERK5 pathway as a novel approach to
target human chronic myeloid leukemia stem cells. Cancer Res. 2017, 77, 3904. [CrossRef]

139. Mehta, P.B.; Jenkins, B.L.; McCarthy, L.; Thilak, L.; Robson, C.N.; Neal, D.E.; Leung, H.Y. MEK5 overexpression is associated
with metastatic prostate cancer, and stimulates proliferation, MMP-9 expression and invasion. Oncogene 2003, 22, 1381–1389.
[CrossRef] [PubMed]

140. Dudderidge, T.J.; McCracken, S.R.; Loddo, M.; Fanshawe, T.R.; Kelly, J.D.; Neal, D.E.; Leung, H.Y.; Williams, G.H.; Stoeber,
K. Mitogenic growth signalling, DNA replication licensing, and survival are linked in prostate cancer. Br. J. Cancer 2007, 96,
1384–1393. [CrossRef]

141. Loveridge, C.J.; Mui, E.J.; Patel, R.; Tan, E.H.; Ahmad, I.; Welsh, M.; Galbraith, J.; Hedley, A.; Nixon, C.; Blyth, K.; et al. Increased
T-cell Infiltration Elicited by Erk5 Deletion in a Pten-Deficient Mouse Model of Prostate Carcinogenesis. Cancer Res. 2017, 77,
3158–3168. [CrossRef]

142. Takaoka, Y.; Shimizu, Y.; Hasegawa, H.; Ouchi, Y.; Qiao, S.; Nagahara, M.; Ichihara, M.; Lee, J.D.; Adachi, K.; Hamaguchi, M.; et al.
Forced expression of miR-143 represses ERK5/c-Myc and p68/p72 signaling in concert with miR-145 in gut tumors of Apc(Min)
mice. PLoS ONE 2012, 7, e42137. [CrossRef] [PubMed]

143. Lu, L.; Chen, J.; Tang, H.; Bai, L.; Lu, C.; Wang, K.; Li, M.; Yan, Y.; Tang, L.; Wu, R.; et al. EGCG Suppresses ERK5 Activation to
Reverse Tobacco Smoke-Triggered Gastric Epithelial–mesenchymal Transition in BALB/c Mice. Nutrients 2016, 8, 380. [CrossRef]
[PubMed]

144. Chen, X.; Chen, Y.; Lin, X.; Su, S.; Hou, X.; Zhang, Q.; Tian, Y. The Drug Combination of SB202190 and SP600125 Significantly
Inhibit the Growth and Metastasis of Olaparib-resistant Ovarian Cancer Cell. Curr. Pharm. Biotechnol. 2018, 19, 506–513. [CrossRef]
[PubMed]

145. Sánchez-Fdez, A.; Matilla-Almazán, S.; Montero, J.C.; Del Carmen, S.; Abad, M.; García-Alonso, S.; Bhattacharya, S.; Calar, K.; de
la Puente, P.; Ocaña, A.; et al. The WNK1-ERK5 route plays a pathophysiological role in ovarian cancer and limits therapeutic
efficacy of trametinib. Clin. Transl. Med. 2023, 13, e1217. [CrossRef] [PubMed]

146. Stecca, B.; Rovida, E. Impact of ERK5 on the Hallmarks of Cancer. Int. J. Mol. Sci. 2019, 20, 1426. [CrossRef] [PubMed]
147. Charlson, A.T.; Zeliadt, N.A.; Wattenberg, E.V. Extracellular signal regulated kinase 5 mediates signals triggered by the novel

tumor promoter palytoxin. Toxicol. Appl. Pharmacol. 2009, 241, 143–153. [CrossRef] [PubMed]
148. Bhatt, A.B.; Patel, S.; Matossian, M.D.; Ucar, D.A.; Miele, L.; Burow, M.E.; Flaherty, P.T.; Cavanaugh, J.E. Molecular Mechanisms of

Epithelial to Mesenchymal Transition Regulated by ERK5 Signaling. Biomolecules 2021, 11, 183. [CrossRef] [PubMed]
149. Jiao, J.; Zhang, M.; Yang, P.; Huang, Y.; Hu, X.; Cai, J.; Yang, C.; Situ, M.; Zhang, H.; Fu, L.; et al. Identification of De Novo

JAK2 and MAPK7 Mutations Related to Autism Spectrum Disorder Using Whole-Exome Sequencing in a Chinese Child and
Adolescent Trio-Based Sample. J. Mol. Neurosci. 2020, 70, 219–229. [CrossRef] [PubMed]

150. Wilhelmsen, K.; Xu, F.; Farrar, K.; Tran, A.; Khakpour, S.; Sundar, S.; Prakash, A.; Wang, J.; Gray, N.S.; Hellman, J. Extracellular
signal-regulated kinase 5 promotes acute cellular and systemic inflammation. Sci. Signal. 2015, 8, ra86. [CrossRef]

