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ABSTRACT 

The significance of ERK1/2 in the process of tumorigenesis has attracted considerable interest owing to its essen-

tial role in a variety of cellular mechanisms, especially in relation to cancer initiation and progression. The Ras-

Raf-MAPK signaling cascade, responsible for the activation of ERK1/2, plays a vital role in the regulation of 

tumor cell growth, invasion, and the formation of new blood vessels. Recent research has underscored the intricate 

nature of the mechanisms by which ERK1/2 is activated and the subsequent implications for tumor biology, illus-

trating both the oncogenic capabilities and the therapeutic hurdles linked to the modulation of this pathway. De-

spite progress in the comprehension of ERK1/2 signaling, numerous challenges persist, including the emergence 

of resistance to therapies that target this pathway, alongside the necessity for more selective inhibitors. This review 

intends to consolidate the most recent scientific discoveries pertaining to ERK1/2 and its regulatory influence 

within the Ras-Raf-MAPK pathway, offering insights into how these interactions facilitate tumor proliferation and 

metastasis. By clarifying the connection between ERK1/2 signaling and tumor biology, this article aspires to con-

tribute to the formulation of novel therapeutic approaches aimed at interrupting this pathway in the context of 

cancer treatment. 
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INTRODUCTION 

Recently, the role of Extracellular signal-regulated kinase l and 2 (ERK1/2) in the 

Ras/Raf/MEK/ERK signaling pathway has received significant attention for its relevance to 

tumorigenesis (Zhang et al., 2012; Matsushita et al., 2009). ERK1/2 is essential for integrating 

various signals. It combines extracellular growth factor signals like epidermal growth factor 

(EGF) and fibroblast growth factor (FGF) with intracellular oncogenic signals caused by mu-

tations in KRAS and BRAF (Clerk et al., 2006; Martini et al., 2013). This combination enables 

the modulation of essential cellular activities, such as growth, invasion, metastasis, and the 

formation of new blood vessels, which are crucial for the advancement of cancer (Coura et al., 

2019; Ragab et al., 2025). The disruption of this signaling pathway, especially due to mutations 

such as KRASG12D (Hill et al., 2010; Gurreri et al., 2023), causes continuous activation of 

ERK1/2, which in turn leads to abnormal expression of cell cycle regulators, including cyclin 

D1, as well as apoptosis inhibitors like Bcl-2. This ultimately enhances the survival and prolif-

eration of tumor cells (Huang et al., 2023; Zhou et al., 2020). 
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Furthermore, the interaction between ERK1/2 and other signaling cascades, such as 

PI3K/AKT and Wnt/β-catenin (Wang et al., 2011; Boo et al., 2013), significantly heightens its 

oncogenic capabilities. For example, the phosphorylation of glycogen synthase kinase 3 beta 

(GSK-3β) mediated by ERK leads to the stabilization of β-catenin (Li et al., 2018a; Zheng et 

al., 2013), which is a crucial component in the process of epithelial-mesenchymal transition 

(EMT), essential for cancer metastasis (Liu et al., 2022a). Consequently, the interplay among 

these signaling pathways not only boosts the proliferative and invasive properties of tumor cells 

but also complicates treatment strategies that are focused on the ERK1/2 pathway. 

Targeting the ERK1/2 signaling cascade has emerged as a promising strategy to counteract 

resistance mechanisms in RAS-driven tumors (Jameson et al., 2013; Roskoski, 2019). Clinical 

efforts have focused on the development of inhibitors targeting various components of the path-

way, including RAF (e.g., Sorafenib), MEK (e.g., Trametinib), and ERK itself (e.g., Ulixer-

tinib). However, the effectiveness of these therapies is frequently restricted by resistance, par-

ticularly in BRAF V600E mutant melanoma (Cintolo et al., 2016; Corazzari et al., 2015), where 

MEK inhibition can reactivate ERK signaling (Yin et al., 2024).Additionally, the tumor micro-

environment, through factors such as interleukin-6 (IL-6), can activate the JAK/STAT pathway 

(Lesina et al., 2014; Lu et al., 2023;), that synergizes with ERK signaling, further diminishing 

the efficacy of targeted therapies (Ryan et al., 2024). 

Recent studies have highlighted the significant roles of epigenetic regulation and metabolic 

reprogramming in developing resistance to ERK pathway inhibitors, illustrating the complexity 

of tumor biology. For example, demethylation of the MDR1 promoter and enhanced glycolysis 

have been implicated in the adaptive responses of tumor cells to ERK pathway inhibition 

(Huang et al., 2023; Gaghan et al., 2024). Consequently, understanding the diverse roles of 

ERK1/2 in tumor biology is crucial for creating effective therapeutic strategies. 

In conclusion, this review clarifies how ERK1/2 contributes to tumor formation in different 

types of cancer and highlights its importance as a therapeutic target. We will examine the struc-

tural and functional aspects of the Ras-Raf-MAPK pathway to provide insights that enhance 

our understanding of cancer biology and guide the development of more effective treatments. 

The following sections will explore the key characteristics of the Ras-Raf-MAPK pathway and 

its critical role in cancer pathology, setting the stage for potential therapeutic advancements. 

 

ERK1/2 STRUCTURE AND FUNCTION 

ERK1/2 molecular structure 

Extracellular signal-regulated kinases 1 and 2 (ERK1/2) are pivotal components of the mi-

togen-activated protein kinase (MAPK) signaling pathway, which plays a critical role in medi-

ating cellular responses to growth factors and other stimuli (Yao et al., 2003; Zhang et al., 

2012). ERKl and ERK2 are serine/threonine kinases with a high degree of similarity. ERK2, 

being the more studied isoform due to its predominant expression invarious tissues. Both ERKl 

and ERK2 contain a conserved kinase domain, which is crucial for their enzymatic activity, 

along with a regulatory domain that controls their activation state (Marampon et al., 2019). The 

activation of ERK1/2 occurs through a dual phosphorylation mechanism on threonine and ty-

rosine residues within a specific TEY motif, which is crucial for its kinase activity(Arkell et al., 

2008). This phosphorylation is carried out by upstream kinases, MEKl and MEK2, which are 

activated by the RAS/RAF signaling cascade (Roskoski, 2012, 2018).The structure of ERK1/2 

enables it to interact with various substrates, including transcription factors, cytoskeletal pro-

teins, and other signaling molecules. This interaction influences numerous cellular processes, 

such as proliferation, differentiation, and apoptosis. Understanding the structure of ERK1/2 is 

crucial for developing targeted therapies that aim to modulate its activity in cancers where this 

pathway is abnormally activated (Hossain, 2024) (Figure 1). 
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Figure 1: The image illustrates the structure of human ERK1 and ERK2.Full length ERK1/2 amino acid 
sequences of human were retrieved from the NCBI database.ERK1/2 functional domains were mapped 
using IBS software and recolored. 

