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Abstract
Cancer, one of the most dreadful diseases of the twenty-first century develops as a result of unregulated inflammatory 
responses and mutations of genes. In human cancers, among various mutated genes, the Ras gene is one of the most 
commonly mutated oncogenes. However, when it comes to inflammation, oncogenic Ras mutants can induce tumori-
genesis without tumour suppression loss driven by inflammatory responses. Ras protein is a membrane-bound protein 
with inbuilt GTPase activity which is activated by a variety of extracellular stimuli, converting from an inactive form to 
an active form. Oncogenic Ras mutants is continuously activated in cancer, thereby enhancing aberrant downstream 
signalling that leads to tumorigenesis. So, to highlight the significance of Ras protein in cancer and inflammation, this 
review discussed the signalling pathway for the activation of Ras protein, the role of Ras in immunity and inflammation, 
downstream regulators of Ras protein and their inhibitors epigenetic regulation of Ras protein. Moreover, we have also 
done a database-based search using the Database of Cancer Mutant Protein Domains (DCMP) to find out the single 
nucleotide polymorphism (SNP) level of the Ras gene in different types of cancer. In terms of future perspective, this 
review discussed emerging strategies to target Ras protein.

 *  Jayanthi Sivaraman, jayanthi.s@vit.ac.in | 1School of Biosciences and Technology, Vellore Institute of Technology, Vellore, India.
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1  Introduction

Ras proteins are members of the GTPase family and are thought to control cellular proliferation, migration, apoptosis, 
and survival. Mutant Ras proteins increase downstream signals and have a strong oncogenic function. As a result, tumor 
patients with mutant Ras have a poor prognosis and have shorter overall survival than those who do not have the 
mutation [1]. Four different Ras proteins K-Ras4A, K-Ras4B, H-Ras and N-Ras are encoded by specific Ras genes (N-Ras, 
K-Ras and H-Ras). Such isoforms have conserved G domains and C-terminal hypervariable regions, as well as relatively 
homogeneous sequences or structures (HVRs). The G domain of Ras, which consists of switch I, switch II, and a P-loop, is 
accountable for binding downstream effectors and transducing downstream signals, whereas the C-terminal plays an 
important role in Ras membrane binding [2].

The initial insight into how Ras acts like a binary switch came from the crystal structure assembly of the G-domain of 
HRAS in association with GppNHp, a non-hydrolysable GTP analogue. Following that, structural investigations of Ras in 
complex with GTPase activating protein (GAP), Guanine nucleotide exchange factors (GEF), as well as effector Ras-binding 
domains (RBDs), showed two switch regions and those are switch-I and switch-II, and their importance in protein–pro-
tein interactions. Between the GTP and GDP states, the two switch regions undergo conformational changes, which 
have been characterized by utilizing a loaded-spring mechanism [3]. Subcellular localization of Ras proteins is dictated 
by the isoform-specific HVRs (hypervariable region) generated by 19–20 residues on the C-terminal end, as well as the 
composition of local membranes, unique lipid modification and electrostatic nature of the isoform-specific HVRs [4]. 
Palmitoylation and prenylation of cysteine residues in the HVR promote association with membranes, which is necessary 
for activating downstream signalling pathways [5].  