151. Yang, M.; Cooley, B.C.; Li, W.; Chen, Y.; Vasquez-Vivar, J.; Scoggins, N.O.; Cameron, S.J.; Morrell, C.N.; Silverstein, R.L. Platelet
CD36 promotes thrombosis by activating redox sensor ERK5 in hyperlipidemic conditions. Blood 2017, 129, 2917–2927. [CrossRef]

152. Nagel, S.; Burek, C.; Venturini, L.; Scherr, M.; Quentmeier, H.; Meyer, C.; Rosenwald, A.; Drexler, H.G.; MacLeod, R.A.
Comprehensive analysis of homeobox genes in Hodgkin lymphoma cell lines identifies dysregulated expression of HOXB9
mediated via ERK5 signaling and BMI1. Blood 2007, 109, 3015–3023. [CrossRef] [PubMed]

153. Devost, D.; Zingg, H.H.; Hébert, T.E. The MAP kinase ERK5/MAPK7 is a downstream effector of oxytocin signaling in myometrial
cells. Cell. Signal. 2022, 90, 110211. [CrossRef] [PubMed]

154. Adams, N.R.; Vasquez, Y.M.; Mo, Q.; Gibbons, W.; Kovanci, E.; DeMayo, F.J. WNK lysine deficient protein kinase 1 regulates
human endometrial stromal cell decidualization, proliferation, and migration in part through mitogen-activated protein kinase 7.
Biol. Reprod. 2017, 97, 400–412. [CrossRef] [PubMed]

155. Horie, T.; Fukasawa, K.; Yamada, T.; Mizuno, S.; Iezaki, T.; Tokumura, K.; Iwahashi, S.; Sakai, S.; Suzuki, A.; Kubo, T.; et al. Erk5
in Bone Marrow Mesenchymal Stem Cells Regulates Bone Homeostasis by Preventing Osteogenesis in Adulthood. Stem Cells
2022, 40, 411–422. [CrossRef] [PubMed]

156. Li, P.; Ma, Y.C.; Sheng, X.Y.; Dong, H.T.; Han, H.; Wang, J.; Xia, Y.Y. Cyclic fluid shear stress promotes osteoblastic cells proliferation
through ERK5 signaling pathway. Mol. Cell. Biochem. 2012, 364, 321–327. [CrossRef] [PubMed]

157. Li, P.; Ma, Y.C.; Shen, H.L.; Han, H.; Wang, J.; Cheng, H.J.; Wang, C.F.; Xia, Y.Y. Cytoskeletal reorganization mediates fluid shear
stress-induced ERK5 activation in osteoblastic cells. Cell Biol. Int. 2012, 36, 229–236. [CrossRef]

158. Zhao, L.G.; Chen, S.L.; Teng, Y.J.; An, L.P.; Wang, J.; Ma, J.L.; Xia, Y.Y. The MEK5/ERK5 pathway mediates fluid shear stress
promoted osteoblast differentiation. Connect. Tissue Res. 2014, 55, 96–102. [CrossRef] [PubMed]

https://doi.org/10.1158/0008-5472.Can-19-2416
https://www.ncbi.nlm.nih.gov/pubmed/32561530
https://doi.org/10.1016/j.bbrc.2011.07.089
https://www.ncbi.nlm.nih.gov/pubmed/21820407
https://doi.org/10.1158/1538-7445.AM2017-3904
https://doi.org/10.1038/sj.onc.1206154
https://www.ncbi.nlm.nih.gov/pubmed/12618764
https://doi.org/10.1038/sj.bjc.6603718
https://doi.org/10.1158/0008-5472.Can-16-2565
https://doi.org/10.1371/journal.pone.0042137
https://www.ncbi.nlm.nih.gov/pubmed/22876303
https://doi.org/10.3390/nu8070380
https://www.ncbi.nlm.nih.gov/pubmed/27447666
https://doi.org/10.2174/1389201019666180713102656
https://www.ncbi.nlm.nih.gov/pubmed/30003858
https://doi.org/10.1002/ctm2.1217
https://www.ncbi.nlm.nih.gov/pubmed/37029785
https://doi.org/10.3390/ijms20061426
https://www.ncbi.nlm.nih.gov/pubmed/30901834
https://doi.org/10.1016/j.taap.2009.08.021
https://www.ncbi.nlm.nih.gov/pubmed/19716839
https://doi.org/10.3390/biom11020183
https://www.ncbi.nlm.nih.gov/pubmed/33572742
https://doi.org/10.1007/s12031-019-01456-z
https://www.ncbi.nlm.nih.gov/pubmed/31838722
https://doi.org/10.1126/scisignal.aaa3206
https://doi.org/10.1182/blood-2016-11-750133
https://doi.org/10.1182/blood-2006-08-044347
https://www.ncbi.nlm.nih.gov/pubmed/17148583
https://doi.org/10.1016/j.cellsig.2021.110211
https://www.ncbi.nlm.nih.gov/pubmed/34902542
https://doi.org/10.1093/biolre/iox108
https://www.ncbi.nlm.nih.gov/pubmed/29025069
https://doi.org/10.1093/stmcls/sxac011
https://www.ncbi.nlm.nih.gov/pubmed/35304894
https://doi.org/10.1007/s11010-012-1233-y
https://www.ncbi.nlm.nih.gov/pubmed/22286747
https://doi.org/10.1042/cbi20110113
https://doi.org/10.3109/03008207.2013.853755
https://www.ncbi.nlm.nih.gov/pubmed/24111522