 

 

Upstream action of Ras proteins 

Ras proteins, such as KRAS, NRAS, and HRAS, are small GTPases that function as mo-

lecular switches in the MAPK signaling pathway. They play a crucial role in transmitting sig-

nals from different growth factor receptors to downstream effectors. These include RAF ki-

nases, which then activate the MEK/ERK cascade. Ras is activated when growth factors bind 

to receptor tyrosine kinases (RTKs), causing the exchange of GDP for GTP and converting it 

to its active form( Markevich et al., 2004).The active Ras-GTP complex interacts with and 

activates RAF kinases, specifically A-Raf, B-Raf,and C-Raf, which are responsible for phos-

phorylating MEK1and MEK2 (Roskoski, 2018). Dysregulation of Ras signaling often due to 

mutations in KRAS, is implicated in several cancers, including pancreatic, colorectal, and lung 

cancer (Luo, 2021; Mann et al., 2016). These mutations lead to constitutive activation of Ras, 

resulting in persistent activation of the MAPK pathway, promoting uncontrolled cell prolifera-

tion and survival. Understanding the upstream action of Ras is essential for developing targeted 

therapies that inhibit its activity or downstream signaling components in Ras-driven malignan-

cies (Therachiyil et al., 2022) (Figure 2). 

 

Phosphorylation process of Raf kinases 

Raf kinases, especially B-Raf, play a crucial role in the MAPK signaling pathway, func-

tioning downstream of Ras proteins (Hatzivassiliou et al., 2010). Raf phosphorylation is essen-

tial for its activation and signaling. When activated by Ras-GTP, Raf changes shape and moves 

to the plasma membrane, where it interacts with proteins associated with the membrane. This 

interaction promotes Raf's phosphorylation at specific serine and threonine residues, which is 

vital for its complete activation. The phosphorylation of B-Raf at serine 445 and threonine 573, 

among others, enhances its kinase activity and promotes the phosphorylation of MEK1 and 

MEK2. This dual phosphorylation of MEK is necessary for its activation, which then leads to 

the phosphorylation of ERK1/2 (Dwivedi et al., 2009; Roskoski, 2019). In cancers where B-

Raf is mutated, such as the BRAF V600E mutation, the kinase is constitutively active, resulting 

in continuous signaling through the MAPK pathway, contributing to tumorigenesis (Bharti et 
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al., 2025; Brady et al., 2014). Thus, focusing on the phosphorylation of Raf kinases offers a 

promising treatment approach to block abnormal MAPK signaling in cancer (Dillon et al., 

2021). 

 
Figure 2: The image illustrates ERK cascades and their physiological functions.MAP kinases, located 
in the cytoplasm with the ability to translocate into the nucleus, facilitate the phosphorylation of a wide 
array of cytosolic proteins as well as various nuclear transcription factors. This process results in a 
multitude of physiological effects, encompassing cellular proliferation, differentiation, and developmental 
processes. 
 

 

Downstream signal transduction of ERK1/2 

Once activated, ERK1/2 translocate to the nucleus, where they phosphorylate a variety of 

substrates, including transcription factors such as c-Fos, c-Jun, and Elk-1. This phosphorylation 

regulates gene expression, which is essential for cell cycle progression, differentiation, and sur-

vival. ERK1/2 also influence cytoplasmic processes, including the modulation of cytoskeletal 
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dynamics and the enhancement of cell migration and invasion (Acconcia et al., 2006). The 

effects of ERK1/2 signaling depend on the context and can vary according to the cellular envi-

ronment and the specific stimuli. In cancer, aberrant activation of the ERK1/2 pathway often 

results in enhanced cell proliferation and resistance to apoptosis (Zhang et al., 2020; Zhou et 

al., 2011), contributing to tumor growth and metastasis. Additionally, feedback mechanisms 

allow ERK1/2 to phosphorylate upstream components like Raf and Ras. This creates a complex 

regulatory network that can result in both positive and negative feedback loops. This intricate 

signaling network underscores the importance of ERK1/2 in maintaining cellular homeostasis 

and its potential as a therapeutic target in cancer treatment (Liu et al., 2023) (Figure 2). 

 

Core mechanism of Ras/Raf/MAPK pathway 

The Ras/Raf/MAPK pathway is a key signaling cascade that controls various cellular pro-

cesses, such as growth, differentiation, and survival (Leicht et al., 2007; Guo et al., 2020). The 

core mechanism consists of the step-by-step activation of Ras, Raf, MEK, and ERK. When 

stimulated by growth factors, Ras is activated and binds to Raf. This binding causes Raf to 

become phosphorylated and activated. Activated Raf then phosphorylates MEK, which in turn 

activates ERK through dual phosphorylation (Muslin, 2005; Dwivedi et al., 2009). This cascade 

is carefully controlled by feedback mechanisms and scaffolding proteins, which ensure both 

specificity and timing in signaling. When this pathway is dysregulated, often due to mutations 

in Ras or Raf, it can result in oncogenic transformation and is associated with various cancers.. 

The pathway's role in mediating responses to external stimuli and its involvement in cell fate 

decisions make it a critical target for therapeutic interventions. Inhibitors targeting different 

components of this pathway are being developed and tested in clinical settings, highlighting the 

pathway's significance in cancer therapy (Chen et al., 2024) (Figure 3). 

 
Figure 3: The image illustrates RAS/RAF/MEK/ERK pathway.Membrane-bound GTP-loaded RAS re-
cruits and activates RAF kinases, which phosphorylate MEK1/2. Activated MEK then phosphorylates 
ERK1/2 on tyrosine and threonine residues. Activated ERK translocates to the nucleus, phosphorylating 
cytosolic proteins and nuclear transcription factors to regulate cell fate. 
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Activation mechanism of ERK1/2 and negative feedback regulation 

ERK1/2 activation mainly occurs through the phosphorylation by MEK1 and MEK2, which 

are activated by Raf kinases (Su et al., 2010). When growth factor receptors send signals, Ras 

activates Raf, which then phosphorylates MEK and subsequently ERK (McCubrey et al., 2007; 

Sebolt-Leopold, 2004). This activation is tightly controlled by negative feedback mechanisms 

that prevent excessive signaling. For example, activated ERK can phosphorylate and inhibit 

upstream components like Raf and MEK. This creates a feedback loop that limits both the du-

ration and intensity of the signal. Various phosphatases, including dual specificity phosphatases 

(DUSPs) (Arnoldussen and Saatcioglu, 2009; Li et al., 2021), can dephosphorylate ERK, re-

verting it to an inactive state. This negative feedback regulation is crucial for maintaining cel-

lular homeostasis and preventing uncontrolled cell proliferation. In cancers where these feed-

back mechanisms are disrupted (Haney et al., 2016; Hsu et al., 2016), such as through mutations 

in Ras or Raf, the result is often persistent ERK activation, contributing to tumorigenesis and 

resistance to therapies. Understanding these regulatory mechanisms is essential for developing 

effective strategies to target the MAPK pathway in cancer treatment (Hong et al., 2023). 

 

ERK1/2 REGULATION NETWORK IN TUMOR PROLIFERATION 

The ERK1/2 signaling pathway is an essential part of the mitogen-activated protein kinase 

(MAPK) cascade, which regulates important cellular processes like proliferation, differentia-

tion, and survival. Dysregulation of the ERK1/2 pathway is frequently linked to the progression 

of various cancers, highlighting its importance in tumor biology. Understanding the ERK1/2 

regulatory mechanisms in tumor proliferation is crucial for developing targeted therapies. This 

section will detail how ERK1/2affects tumor proliferation by examining its role inmodulating 

growth signals, influencing the cell cycle, and mediating autocrine and paracrine signaling (Fig-

ure 4). 

 
Figure 4: The image illustrates biological consequences of the Ras-ERK pathway activation and the 
main targets.The six biological effects of Ras-ERK pathway activation and their action targets are cell 
cycle progression, EMT, invasion and migration, senescence evasion, angiogenesis and interactions 
with the microenvironment, cell survival and apoptosis evasion, cell proliferation and self-sufficiency. 
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Regulation of proliferative signals 

The ERK1/2 pathway is primarily activated by growth factors and cytokines that attach to 

receptor tyrosine kinases (RTKs).This triggers a series of phosphorylation events that activate 

ERK1/2. This activation is essential for converting external signals into responses that encour-

age cell growth. For example, in cancers like breast and colorectal cancer, irregularities in the 

ERK1/2 signaling pathway are associated with increased cell growth and survival. Research 

indicates that mutations in upstream components of the pathway, such as KRAS and BRAF, 

cause the continuous activation of ERK1/2, leading to unchecked cell proliferation (Dillon et 

al., 2021). 

Additionally, the interaction between ERK1/2 and other signaling pathways, including the 

PI3K/AKT pathway, amplifies proliferative signals. For example, the activation of ERK1/2can 

promote the expression of cyclins and other cell cycle regulators, facilitating the transition from 

the Gl phase to the S phase of the cell cycle. This mechanism is particularly evident in hepato-

cellular carcinoma (HCC), where the synergistic interaction between ERK1/2 and Pl3K signal-

ing enhances cell proliferation and survival in response to growth factors (Kim et al., 2019). 

Furthermore, the activation of ERK1/2is linked to the upregulation of genes involved in meta-

bolic pathways that facilitate rapid cell division. This underscores the significance of this sig-

naling cascade in tumor biology. 

 

Impact on the cell cycle 

The ERK1/2 pathway plays a crucial role in the cell cycle, especially during the change 

from the G1 phase to the S phase. When ERKl/2 is activated, it phosphorylates several down-

stream targets, including transcription factors that control the expression of cyclins and cyclin-

dependent kinases (CDKs). For instance, the activation of ERK1/2promotes the expression of 

cyclin Dl, which is critical for the progression of the cell cycle (Huang et al., 2023). In breast 

cancer, dysregulated ERK1/2 signaling is associated with changes in cell cycle dynamics, 

which contribute to the aggressive behavior of tumors. 

Additionally, ERK1/2 plays a role in both cell cycle regulation and the response to DNA 

damage. Research shows that ERK1/2 can alter the activity of checkpoint proteins that manage 

the cell cycle when faced with genotoxic stress. For instance, inhibiting ERK1/2 signaling in-

creases cancer cells' sensitivity to DNA-damaging agents. This indicates that targeting this 

pathway may enhance the effectiveness of current chemotherapy treatments (Huang et al., 

2023). The potential of ERK1/2 as a therapeutic target in cancer treatment is underscored by its 

dual role in promoting cell cycle progression and participating in DNA damage response mech-

anisms. 

 

Autocrine and paracrine mechanisms 

The regulation of ERK1/2 signaling is influenced by autocrine and paracrine mechanisms 

that enable communication between tumor cells and their microenvironment. By secreting 

growth factors and cytokines, tumor cells activate ERK1/2 signaling not only in themselves but 

also in neighboring cells. For example, in breast cancer, tumor cells produce factors like IL-6 

and CXCL1 that activate ERK1/2 signaling pathways, promoting tumor proliferation and sur-

vival (Khojasteh et al., 2021). 

Moreover, the interaction between tumor cells and stromal cells, including cancer-associ-

ated fibroblasts (CAFs), plays a crucial role in modulating ERK1/2 activity. CAFs secrete var-

ious factors that enhance the proliferative signals tumor cells receive. This process promotes 

tumor growth.. For example, studies have shown that CAF-derived factors can activate ERK1/2 

signaling in neighboring tumor cells, leading to increased proliferation and migration (Song et 



EXCLI Journal 2025;24:854-879 – ISSN 1611-2156 

Received: April 22, 2025, accepted: June 13, 2025, published: July 23, 2025 

 

 

 

861 

al., 2024). This paracrine signaling not only supports tumor growth but also helps create a tu-

mor-promoting microenvironment. 

In conclusion, the ERK1/2 signaling pathway is a key regulator of tumor proliferation. It 

influences various aspects of cell cycle progression and is modulated by both autocrine and 

paracrine mechanisms. Understanding these regulatory networks is crucial for developing tar-

geted therapies. These therapies aim to effectively disrupt the dysregulated signaling pathways 

present in cancer cells. More research is needed to understand the intricate connections between 

ERK1/2 signaling and other pathways, and to explore how the tumor microenvironment affects 

these connections. 

 

ERK1/2 MEDIATED TUMOR INVASION MOLECULAR MECHANISMS 

Tissue Remodeling and Cell Migration 

The ERKl/2 pathway is crucial for tissue remodeling and cell migration, both of which are 

essential for tumor invasion and metastasis. ERKl/2 is a key part of the MAPK signaling path-

way. This pathway is activated by different growth factors and cytokines. Upon activation, 

ERK1/2 translocates to the nucleus where it regulates the expression of genes involved in cell 

proliferation, survival, and migration (Qin et al., 2023a). Remodeling of the extracellular matrix 

(ECM) is essential for tumor cells to migrate and invade surrounding tissues. Matrix metallo-

proteinases (MMPs), particularly MMP-2 and MMP-9, are crucial in this context as they de-

grade ECM components, facilitating the movement of cancer cells (Huang et al., 2023). In tu-

mors, MMP expression is often increased, while their activity is tightly controlled by tissue 

inhibitors of metalloproteinases (TIMPs).The balance between MMPs and TIMPs is critical; an 

increase in MMP activity relative to TIMP levels leads to enhanced tissue remodeling, which 

promotes tumor invasion (Yu et al., 2024). Additionally,ERK1/2 signaling regulates MMP ex-

pression, linking this pathway's activation to the tumor's invasive potential (Dudka et al., 2022) 

(Figure 4). 

Besides regulating matrix metalloproteinases (MMPs), ERK1/2 signaling also affects cyto-

skeletal dynamics, which are crucial for cell motility. During cell migration, the actin cytoskel-

eton is significantly remodeled. ERK1/2 activation is linked to changes in actin filament organ-

ization, allowing cancer cells to become more migratory (Zhan et al., 2023). The interaction 

between ERK1/2 and other signaling pathways, such as the Rho family of GTPases, further 

highlights its role in regulating the migratory capabilities of tumor cells (Huang et al., 2023). 

The ERK1/2 pathway orchestrates a complex network of signals that facilitate tissue remodel-

ing and cell migration, contributing to the invasive characteristics of tumors. 

 

Expression of matrix metalloproteinases 

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases that play 

a crucial role in the degradation of the extracellular matrix (ECM), a process essential for tumor 

invasion and metastasis. The elevated levels of various MMPs, particularly MMP-2 and MMP-

9, in malignant tumors often indicate a poor prognosis (Huang et al., 2023). The regulation of 

MMP expression is complex and involves several signaling pathways, one of which is the 

ERKl/2 pathway. Activation of the ERKl/2 pathway increases MMP expression, which en-

hances the invasive potential of cancer cells (Huang et al., 2023). 

In cancer, MMPs break down ECM components, enabling tumor cells to migrate through 

the stroma and invade surrounding tissues. For instance, MMP-9 is linked to the invasion of 

breast and colorectal cancers, with its expression correlating to tumor progression and metas-

tasis (Huang et al., 2023). The activity of MMPs is tightly regulated by their tissue inhibitors 

(TIMPs), and an imbalance between MMPs and TIMPs can lead to increased tumor aggressive-

ness. Studies have shown that overexpressed MMPs, especially in the presence of inflammatory 
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cytokines, can create a pro-tumorigenic microenvironment. This environment further promotes 

invasion and metastasis (Huang et al., 2023). 