Biomolecules 2024, 14, 556 22 of 24

159. Bin, G.; Bo, Z.; Jing, W.; Jin, J.; Xiaoyi, T.; Cong, C.; Liping, A.; Jinglin, M.; Cuifang, W.; Yonggang, C.; et al. Fluid shear stress
suppresses TNF-α-induced apoptosis in MC3T3-E1 cells: Involvement of ERK5-AKT-FoxO3a-Bim/FasL signaling pathways. Exp.
Cell Res. 2016, 343, 208–217. [CrossRef] [PubMed]

160. Kaneshiro, S.; Otsuki, D.; Yoshida, K.; Yoshikawa, H.; Higuchi, C. MEK5 suppresses osteoblastic differentiation. Biochem. Biophys.
Res. Commun. 2015, 463, 241–247. [CrossRef]

161. Bo, Z.; Bin, G.; Jing, W.; Cuifang, W.; Liping, A.; Jinglin, M.; Jin, J.; Xiaoyi, T.; Cong, C.; Ning, D.; et al. Fluid shear stress promotes
osteoblast proliferation via the Gαq-ERK5 signaling pathway. Connect. Tissue Res. 2016, 57, 299–306. [CrossRef]

162. Ding, N.; Geng, B.; Li, Z.; Yang, Q.; Yan, L.; Wan, L.; Zhang, B.; Wang, C.; Xia, Y. Fluid shear stress promotes osteoblast proliferation
through the NFATc1-ERK5 pathway. Connect. Tissue Res. 2019, 60, 107–116. [CrossRef]

163. Zhang, B.; An, L.; Geng, B.; Ding, N.; Coalson, E.; Wan, L.; Yan, L.; Mohammed, F.H.A.; Ma, C.; Li, R.; et al. ERK5 negatively
regulates Kruppel-like factor 4 and promotes osteogenic lineage cell proliferation in response to MEK5 overexpression or fluid
shear stress. Connect. Tissue Res. 2021, 62, 194–205. [CrossRef] [PubMed]

164. Wang, X.; Geng, B.; Wang, H.; Wang, S.; Zhao, D.; He, J.; Lu, F.; An, J.; Wang, C.; Xia, Y. Fluid shear stress-induced down-regulation
of microRNA-140-5p promotes osteoblast proliferation by targeting VEGFA via the ERK5 pathway. Connect. Tissue Res. 2022, 63,
156–168. [CrossRef] [PubMed]

165. Bobick, B.E.; Matsche, A.I.; Chen, F.H.; Tuan, R.S. The ERK5 and ERK1/2 signaling pathways play opposing regulatory roles
during chondrogenesis of adult human bone marrow-derived multipotent progenitor cells. J. Cell. Physiol. 2010, 224, 178–186.
[CrossRef]

166. Chang, S.F.; Huang, K.C.; Chang, H.I.; Lee, K.C.; Su, Y.P.; Chen, C.N. 2 dyn/cm2 shear force upregulates kruppel-like factor 4
expression in human chondrocytes to inhibit the interleukin-1β-activated nuclear factor-κB. J. Cell. Physiol. 2018, 234, 958–968.
[CrossRef] [PubMed]

167. Ghaleb, A.M.; Yang, V.W. Krüppel-like factor 4 (KLF4): What we currently know. Gene 2017, 611, 27–37. [CrossRef] [PubMed]
168. Iezaki, T.; Fukasawa, K.; Horie, T.; Park, G.; Robinson, S.; Nakaya, M.; Fujita, H.; Onishi, Y.; Ozaki, K.; Kanayama, T.; et al.

The MAPK Erk5 is necessary for proper skeletogenesis involving a Smurf-Smad-Sox9 molecular axis. Development 2018, 145,
dev164004. [CrossRef]

169. Wang, C.; Zhang, T.; Liu, W.; Meng, H.; Song, Y.; Wang, W. Sox9-induced chondrogenesis in mesenchymal stem cells was
mediated by ERK5 signal pathway. Cell. Mol. Biol. 2016, 62, 1–7. [PubMed]

170. Wu, C.; Liu, H.; Zhong, D.; Yang, X.; Liao, Z.; Chen, Y.; Zhang, S.; Su, D.; Zhang, B.; Li, C.; et al. Mapk7 deletion in chondrocytes
causes vertebral defects by reducing MEF2C/PTEN/AKT signaling. Genes Dis. 2024, 11, 964–977. [CrossRef]

171. Yang, X.; Zhong, D.; Gao, W.; Liao, Z.; Chen, Y.; Zhang, S.; Zhou, H.; Su, P.; Xu, C. Conditional ablation of MAPK7 expression in
chondrocytes impairs endochondral bone formation in limbs and adaptation of chondrocytes to hypoxia. Cell Biosci. 2020, 10, 103.
[CrossRef]

172. Adam, C.; Glück, L.; Ebert, R.; Goebeler, M.; Jakob, F.; Schmidt, M. The MEK5/ERK5 mitogen-activated protein kinase cascade is
an effector pathway of bone-sustaining bisphosphonates that regulates osteogenic differentiation and mineralization. Bone 2018,
111, 49–58. [CrossRef]

173. Ansari, N.; Ho, P.W.; Crimeen-Irwin, B.; Poulton, I.J.; Brunt, A.R.; Forwood, M.R.; Divieti Pajevic, P.; Gooi, J.H.; Martin, T.J.; Sims,
N.A. Autocrine and Paracrine Regulation of the Murine Skeleton by Osteocyte-Derived Parathyroid Hormone-Related Protein. J.
Bone Miner. Res. 2018, 33, 137–153. [CrossRef]

174. Park-Min, K.H.; Lorenzo, J. Osteoclasts: Other functions. Bone 2022, 165, 116576. [CrossRef]
175. Amano, S.; Chang, Y.T.; Fukui, Y. ERK5 activation is essential for osteoclast differentiation. PLoS ONE 2015, 10, e0125054.

[CrossRef] [PubMed]
176. Loveridge, C.J.; van ’t Hof, R.J.; Charlesworth, G.; King, A.; Tan, E.H.; Rose, L.; Daroszewska, A.; Prior, A.; Ahmad, I.; Welsh, M.;

et al. Analysis of Nkx3.1:Cre-driven Erk5 deletion reveals a profound spinal deformity which is linked to increased osteoclast
activity. Sci. Rep. 2017, 7, 13241. [CrossRef]

177. Ma, C.; Geng, B.; Zhang, X.; Li, R.; Yang, X.; Xia, Y. Fluid Shear Stress Suppresses Osteoclast Differentiation in RAW264.7 Cells
through Extracellular Signal-Regulated Kinase 5 (ERK5) Signaling Pathway. Med. Sci. Monit. 2020, 26, e918370. [CrossRef]

178. Ramos-Junior, E.S.; Leite, G.A.; Carmo-Silva, C.C.; Taira, T.M.; Neves, K.B.; Colón, D.F.; da Silva, L.A.; Salvador, S.L.; Tostes, R.C.;
Cunha, F.Q.; et al. Adipokine Chemerin Bridges Metabolic Dyslipidemia and Alveolar Bone Loss in Mice. J. Bone Miner. Res. 2017,
32, 974–984. [CrossRef] [PubMed]

179. Gao, W.; Chen, C.; Zhou, T.; Yang, S.; Gao, B.; Zhou, H.; Lian, C.; Wu, Z.; Qiu, X.; Yang, X.; et al. Rare coding variants in MAPK7
predispose to adolescent idiopathic scoliosis. Hum. Mutat. 2017, 38, 1500–1510. [CrossRef] [PubMed]

180. Guevara, J.M.; Moncayo, M.A.; Vaca-González, J.J.; Gutiérrez, M.L.; Barrera, L.A.; Garzón-Alvarado, D.A. Growth plate stress
distribution implications during bone development: A simple framework computational approach. Comput. Methods Programs
Biomed. 2015, 118, 59–68. [CrossRef]

181. Rolvien, T.; Amling, M. Disuse Osteoporosis: Clinical and Mechanistic Insights. Calcif. Tissue Int. 2022, 110, 592–604. [CrossRef]
182. Stavnichuk, M.; Mikolajewicz, N.; Corlett, T.; Morris, M.; Komarova, S.V. A systematic review and meta-analysis of bone loss in

space travelers. NPJ Microgravity 2020, 6, 13. [CrossRef]
183. Masini, M.A.; Bonetto, V.; Manfredi, M.; Pastò, A.; Barberis, E.; Timo, S.; Vanella, V.V.; Robotti, E.; Masetto, F.; Andreoli, F.; et al.