Additionally, MMP expression is affected by factors such as hypoxia, which is prevalent in 

solid tumors. Hypoxia can trigger MMP expression through the HIF-1α pathway, which in-

creases tumor invasiveness (Huang et al., 2023). This emphasizes the complex role of MMPs 

in cancer biology, as they not only aid in ECM remodeling but also help create a supportive 

microenvironment for tumor progression. 

 

Cross-talk of signaling pathways 

The interaction of various signaling pathways is crucial in cancer biology, especially re-

garding tumor invasion and metastasis. The ERKl/2 pathway interacts with other pathways, 

including Pl3K/Akt and Wnt, rather than functioning alone. This interaction modifies how cells 

respond to external stimuli (Huang et al., 2023).This cross-talk significantly influences tumor 

cell invasion by integrating signals from multiple sources. 

The PI3K/Akt pathway promotes cell survival and growth. Its activation enhances 

ERK1/2signaling effects on MMP expression and activity. This interaction can result in a more 

aggressive tumor phenotype, marked by increased migration and invasion. Furthermore, the 

Wnt signaling pathway, which regulates cell fate and proliferation, also interacts with ERK1/2 

signaling, complicating the regulatory networks that influence tumor behavior (Huang et al., 

2023). 

Additionally, the interaction between these pathways can contribute to therapeutic re-

sistance. For example, tumors with abnormal activation of both the ERK and Pl3K/Akt path-

ways may not respond well to therapies that target only one of these pathways (Huang et al., 

2023). It is vital to understand these interactions to create effective therapies, as targeting mul-

tiple pathways might be needed to overcome resistance and improve clinical outcomes in cancer 

treatment. 

In summary, the ERKl/2 pathway is crucial for tumor invasion. It influences tissue remod-

eling, regulates MMP expression, and interacts with other signaling pathways. The complexity 

of these interactions highlights the necessity for a thorough understanding of the molecular 

mechanisms behind cancer progression. This knowledge could lead to the creation of innova-

tive therapeutic approaches. 

 

ERK1/2 AND ITS RELATIONSHIP WITH ANGIOGENESIS 

The ERK1/2 signaling pathway, a component of the mitogen-activated protein kinase 

(MAPK) cascade, is crucial for cellular processes, such as proliferation, differentiation, and 

survival. This pathway is especially important for angiogenesis, the process of forming new 

blood vessels from existing ones. This process is essential for tumor growth and metastasis. 

ERK1/2 activation is often triggered by growth factors, particularly vascular endothelial growth 

factor (VEGF), a key driver of angiogenesis. Therefore, understanding the relationship between 

ERK1/2 and angiogenesis is crucial for developing effective therapies for cancer and other dis-

eases involving abnormal blood vessel growth (Figure 4).  

 

Regulation of vascular endothelial growth factor (VEGF) 

VEGF plays a crucial role in angiogenesis, and its expression is regulated by several sig-

naling pathways, including the ERK1/2 pathway (Liu et al., 2016; Ding et al., 2022). Activation 

of ERKl/2 by upstream signals like growth factors increases VEGF expression, which promotes 

the proliferation and migration of endothelial cells. Research indicates that phosphorylating 

ERK1/2 boosts VEGF expression indifferent cell types, such as endothelial and tumor cells 

(Shu et al., 2002; Yamada et al., 2015). For example, in hypoxic conditions, which are common 
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in tumors, the ERKl/2 pathway mediates the upregulation of VEGF. This pathway is activated 

by hypoxia-inducible factor (HlF) (Sutton et al., 2007; Li et al., 2008). This mechanism under-

scores the role of ERK1/2 in how hypoxic stress affects angiogenesis, helping tumors adapt to 

low oxygen by promoting new blood vessel formation. 

The relationship between VEGF and ERKl/2 is reciprocal: VEGF activates the ERK1/2 

pathway, and in turn, ERK1/2 enhances VEGF signaling through several feedback mechanisms. 

For instance, studies show that when ERKl/2 is activated, it increases the expression of VEGF 

receptors, which boosts the angiogenic response (Andrikopoulos et al., 2017; Aiken and Birot, 

2016). This feedback loop is essential for balancing angiogenesis and vascular stability, partic-

ularly in tumor microenvironments where abnormal angiogenesis frequently happens (Gianni-

Barrera et al., 2020; Luo et al., 2023).  

 

Molecular mechanisms of angiogenesis 

The mechanisms of angiogenesis are complex and involve many signaling pathways and 

cellular interactions. The extracellular signal-regulated kinase 1/2 pathway plays a central role 

in these processes. It integrates signals from various growth factors and cytokines to regulate 

the behavior of endothelial cells. When activated, this pathway promotes key processes im-

portant for angiogenesis, such as endothelial cell proliferation, migration, and tube formation. 

A crucial aspect of angiogenesis is the remodeling of the extracellular matrix (ECM), es-

sential for forming new blood vessels (Sottile, 2004; Bogaczewicz et al., 2006). The ERKl/2 

signaling pathway regulates the expression of matrix metalloproteinases (MMPs) that degrade 

ECM components, allowing endothelial cells to migrate and form new capillary structures. This 

pathway also regulates cell adhesion molecules, which are crucial for maintaining the stability 

of endothelial cell junctions during angiogenesis. 

Additionally, ERK1/2 plays a role in angiogenesis that extends beyond endothelial cells. It 

also affects pericytes and smooth muscle cells, which are crucial for stabilizing newly formed 

blood vessels (Halaidych et al., 2019; Abraham et al., 2008). ERK1/2 regulates the interaction 

between endothelial cells and these supporting cells, ensuring that the newly formed vessels are 

functional and stable. 

In cancer and other diseases, improper regulation of the ERKl/2 pathway can result in ex-

cessive blood vessel formation, which promotes tumor growth and spread. Consequently, re-

searchers are exploring strategies to target this pathway to inhibit angiogenesis in tumors (Qin 

et al., 2023b). Various inhibitors of the MAPK pathway are being tested in clinical trials to 

reduce tumor blood vessel formation and improve patient outcomes (Podar et al., 2004). 

 

Prospects of anti-angiogenic therapy 

The potential of targeting the ERK1/2pathway for anti-angiogenic therapy is highly prom-

ising, particularly due to the crucial role of angiogenesis in tumor progression. Anti-angiogenic 

strategies today mainly concentrate on blocking VEGF signaling using monoclonal antibodies 

and small-molecule tyrosine kinase inhibitors (Sia et al., 2014). However, these therapies often 

face challenges such as drug resistance and limited efficacy. 

Combining anti-angiogenic agents with therapies that target the ERK1/2 pathway may im-

prove treatment outcomes. This approach could overcome resistance mechanisms and help nor-

malize tumor blood vessels. For example, studies show that using ERK inhibitors together with 

VEGF-targeted therapies can more effectively suppress tumor growth and metastasis (Lang et 

al., 2008; Dai et al., 2009). This combination approach aims to inhibit the formation of new 

blood vessels and enhance the delivery and effectiveness of concurrent chemotherapy. 

Furthermore, discovering biomarkers related to the ERKl/2 pathway activation can assist 

inidentifying patients who are likely to benefit from anti-angiogenic therapies. Personalized 
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treatment strategies that take into account the tumors' molecular profiles can improve clinical 

outcomes and reduce toxicity. 