Prolonged exposure to simulated microgravity promotes stemness impairing morphological, metabolic and migratory profile

https://doi.org/10.1016/j.yexcr.2016.03.014
https://www.ncbi.nlm.nih.gov/pubmed/27060196
https://doi.org/10.1016/j.bbrc.2015.05.035
https://doi.org/10.1080/03008207.2016.1181063
https://doi.org/10.1080/03008207.2018.1459588
https://doi.org/10.1080/03008207.2019.1670650
https://www.ncbi.nlm.nih.gov/pubmed/31749391
https://doi.org/10.1080/03008207.2021.1891228
https://www.ncbi.nlm.nih.gov/pubmed/33588662
https://doi.org/10.1002/jcp.22120
https://doi.org/10.1002/jcp.26924
https://www.ncbi.nlm.nih.gov/pubmed/30132856
https://doi.org/10.1016/j.gene.2017.02.025
https://www.ncbi.nlm.nih.gov/pubmed/28237823
https://doi.org/10.1242/dev.164004
https://www.ncbi.nlm.nih.gov/pubmed/27453264
https://doi.org/10.1016/j.gendis.2023.02.012
https://doi.org/10.1186/s13578-020-00462-8
https://doi.org/10.1016/j.bone.2018.03.020
https://doi.org/10.1002/jbmr.3291
https://doi.org/10.1016/j.bone.2022.116576
https://doi.org/10.1371/journal.pone.0125054
https://www.ncbi.nlm.nih.gov/pubmed/25885811
https://doi.org/10.1038/s41598-017-13346-8
https://doi.org/10.12659/msm.918370
https://doi.org/10.1002/jbmr.3072
https://www.ncbi.nlm.nih.gov/pubmed/28029186
https://doi.org/10.1002/humu.23296
https://www.ncbi.nlm.nih.gov/pubmed/28714182
https://doi.org/10.1016/j.cmpb.2014.10.007
https://doi.org/10.1007/s00223-021-00836-1
https://doi.org/10.1038/s41526-020-0103-2


Biomolecules 2024, 14, 556 23 of 24

of pancreatic cancer cells: A comprehensive proteomic, lipidomic and transcriptomic analysis. Cell. Mol. Life Sci. 2022, 79, 226.
[CrossRef] [PubMed]

184. Bian, J.; Liu, Y.; Zhao, X.; Meng, C.; Zhang, Y.; Duan, Y.; Wang, G. Research progress in the mechanism and treatment of
osteosarcoma. Chin. Med. J. 2023, 136, 2412–2420. [CrossRef] [PubMed]

185. van Dartel, M.; Cornelissen, P.W.; Redeker, S.; Tarkkanen, M.; Knuutila, S.; Hogendoorn, P.C.; Westerveld, A.; Gomes, I.; Bras, J.;
Hulsebos, T.J. Amplification of 17p11.2 approximately p12, including PMP22, TOP3A, and MAPK7, in high-grade osteosarcoma.
Cancer Genet. Cytogenet. 2002, 139, 91–96. [CrossRef] [PubMed]

186. Kim, S.M.; Lee, H.; Park, Y.S.; Lee, Y.; Seo, S.W. ERK5 regulates invasiveness of osteosarcoma by inducing MMP-9. J. Orthop. Res.
2012, 30, 1040–1044. [CrossRef] [PubMed]

187. Yue, B.; Ren, Q.X.; Su, T.; Wang, L.N.; Zhang, L. ERK5 silencing inhibits invasion of human osteosarcoma cell via modulating the
Slug/MMP-9 pathway. Eur. Rev. Med. Pharmacol. Sci. 2014, 18, 2640–2647.

188. Green, D.; Eyre, H.; Singh, A.; Taylor, J.T.; Chu, J.; Jeys, L.; Sumathi, V.; Coonar, A.; Rassl, D.; Babur, M.; et al. Targeting the
MAPK7/MMP9 axis for metastasis in primary bone cancer. Oncogene 2020, 39, 5553–5569. [CrossRef] [PubMed]

189. Tesser-Gamba, F.; Petrilli, A.S.; Paniago, M.D.G.; Seixas Alves, M.T.; Garcia-Filho, R.J.; Toledo, S.R.C. MAPK7 gene: A target for
multimodal therapies. J. Clin. Oncol. 2013, 31, 10533. [CrossRef]

190. Tesser-Gamba, F.; Lopes, L.J.; Petrilli, A.S.; Toledo, S.R. MAPK7 gene controls proliferation, migration and cell invasion in
osteosarcoma. Mol. Carcinog. 2016, 55, 1700–1713. [CrossRef]

191. Tesser-Gamba, F.; Petrilli, A.S.; de Seixas Alves, M.T.; Filho, R.J.; Juliano, Y.; Toledo, S.R. MAPK7 and MAP2K4 as prognostic
markers in osteosarcoma. Hum. Pathol. 2012, 43, 994–1002. [CrossRef]

192. Silva Lopes, L.J.; Petrilli, A.S.; Tesser-Gamba, F.; Seixas Alves, M.T.; Garcia-Filho, R.J.; Toledo, S.R.C. Gene expression of the
MAPK pathway in osteosarcoma. J. Clin. Oncol. 2013, 31, 10534. [CrossRef]

193. Monti, M.; Celli, J.; Missale, F.; Cersosimo, F.; Russo, M.; Belloni, E.; Di Matteo, A.; Lonardi, S.; Vermi, W.; Ghigna, C.; et al.
Clinical Significance and Regulation of ERK5 Expression and Function in Cancer. Cancers 2022, 14, 348. [CrossRef] [PubMed]

194. Simões, A.E.; Rodrigues, C.M.; Borralho, P.M. The MEK5/ERK5 signalling pathway in cancer: A promising novel therapeutic
target. Drug Discov. Today 2016, 21, 1654–1663. [CrossRef] [PubMed]

195. Dong, X.; Lv, B.; Li, Y.; Cheng, Q.; Su, C.; Yin, G. MiR-143 regulates the proliferation and migration of osteosarcoma cells through
targeting MAPK7. Arch. Biochem. Biophys. 2017, 630, 47–53. [CrossRef] [PubMed]

196. Cersosimo, F.; Lonardi, S.; Bernardini, G.; Telfer, B.; Mandelli, G.E.; Santucci, A.; Vermi, W.; Giurisato, E. Tumor-Associated
Macrophages in Osteosarcoma: From Mechanisms to Therapy. Int. J. Mol. Sci. 2020, 21, 5207. [CrossRef] [PubMed]

197. Carvajal-Vergara, X.; Tabera, S.; Montero, J.C.; Esparís-Ogando, A.; López-Pérez, R.; Mateo, G.; Gutiérrez, N.; Parmo-Cabañas,
M.; Teixidó, J.; San Miguel, J.F.; et al. Multifunctional role of Erk5 in multiple myeloma. Blood 2005, 105, 4492–4499. [CrossRef]
[PubMed]

198. Álvarez-Fernández, S.; Ortiz-Ruiz, M.J.; Parrott, T.; Zaknoen, S.; Ocio, E.M.; San Miguel, J.; Burrows, F.J.; Esparís-Ogando, A.;
Pandiella, A. Potent antimyeloma activity of a novel ERK5/CDK inhibitor. Clin. Cancer Res. 2013, 19, 2677–2687. [CrossRef]

199. Abelson, A.; Ringe, J.D.; Gold, D.T.; Lange, J.L.; Thomas, T. Longitudinal change in clinical fracture incidence after initiation of
bisphosphonates. Osteoporos. Int. 2010, 21, 1021–1029. [CrossRef]

200. Zhou, S.; Huang, G.; Chen, G. Synthesis and biological activities of drugs for the treatment of osteoporosis. Eur. J. Med. Chem.
2020, 197, 112313. [CrossRef]

201. Zhang, J.Y.; Zhong, Y.H.; Chen, L.M.; Zhuo, X.L.; Zhao, L.J.; Wang, Y.T. Recent advance of small-molecule drugs for clinical
treatment of osteoporosis: A review. Eur. J. Med. Chem. 2023, 259, 115654. [CrossRef]

202. He, J.; Wang, X.; Zhao, D.; Geng, B.; Xia, Y. Mangiferin promotes osteogenic differentiation and alleviates osteoporosis in the
ovariectomized mouse via the AXL/ERK5 pathway. Front. Pharmacol. 2022, 13, 1028932. [CrossRef] [PubMed]

203. He, J.; Zhao, D.; Peng, B.; Wang, X.; Wang, S.; Zhao, X.; Xu, P.; Geng, B.; Xia, Y. A novel mechanism of Vildagliptin in regulating
bone metabolism and mitigating osteoporosis. Int. Immunopharmacol. 2024, 130, 111671. [CrossRef] [PubMed]

204. Yang, Q.; Deng, X.; Lu, B.; Cameron, M.; Fearns, C.; Patricelli, M.P.; Yates, J.R., 3rd; Gray, N.S.; Lee, J.D. Pharmacological inhibition
of BMK1 suppresses tumor growth through promyelocytic leukemia protein. Cancer Cell 2010, 18, 258–267. [CrossRef] [PubMed]