In conclusion, understanding the complex relationship between ERK1/2 signaling and an-

giogenesis is essential for tumor biology and opens avenues for further exploration. Ongoing 

research into the molecular mechanisms of this relationship will lead to new therapeutic strate-

gies that effectively target angiogenesis in cancer and other diseases with abnormal vascular 

growth. As our understanding of these pathways deepens, the opportunities for developing more 

effective anti-angiogenic therapies will continue to grow. 

 

ERK PATHWAY AND EPIGENETIC REGULATION IN TUMORIGENESIS 

Recent studies have demonstrated that ERK signaling is influenced by epigenetic mecha-

nisms. Conversely, ERK activation can feedback to modulate the epigenetic landscape, impact-

ing gene expression patterns. Epigenetic regulation encompasses a range of processes that mod-

ify gene expression without altering the underlying DNA sequence. These processes include 

DNA methylation, histone modifications, and the action of non-coding RNAs. The interplay 

between the ERK signaling pathway and epigenetic mechanisms has garnered significant at-

tention in recent years, as emerging evidence suggests that ERK can influence the activity of 

epigenetic regulators, while epigenetic changes can also modulate the ERK pathway (Pandian 

and Ganesan, 2022).For instance, in cancer, aberrant activation of the ERK pathway often leads 

to uncontrolled cell proliferation and survival, while epigenetic alterations can drive tumorigen-

esis by silencing tumor suppressor genes or activating oncogenes. Studies have shown that tar-

geting the ERK pathway can have therapeutic benefits in various cancers, but the development 

of resistance to these therapies remains a significant challenge. Understanding how epigenetic 

modifications contribute to this resistance could lead to more effective combination therapies 

that target both the ERK pathway and its epigenetic regulators (Song, et al., 2022) (Figure 5). 

 

ERK signaling drives tumorigenesis by regulating DNA methylation 

DNA methylation, a crucial epigenetic modification, involves the addition of methyl groups 

to specific positions on DNA molecules, typically occurring at the 5th carbon position of cyto-

sine (C) residues. The DNA methyltransferase (DNMTs) family plays a central role in this 

process, primarily including DNMT1, DNMT3A, and DNMT3B. DNMT1 is primarily respon-

sible for maintaining existing DNA methylation patterns, while DNMT3A and DNMT3B are 

involved in establishing new methylation patterns. Studies have shown that the expression and 

activity of these enzymes significantly influence the development and progression of various 

cancers, particularly playing a critical role in the silencing of tumor suppressor genes (Sinclair, 

2021). Studies have revealed that the hypermethylation of tumor suppressor genes such as APC, 

TP53, and SMAD4 in colorectal cancer is closely associated with enhanced tumor aggressive-

ness and metastatic potential (Nishiki et al., 2025).The ERK pathway induces hypermethylation 

of tumor suppressor genes (such as tumor suppressor genes and differentiation-related genes) 

by regulating the activity of DNA methyltransferases (DNMTs). In thyroid cancer, the syner-

gistic interaction between the ERK and PI3K/Akt pathways leads to the epigenetic silencing of 

genes like PTEN, promoting tumor cell survival and invasion (Gómez Sáez, 2011; Brzezianska 

and Pastuszak-Lewandoska, 2011). In B-cell lymphoma, DNA hypermethylation in the pro-

moter region of Spry2 (a negative regulator of ERK signaling) results in its transcriptional si-

lencing, thereby relieving inhibition of the MAPK-ERK pathway and enhancing cell prolifera-

tion and survival (Frank et al., 2009). This mechanism has been confirmed in both mouse mod-

els and human lymphoma, and demethylating drugs (e.g., 5-aza-2'-deoxycytidine) can restore 

Spry2 expression and suppress ERK activity (Frank et al., 2009). Studies have demonstrated 

that promoter hypermethylation of RASSF1A is significantly elevated in multiple tumor types, 
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leading to its transcriptional downregulation. This epigenetic silencing further activates the 

ERK signaling pathway, thereby promoting tumor cell proliferation and metastasis (Mai et al., 

2023; Xiong et al., 2025). 

 

 
ERK-mediated histone modifications reshape the tumor epigenetic landscape 

Histone post-translational modifications represent a pivotal component of epigenetics, reg-

ulating gene expression by modulating chromatin structure and transcriptional activity. These 

modifications include phosphorylation, acetylation, methylation, and ubiquitination. Notably, 

the acetylation and methylation states of histones are widely recognized as critical regulators 

of the ERK signaling pathway. During TGF-β-induced epithelial-mesenchymal transition 

(EMT), rapid ERK activation within 5 minutes is associated with a marked upregulation of 

histone H3K27 trimethylation (H3K27me3). The methyltransferase Ezh2, responsible for 

H3K27me3 deposition, synergizes with ERK signaling to promote chromatin condensation and 

transcriptional activation of EMT-associated genes such as Snail and Twist, thereby enhancing 

tumor metastatic potential (Lu et al., 2019). 

The ERK signaling pathway dynamically influences gene expression through diverse his-

tone modifications, playing a central role in tumorigenesis. Key mechanisms include: Activat-

ing MSK1/2 kinases to induce phosphorylation of histone H3 at serine 10/28 (H3S10ph/S28ph), 

which facilitates chromatin relaxation and proto-oncogene transcription (McCoy et al., 2020; 

Zhang et al., 2019; Park et al., 2021); Enhancing p300/CBP-mediated acetylation of histone H3 

at lysine 9/27 (H3K9ac/K27ac) to drive pro-tumorigenic gene expression (Fang et al., 2022; Li 

et al., 2018b; Gupta et al., 2020); Phosphorylating SMYD3 to elevate H3K4 trimethylation 

(H3K4me3), counteracting DNA methylation-mediated silencing of tumor suppressor genes 

(Hamamoto et al., 2021; Wang et al., 2019); Suppressing EZH2 activity to reduce H3K27me3 

levels, thereby alleviating repression of differentiation-associated genes (Kim et al., 2020; Suva 

Figure 5: The image illus-
trates ERK-mediated Epige-
netic Regulation in Can-
cer."In the occurrence of tu-
mors, the ERK pathway and 
epigenetic regulation include 
five aspects: DNA methyla-
tion, histone modification, 
RNA modification, nucleo-
some remodeling, and non-
coding RNA. 
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et al., 2021); Upregulating RNF20/40 via ELK1 to promote H2B ubiquitination at lysine 120 

(H2BK120ub), sustaining DNA repair capacity (Nakamura et al..2022; Chen et al., 2023). 

These modifications cooperatively regulate cell proliferation, invasion, and chemoresistance 

through a "histone code" mechanism. Targeting the ERK-epigenetic crosstalk-via strategies 

such as combined MSK and HDAC inhibitors-has emerged as a promising therapeutic approach 

in oncology (Zhang et al., 2019; Wang et al., 2019). 

 

ERK signaling and epigenetic non-coding RNAs 

The interplay between ERK signaling and epigenetic non-coding RNAs (ncRNAs) consti-

tutes a sophisticated regulatory axis that amplifies oncogenic programs through bidirectional 

crosstalk. ERK activation dynamically modulates the expression of long non-coding RNAs 

(lncRNAs) and microRNAs (miRNAs) via phosphorylation of transcription factors (e.g., c-

Myc, AP-1) or chromatin-modifying enzymes.The bidirectional regulatory interplay between 

the ERK signaling pathway and non-coding RNAs (ncRNAs) plays a pivotal role in cellular 

differentiation, cancer progression, drug response, and disease pathogenesis. 