205. Abe, J.I.; Imanishi, M.; Li, S.; Zhang, A.; Ko, K.A.; Samanthapudi, V.S.K.; Lee, L.L.; Bojorges, A.P.; Gi, Y.J.; Hobbs, B.P.; et al.
An ERK5-NRF2 Axis Mediates Senescence-Associated Stemness and Atherosclerosis. Circ. Res. 2023, 133, 25–44. [CrossRef]
[PubMed]

206. Tatake, R.J.; O’Neill, M.M.; Kennedy, C.A.; Wayne, A.L.; Jakes, S.; Wu, D.; Kugler, S.Z., Jr.; Kashem, M.A.; Kaplita, P.; Snow, R.J.
Identification of pharmacological inhibitors of the MEK5/ERK5 pathway. Biochem. Biophys. Res. Commun. 2008, 377, 120–125.
[CrossRef] [PubMed]

207. Lin, E.C.; Amantea, C.M.; Nomanbhoy, T.K.; Weissig, H.; Ishiyama, J.; Hu, Y.; Sidique, S.; Li, B.; Kozarich, J.W.; Rosenblum,
J.S. ERK5 kinase activity is dispensable for cellular immune response and proliferation. Proc. Natl. Acad. Sci. USA 2016, 113,
11865–11870. [CrossRef] [PubMed]

208. Zhou, N.; Yan, H.L. MiR-24 promotes the proliferation and apoptosis of lung carcinoma via targeting MAPK7. Eur. Rev. Med.
Pharmacol. Sci. 2018, 22, 6845–6852. [CrossRef] [PubMed]

https://doi.org/10.1007/s00018-022-04243-z
https://www.ncbi.nlm.nih.gov/pubmed/35391557
https://doi.org/10.1097/cm9.0000000000002800
https://www.ncbi.nlm.nih.gov/pubmed/37649421
https://doi.org/10.1016/s0165-4608(02)00627-1
https://www.ncbi.nlm.nih.gov/pubmed/12550767
https://doi.org/10.1002/jor.22025
https://www.ncbi.nlm.nih.gov/pubmed/22213073
https://doi.org/10.1038/s41388-020-1379-0
https://www.ncbi.nlm.nih.gov/pubmed/32655131
https://doi.org/10.1200/jco.2013.31.15_suppl.10533
https://doi.org/10.1002/mc.22420
https://doi.org/10.1016/j.humpath.2011.08.003
https://doi.org/10.1200/jco.2013.31.15_suppl.10534
https://doi.org/10.3390/cancers14020348
https://www.ncbi.nlm.nih.gov/pubmed/35053510
https://doi.org/10.1016/j.drudis.2016.06.010
https://www.ncbi.nlm.nih.gov/pubmed/27320690
https://doi.org/10.1016/j.abb.2017.07.011
https://www.ncbi.nlm.nih.gov/pubmed/28734729
https://doi.org/10.3390/ijms21155207
https://www.ncbi.nlm.nih.gov/pubmed/32717819
https://doi.org/10.1182/blood-2004-08-2985
https://www.ncbi.nlm.nih.gov/pubmed/15692064
https://doi.org/10.1158/1078-0432.Ccr-12-2118
https://doi.org/10.1007/s00198-009-1046-3
https://doi.org/10.1016/j.ejmech.2020.112313
https://doi.org/10.1016/j.ejmech.2023.115654
https://doi.org/10.3389/fphar.2022.1028932
https://www.ncbi.nlm.nih.gov/pubmed/36408274
https://doi.org/10.1016/j.intimp.2024.111671
https://www.ncbi.nlm.nih.gov/pubmed/38367467
https://doi.org/10.1016/j.ccr.2010.08.008
https://www.ncbi.nlm.nih.gov/pubmed/20832753
https://doi.org/10.1161/circresaha.122.322017
https://www.ncbi.nlm.nih.gov/pubmed/37264926
https://doi.org/10.1016/j.bbrc.2008.09.087
https://www.ncbi.nlm.nih.gov/pubmed/18834865
https://doi.org/10.1073/pnas.1609019113
https://www.ncbi.nlm.nih.gov/pubmed/27679845
https://doi.org/10.26355/eurrev_201810_16153
https://www.ncbi.nlm.nih.gov/pubmed/30402849


Biomolecules 2024, 14, 556 24 of 24

209. Zhang, Q.; Gao, X.; Duan, X.; Liang, H.; Gao, M.; Dong, D.; Guo, C.; Huang, L. Design, synthesis and SAR of novel 7-azaindole
derivatives as potential Erk5 kinase inhibitor with anticancer activity. Bioorganic Med. Chem. 2023, 95, 117503. [CrossRef]
[PubMed]