ERK-Mediated Regulation of ncRNAs: In hepatocellular carcinoma (HCC), hyperactiva-

tion of the BRAF/MEK/ERK pathway drives tumor proliferation and drug resistance by mod-

ulating lncRNAs. For instance, hypoxia-induced upregulation of the lncRNA H19 enhances P-

glycoprotein expression via ERK signaling, thereby promoting chemotherapeutic drug efflux 

and resistance (Li et al., 2015; Sokolov et al., 2024; Gnoni et al., 2019). 

ncRNA-Mediated Feedback Control of ERK Signaling: FOXM1, a downstream effector of 

ERK, is post-transcriptionally regulated by miRNAs and lncRNAs. Certain lncRNAs (e.g., 

FOXM1-AS) function as miRNA sponges to relieve FOXM1 suppression, amplifying ERK ac-

tivity and accelerating cell cycle progression and metastasis in HCC (Gao et al., 2025). In par-

athyroid tumors, promoter methylation-induced silencing of the RASSF1A gene elevates ERK 

phosphorylation (pERK/ERK) to drive tumorigenesis, a process potentially linked to dysregu-

lated expression of the lncRNA ANRASSF1A (Verdelli et al., 2025). 

Therapeutic Implications: Resistance to ERK-targeted therapies (e.g., sorafenib in HCC) is 

closely associated with lncRNA-mediated epigenetic escape mechanisms. Combinatorial strat-

egies-such as co-inhibiting ERK and oncogenic lncRNAs (e.g., H19 or ANRASSF1A)-show 

promise in overcoming drug resistance (Sokolov et al., 2024; Verdelli et al., 2025). Emerging 

evidence highlights natural compounds as dual-target modulators that disrupt m6A modifica-

tion enzymes (e.g., METTL3, FTO), destabilizing ERK-associated ncRNAs to exert anticancer 

effects. These findings underscore the potential for developing epigenetic-signaling dual inhib-

itors (Song et al., 2022; Garcia-Lezana et al., 2021). 

 

CLINICAL RESEARCH ON ERK1/2 AND ITS THERAPEUTIC POTENTIAL 

The ERKl/2 signaling pathway is a vital component of the mitogen-activated protein ki-

nase(MAPK) cascade. It plays a significant role in regulating various cellular processes, includ-

ing proliferation, differentiation, and survival. Because of its role in tumor development, 

ERKl/2 has become a target for new cancer treatments. Clinical research has focused on devel-

oping new inhibitors for ERK1/2, exploring combination therapies, and using biomarkers to 

improve treatment effectiveness and patient outcomes (Figure 6). 

 

Development of novel inhibitors 

The search for effective ERK1/2 inhibitors has intensified, especially in cancers with ab-

normal MAPK signaling. Recent studies have focused on creating small molecule inhibitors 

that specifically target the ERK1/2 pathway. For example, Ulixertinib, an established ERK2 

inhibitor, has been modified to identify new structures with similar binding properties, showing 
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promising pharmacodynamic and pharmacokinetic profiles in preclinical studies (Pathania et 

al., 2022). Additionally, new RAF dimer inhibitors like lifirafenib have demonstrated synergis-

tic effects when used with MEK inhibitors. This combination enhances antitumor activity spe-

cifically in KRAS-mutant tumors (Yuan et al., 2020). These advancements underscore the ther-

apeutic potential of targeting the ERK1/2 pathway, particularly in cancers with specific genetic 

alterations. 

Ongoing trials are evaluating the clinical efficacy of these inhibitors, focusing on their 

safety profiles and effectiveness in different types of cancer. For instance, researchers are ex-

ploring the combination of ERK inhibitors with standard chemotherapy or immunotherapy. 

This approach aims to overcome resistance mechanisms and improve patient outcomes. Identi-

fying patients most likely to benefit from these targeted therapies is crucial and requires inte-

grating biomarker-based approaches into clinical trial designs. 

 

Figure 6:The image illustrates the central position of ERK in signal transduction.Upon the reception of 
extracellular excitatory stimuli, the Ras/Raf/MEK/ERK signaling pathway is initiated, characterized by a 
sequential three-tiered phosphorylation cascade that begins at the cellular membrane. The activated 
ERK1/2 subsequently phosphorylates an extensive array of substrates located within the cellular mem-
brane, cytoskeleton, cytoplasm, and nucleus, thereby facilitating critical cellular processes.  



EXCLI Journal 2025;24:854-879 – ISSN 1611-2156 

Received: April 22, 2025, accepted: June 13, 2025, published: July 23, 2025 

 

 

 

868 

Exploration of combination therapies 

Combination therapies have emerged as a promising strategy to enhance the therapeutic 

efficacy of ERK1/2 inhibitors. The rationale for this approach is based on the complex interac-

tions of signaling pathways involved in tumor progression and resistance, which necessitates 

the exploration of combination therapies. For example, research shows that combining ERK 

inhibitors with drugs that target the Pl3K/AKT/mTOR pathway can improve antitumor effects 

in preclinical models of hepatocellular carcinoma (HCC) (Kim et al., 2019).This combination 

not only inhibits tumor cell growth but also promotes apoptosis, emphasizing the potential for 

synergistic interactions between various treatment approaches.. 

The combination of ERK inhibitors with immune checkpoint inhibitors is currently being 

investigated to exploit the immunogenic potential of tumors. These combinations may improve 

overall response rates in patients with advanced malignancies by modifying the tumor micro-

environment and boosting T-cell responses. Clinical trials are currently evaluating the safety 

and efficacy of these combinations. Preliminary results show promising outcomes in certain 

patient populations (Bratu et al., 2021). 

Novel delivery systems, such as nanoparticles, are an important aspect of exploring combi-

nation therapies, as they can enhance the bioavailability and targeting of ERK inhibitors. For 

example, antibody-modified nanoparticles can deliver ERK inhibitors directly to tumor cells, 

reducing off-target effects and enhancing therapeutic outcomes (Shen et al., 2020). This inno-

vative method highlights the importance of ongoing research to optimize combination therapies 

and delivery mechanisms for maximizing the clinical benefits of targeting the ERK1/2 pathway. 

 

Application of biomarkers 

The use of biomarkers in ERK1/2-targeted therapies is vital for identifying patients who are 

most likely to benefit from these treatments. By providing insights into the molecular mecha-

nisms that drive tumorigenesis, biomarkers facilitate the stratification of patients according to 

their likelihood of responding to therapy. For example, KRAS mutations are common in several 

types of cancer and are linked to the activation of the MAPK pathway, making them potential 

biomarkers for selecting patients for ERK1/2-targeted therapies (Hong et al., 2023). 

Moreover, downstream effectors of theERK1/2 pathway, like phosphorylated ERK, may 

act as predictive biomarkers for treatment response. Studies indicate that tumors with high 

phosphorylated ERK levels tend to be sensitive to ERK inhibitors. In contrast, tumors with low 

phosphorylated ERK expression may exhibit resistance (Huang et al., 2023). Therefore, it is 

crucial to develop robust biomarker assays that can reliably assess the activation status of the 

ERK1/2 pathway in tumor samples. 

Liquid biopsies are emerging as non-invasive methods that analyze circulating tumor 

DNA(ctDNA) and circulating tumor cells (CTCs) to monitor treatment responses and detect 

resistance mechanisms in real-time. By integrating these technologies with biomarker analysis, 

we can gain a comprehensive understanding of tumor dynamics and enhance personalized treat-

ment strategies (Moon et al., 2025). 