210. Myers, S.M.; Bawn, R.H.; Bisset, L.C.; Blackburn, T.J.; Cottyn, B.; Molyneux, L.; Wong, A.C.; Cano, C.; Clegg, W.;
Harrington, R.W.; et al. High-Throughput Screening and Hit Validation of Extracellular-Related Kinase 5 (ERK5) Inhibitors. ACS
Comb. Sci. 2016, 18, 444–455. [CrossRef]

211. Nguyen, D.; Lemos, C.; Wortmann, L.; Eis, K.; Holton, S.J.; Boemer, U.; Moosmayer, D.; Eberspaecher, U.; Weiske, J.;
Lechner, C.; et al. Discovery and Characterization of the Potent and Highly Selective (Piperidin-4-yl)pyrido [3,2- d]pyrimidine
Based in Vitro Probe BAY-885 for the Kinase ERK5. J. Med. Chem. 2019, 62, 928–940. [CrossRef]

212. Khan, A.U.H.; Allende-Vega, N.; Gitenay, D.; Gerbal-Chaloin, S.; Gondeau, C.; Vo, D.N.; Belkahla, S.; Orecchioni, S.; Talarico, G.;
Bertolini, F.; et al. The PDK1 Inhibitor Dichloroacetate Controls Cholesterol Homeostasis Through the ERK5/MEF2 Pathway. Sci.
Rep. 2017, 7, 10654. [CrossRef] [PubMed]

213. Howell, S.J.; Lee, C.A.; Batoki, J.C.; Zapadka, T.E.; Lindstrom, S.I.; Taylor, B.E.; Taylor, P.R. Retinal Inflammation, Oxidative
Stress, and Vascular Impairment Is Ablated in Diabetic Mice Receiving XMD8-92 Treatment. Front. Pharmacol. 2021, 12, 732630.
[CrossRef] [PubMed]

214. Maria, S.; Samsonraj, R.M.; Munmun, F.; Glas, J.; Silvestros, M.; Kotlarczyk, M.P.; Rylands, R.; Dudakovic, A.; van Wijnen, A.J.;
Enderby, L.T.; et al. Biological effects of melatonin on osteoblast/osteoclast cocultures, bone, and quality of life: Implications of a
role for MT2 melatonin receptors, MEK1/2, and MEK5 in melatonin-mediated osteoblastogenesis. J. Pineal Res. 2018, 64, e12465.
[CrossRef] [PubMed]

215. Kedika, S.R.; Shukla, S.P.; Udugamasooriya, D.G. Design of a dual ERK5 kinase activation and autophosphorylation inhibitor to
block cancer stem cell activity. Bioorganic Med. Chem. Lett. 2020, 30, 127552. [CrossRef] [PubMed]

216. Guzman, M.L.; Xie, W.; De Leon, J.P.; Burrows, F.; Feldman, E.J.; Roboz, G.J. Leukemia Stem/Progenitor Cells from AML Patients
Treated with the Multi-Kinase Inhibitor TG02 Demonstrate Increased Proliferation and Are Sensitized to Chemotherapeutic
Agents. Blood 2013, 122, 3892. [CrossRef]

217. Li, S.; Zhang, H.; Liu, J.; Shang, G. Targeted therapy for osteosarcoma: A review. J. Cancer Res. Clin. Oncol. 2023, 149, 6785–6797.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.bmc.2023.117503
https://www.ncbi.nlm.nih.gov/pubmed/37862935
https://doi.org/10.1021/acscombsci.5b00155
https://doi.org/10.1021/acs.jmedchem.8b01606
https://doi.org/10.1038/s41598-017-10339-5
https://www.ncbi.nlm.nih.gov/pubmed/28878225
https://doi.org/10.3389/fphar.2021.732630
https://www.ncbi.nlm.nih.gov/pubmed/34456740
https://doi.org/10.1111/jpi.12465
https://www.ncbi.nlm.nih.gov/pubmed/29285799
https://doi.org/10.1016/j.bmcl.2020.127552
https://www.ncbi.nlm.nih.gov/pubmed/32946922
https://doi.org/10.1182/blood.V122.21.3892.3892
https://doi.org/10.1007/s00432-023-04614-4

	Introduction 
	Overview of Bone Development and Bone Homeostasis 
	Bone Formation 
	Bone Resorption 

	ERK5 Overview 
	Discovery and Structure of ERK5 
	The Role of ERK5 in Different Tissues or Diseases 
	Heart and Vascular Endothelium 
	Nervous System 
	Lung 
	Breast 
	Kidney and Liver 
	Skin 
	Hematopoietic System 
	Prostate 
	Other Tissues 


	The Role of ERK5 in Bones 
	ERK5 and Bone Metabolism (Figure 2) 
	Bone Formation 
	Bone Resorption 
	Osteoporosis 

	ERK5 and Bone Neoplasms 
	Drugs 

	Summary and Outlook 
	References