In summary, the rapidly evolving research on ERK1/2 shows great promise, highlighted by 

advancements in novel inhibitors, combination therapies, and biomarkers that could signifi-

cantly enhance cancer treatment outcomes. By focusing on these areas, researchers aim to im-

prove treatment outcomes for patients with malignancies linked to aberrant MAPK signaling. 

Ongoing research is crucial to fully harness the therapeutic potential of targeting the 

ERK1/2pathway and to develop effective, biomarker-driven strategies for cancer treatment. 
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TARGETING THE RAS/RAF/MAPK PATHWAY: THERAPEUTIC STRATEGIES 

The Ras/Raf/MAPK signaling pathway is crucial for cellular processes like proliferation, 

differentiation, and survival, making it an important target for cancer therapy. Abnormal acti-

vation of this pathway is often seen in different types of cancer, such as melanoma, colorectal 

cancer, and non-small cell lung cancer (NSCLC) (Poulikakos et al., 2022; Dankner et al., 2018). 

Targeting this complex signaling cascade, which has many layers of regulation and feedback 

mechanisms, requires a multifaceted approach. Recent insights into the molecular mechanisms 

of Ras/Raf/MAPK signaling have led to the development of several therapeutic strategies to 

inhibit this pathway (Yurugi et al., 2017). These strategies encompass small-molecule inhibi-

tors, monoclonal antibodies, and combination therapies that aim to overcome resistance mech-

anisms, which often reduce the effectiveness of single-agent treatments (Browne et al., 2009; 

Sathornsumetee, 2011). 

A promising approach is to use selective inhibitors that target specific components of the 

Ras/Raf/MAPK pathway. For example, MEK inhibitors like trametinib and cobimetinib effec-

tively treat BRAF-mutant melanomas. They work by blocking MEK activation, which is es-

sential for activating ERK1/2 downstream (Alexandraki et al., 2019).These inhibitors provide 

significant clinical benefits, especially for patients with BRAF V600E mutations, resulting in 

improved progression-free survival rates (Zeng et al., 2023; Subbiah et al., 2018). However, 

resistance to MEK inhibitors poses a significant challenge, often arising from feedback activa-

tion of the pathway or compensatory signaling through alternative pathways like the 

Pl3K/Akt/mTOR pathway (Soares et al., 2015; Fourneaux et al., 2017). This highlights the need 

for combination therapies that can target multiple points within the signaling network at the 

same time. 

Combination therapies strategically enhance the efficacy of Ras/Raf/MAPK pathway inhib-

itors. For example, combining MEK inhibitors with Pl3K inhibitors has shown synergistic ef-

fects in preclinical models, resulting in increased antitumor activity and reduced tumor growth. 

Additionally, dual-targeting strategies that inhibit both MEK and ERK have emerged as a prom-

ising approach to overcoming drug resistance (Goetz et al., 2014; Jaiswal et al., 2018). Recent 

studies highlight the potential of ERK inhibitors, which block the MAPK pathway downstream 

of MEK and help circumvent resistance mechanisms linked to upstream inhibitors. The selec-

tive ERK1/2 inhibitor,LY3214996 (Ma et al., 2021; Bumrungsup and Kanitpong, 2022) ,shows 

promise in preclinical studies. It is currently being evaluated in clinical trials for various ma-

lignancies. 

Another therapeutic strategy employs monoclonal antibodies targeting receptor tyrosine ki-

nases (RTKs) that activate the Ras/Raf/MAPK pathway. Cetuximab and panitumumab, which 

target the epidermal growth factor receptor (EGFR), are used to treat colorectal cancer and head 

and neck cancers (Markman et al., 2009; Martinelli et al., 2009). These antibodies block the 

activation of downstream signaling pathways, such as the Ras/Raf/MAPK pathway. This action 

reduces tumor cell proliferation and induces apoptosis (Liu et al., 2022b). However, KRAS 

mutations in tumors often reduce the effectiveness of EGFR-targeted therapies (He et al., 2019; 

Gattenlöhner et al., 2009), highlighting the need for biomarker-driven methods to identify pa-

tients who will most benefit from these treatments. 

Researchers are also looking into new therapeutic agents like immunotherapies and targeted 

nanomedicines to improve targeting of the Ras/Raf/MAPKpathway. For example, using nano-

particles to deliver chemotherapy directly to tumor cells can make the drugs more effective and 

reduce side effects (Du et al., 2015; Yadav et al., 2021). Moreover, combining immunotherapies 

with MAPK pathway inhibitors can strengthen antitumor responses by changing the tumor mi-

croenvironment and encouraging the immune system to destroy tumor cells. 
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Although there have been advancements in targeting the Ras/Raf/MAPK pathway, chal-

lenges still exist in managing cancers that are driven by abnormal signaling through this path-

way. The diversity of tumors and the presence of multiple mutations make treatment strategies 

difficult, which calls for a personalized approach to therapy (Isaak et al., 2024; Ivanov et al., 

2023). Ongoing clinical trials are investigating the efficacy of combination therapies and new 

therapeutic agents in patients with RAS/RAF mutations, aiming to improve treatment outcomes 

and decrease the risk of resistance. 

In conclusion, targeting the Ras/Raf/MAPK pathway is a promising approach in cancer 

therapy, offering various options to inhibit this crucial signaling cascade. Selective inhibitors, 

combination therapies, and innovative delivery methods have significant potential to enhance 

patient outcomes in malignancies with aberrant MAPK signaling. Ongoing research into re-

sistance mechanisms and the development of new therapeutic strategies will be critical for im-

proving treatments for patients with RAS/RAF-driven cancers. 

  

MECHANISMS AND CHALLENGES OF DRUG RESISTANCE 

Drug resistance in cancer therapy is a major obstacle to achieving successful treatment out-

comes. Cancer biology is complex due to genetic diversity, adaptive responses, and a changing 

tumor microenvironment. These factors lead to drug resistant phenotypes, so understanding the 

mechanisms of drug resistance is essential for developing effective treatment strategies. This 

section examines the different mechanisms of resistance to cancer drugs and the challenges they 

create, supported by recent research findings. 

A major cause of drug resistance is genetic mutations that change the drug target, making 

standard therapies ineffective. For example, mutations in the KRAS gene, which is crucial in 

the RAS/RAF/MAPK signaling pathway, are common in several cancers, such as colorectal 

cancer and non-small cell lung cancer (NSCLC). These mutations result in the continuous ac-

tivation of downstream signaling pathways, which promotes cell proliferation and survival, 

even in the presence of targeted therapies (Hong et al., 2023). Moreover, mutations in other 

parts of the signaling cascade, like BRAF, can also lead to resistance by reactivating the MAPK 

pathway, even when inhibitors are present (Ma et al., 2021). 

Another important factor in drug resistance is tumor heterogeneity. Tumors consist of var-

ious cell types, some of which have mutations that make them resistant to certain therapies. 

This heterogeneity complicates treatment strategies since a single therapy may only work for a 

subset of tumor cells. For example, in breast cancer, the presence of various subtypes, each with 

distinct molecular profiles, necessitates tailored treatment regimens to overcome resistance (Ye 

et al., 2023). Additionally, the tumor microenvironment greatly influences how tumors respond 

to therapy. Factors such as hypoxia, nutrient deprivation, and the presence of stromal cells can 

influence drug efficacy and contribute to the development of resistance mechanisms (Ma et al., 

2024). 

Besides genetic changes and tumor diversity, cancer cells can also become resistant through 

epigenetic modifications. DNA methylation and histone modification changes can alter gene 

expression patterns. This alteration promotes cancer cell survival and growth when therapeutic 

agents are present. For example, improper regulation of genes that control cell death and drug 

processing can help cancer cells survive treatment (Wang et al., 2024). Additionally, non-cod-

ing RNAs, like microRNAs, have been recognized for their role in influencing drug resistance. 

These small RNA molecules can control the expression of genes related to drug response, which 

affects how sensitive cancer cells are to treatment (Ye et al., 2023). 

The emergence of multidrug resistance(MDR) poses a major challenge in cancer treatment. 

MDR can occur through various mechanisms. One key mechanism is the overexpression of 

ATP-binding cassette (ABC) transporters, which actively pump medications out of cancer cells. 
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This reduces the drugs' intracellular concentrations and effectiveness (Duan et al., 2023). In 

addition, changes in drug uptake mechanisms, increased DNA repair capabilities, and altera-

tions in apoptotic pathways can further contribute to multidrug resistance (MDR) (Vijayakumar 

et al., 2024). The interaction among these mechanisms creates a complex environment that 

complicates the treatment of resistant tumors. 

Researchers are investigating new therapeutic strategies to tackle drug resistance chal-

lenges. Combination therapies target multiple pathways at the same time and have shown prom-

ise in overcoming resistance. For example, combining MEK inhibitors with other targeted 

agents has improved efficacy in KRAS-mutant tumors. This approach prevents the MAPK 

pathway from reactivating (Hou et al., 2024). Additionally, nanotechnology can improve drug 

delivery and targeting, thereby reducing off target effects (Lu et al., 2024 ). 

Additionally, precision medicine provides new strategies for addressing drug resistance. By 

identifying specific genetic alterations in tumors, clinicians can tailor treatment approaches to 

target the unique vulnerabilities of individual patients. This personalized approach could en-

hance treatment outcomes and lower the chances of developing resistance (Sattler et al., 2023). 

Nonetheless, implementing precision medicine presents challenges, such as the necessity for 

comprehensive genomic profiling and its associated costs. 

In conclusion, drug resistance poses a significant challenge in cancer therapy. lt is driven 

by various mechanisms, including genetic mutations, tumor heterogeneity, epigenetic modifi-

cations, and multidrug resistance. It is essential to understand these mechanisms to develop 

effective treatment strategies. Current research on combination therapies, precision medicine, 

and new drug delivery systems shows promise for overcoming resistance and enhancing patient 

outcomes. As our understanding of drug resistance deepens, our strategies for addressing this 

major barrier in cancer treatment will also evolve. 

 

FUTURE DIRECTIONS AND PERSPECTIVES 

The future of cancer therapy, especially in targeting the RAS/RAF/MEK/ERK signaling 

pathway, looks very promising due to ongoing research and technological advancements in this 

field. The RAS/RAF/MEK/ERK pathway plays a crucial role in the progression of several can-

cers, such as colorectal cancer, melanoma, and lung cancer. As researchers explore the com-

plexities of this signaling cascade, new directions are emerging that could greatly improve ther-

apeutic strategies. 

A promising approach is developing selective inhibitors that target specific parts of the 

RAS, RAF/MEK/ERK pathway. Recent studies indicate that inhibitingERK1/2, whether alone 

or alongside other targeted therapies, significantly reduces tumor growth and metastasis (Pan 

et al., 2023). For example, the selective ERK1/2inhibitor ASN007 has shown strong antiprolif-

erative effects in RAS/RAF-driven tumors. This suggests that optimizing these inhibitors fur-

ther could enhance patient outcomes (Portelinha et al., 2021). Moreover, exploring combination 

therapies that include ERK inhibitors along with other treatments, such as immune checkpoint 

inhibitors or chemotherapeutics, may improve the overall effectiveness of treatment plans (Gao 

et al., 2020). 

Another important focus is understanding how tumors develop resistance mechanisms in 

response to targeted therapies. Acquired resistance, especially in RAS-mutant cancers, presents 

a major challenge in clinical settings. Research shows that the MAPK pathway can be reac-

tivated after initial treatment, resulting in tumor regrowth (Qin et al., 2023a). Future studies 

should focus on identifying biomarkers that predict resistance and developing strategies to over-

come it. This may include using dual inhibitors targeting both upstream and downstream com-

ponents of the signaling pathway (Martin-Vega et al., 2023). 
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Additionally, the tumor microenvironment's influence on the RAS/RAF/MEK/ERK path-

way needs further study. The interaction between cancer cells and their surrounding stroma 

significantly affects tumor behavior. It also influences how tumors respond to therapy. Under-

standing these interactions may help identify new therapeutic targets in the microenvironment 

to enhance treatment efficacy (Wang et al., 2021). For instance, targeting integrins that mediate 

cell-matrix interactions has shown promise in preclinical models. This suggests that a compre-

hensive approach, which accounts for the tumor microenvironment, could lead to improved 

therapeutic outcomes (Liu et al., 2024). 

Along with pharmacological advancements, new technologies like CRlSPR/Cas9 gene ed-

iting and advanced imaging can enhance the detailed study of the RAS/RAF/MEK/ERK path-

way. By enabling researchers to manipulate specific genes within this pathway, these technol-

ogies deepen our understanding of the genes' roles in cancer progression and treatment response 

(Puszkiel et al., 2023). Additionally, using artificial intelligence and machine learning to ana-

lyze large genomic datasets may help identify new therapeutic targets and predict how patients 

respond to specific treatments (Ma et al., 2024). 

Finally, personalized medicine is crucial for effectively targeting the RAS/RAF/MEK/ERK 

pathway, especially as we learn to tailor therapies to individual tumor profiles. As we enhance 

our understanding of the genetic and molecular foundations of individual tumors, tailoring ther-

apies to a patient's unique tumor profile will become more feasible. This approach could max-

imize therapeutic efficacy while minimizing adverse effects, ultimately leading to improved 

patient outcomes and quality of life (Oda et al., 2021). 

In conclusion, the future of targeting the RAS/RAF/MEK/ERK signaling pathway in cancer 

therapy looks promising due to ongoing research and technological innovations. By focusing 

on selective inhibitors and understanding resistance mechanisms, as well as exploring the tumor 

microenvironment and leveraging novel technologies, we can pave the way for more effective, 

personalized cancer treatments that address the complexities of this challenging disease. 

 

CONCLUSION 

Recent research has enhanced our understanding of the Ras-Raf-MAPK pathway, particu-

larly ERK1/2's role in tumor development, growth, invasion, and angiogenesis. ERK1/2 regu-

lates gene expression and survival pathways critical for cancer, with its dysregulation linked to 

poor outcomes. Understanding ERK1/2's mechanisms in the tumor microenvironment is essen-

tial for targeted therapies. While some studies emphasize ERK1/2's oncogenic potential, others 

suggest it may also suppress tumors, highlighting the complexity of cancer biology. Developing 

ERK1/2-targeted therapies could transform cancer treatment, though challenges like resistance 

need addressing. Interdisciplinary research is vital for advancing our understanding and clinical 

applications of ERK1/2. Ultimately, effective ERK1/2-targeted therapies could significantly 

improve cancer treatment outcomes. 
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