Ras also has various specialized tasks in normal immune cells, including downregulation of major histocompatibility 
complex components and overexpression of degradative enzymes, cytokines and growth factors important for hae-
mopoietic cell growth, development, and normal function [6]. If we look into its biomarker potential then we will find 
that Ras mutation status could also be used as a prognostic biomarker as reported by Bahnassy et al. that K-Ras mutation 
status could be considered an important prognostic and predictive biomarker for colorectal cancer patients [7]. Moreover, 
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K-Ras mutations specifically G12C mutations are prevalent in colon, pancreatic and lung cancers, so targeting K-Ras has a 
promising potential in ending the undruggable era of Ras protein [8]. As per the recent finding, according to a National 
Institutes of Health (NIH) study, mutant Ras proteins affect nuclear protein transport in addition to transmitting signals 
from the cell membrane. To be more precise, mutant Ras promotes the release of EZH2 from a nuclear complex, which 
in turn leads to the degradation of the tumor suppressor protein DLC1 and leads to uncontrolled tumor growth [9]. Con-
ventional methods concentrate on preventing mutant Ras activation. Recent research, however, indicates that repairing 
the impaired self-regulation of Ras proteins may be a useful treatment approach. This approach seeks to more success-
fully stop the progression of cancer by restoring the protein’s capacity to deactivate itself. Moreover, recent research 
has also demonstrated the interaction between the tumor immune microenvironment and Ras mutations. Mutant Ras 
affects the activation and recruitment of immune cells, which assist tumor cells to evade immune surveillance. Gaining 
insight into this interaction makes it possible to combine immunotherapies and Ras-targeted treatments to improve 
anti-tumor responses [10, 11].      

2 � Ras signalling pathway

The Ras proteins belong to a wide superfamily of low-molecular-weight GTP-binding proteins that may be classified into 
many groups based on sequence conservation [12]. Ras protein’s activation status is determined by whether they are 
bound to GTP (in such cases they are active and can engage downstream target enzymes) or GDP (in such cases they 
are inactive and cannot engage downstream target enzymes) [13]. Numerous variables control Ras activation which 
further has a wide range of downstream consequences. The activation and intracellular signal transduction of the Ras 
proteins are regulated by a variety of external stimuli, including growth factors and mitogens. Growth factor receptor-
bound protein-2 (GRB2) can attract GEF to the plasma membrane, close to the receptor tyrosine kinases platelet-derived 
growth factor receptor (PDGFR) and epidermal growth factor receptor (EGFR) [14]. Previously it was also reported that 
GRB2 has massive involvement in the development and progression of different types of cancers [15]. Son of Sevenless 
(SOS) an exchange factor acts as the stimuli that activate Ras by switching GDP for GTP. By facilitating GTP hydrolysis, 
GAP contributes to the inactivation of Ras proteins under normal wild-type circumstances [16]. The next downstream 
targets are rapidly accelerated fibrosarcoma (Raf ) and Mitogen-activated protein kinase kinase (MEK), as shown in Fig. 1. 
As a dual-specificity kinase, MEK phosphorylates the downstream extracellular signal-regulated serine/threonine and 
tyrosine sites [16] Several biological processes, including cell cycle control, apoptosis, proliferation, migration, and dif-
ferentiation, are regulated by the RAS/RAF/MEK pathway [17].

Fig. 1   Diagrammatic representation of key steps involved in Ras signalling. Ras protein activated in presence of growth factor receptor-
bound protein-2 (GRB2)—son of sevenless (SOS) in guanosine triphosphate (GTP) bound state signals in two lineages that is rat sarcoma 
(Ras)/rapidly accelerated fibrosarcoma (Raf )/mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) path-
way and RAS/phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway for cellular proliferation
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Various effector proteins such as Ral guanine nucleotide dissociation stimulator (Ral-GDS), phosphatidylinositol 
3-kinase (PI3K), and (Afadin) AF6 have been demonstrated to be controlled by Ras [18], as in Ras/PI3K pathway. Similarly 
other important Ras effectors are Ras Association Domain Family Proteins (RASSF), T-lymphoma invasion and metastasis-
inducing protein 1 (Tiam1), Ras-interaction/interference proteins (RIN), Synaptic GTPase-activating protein (SynGAP), 
RASSF regulate apoptosis and inhibits cell proliferation [19], Tiam1 in neuroblastoma controls invasion, proliferation, 
and differentiation via the Tiam1/Rac1 signaling pathway [20], RIN3 a member of RIN proteins is crucial for controlling 
endocytosis and endocytic trafficking because it stimulates Rab5 activation [21], the neural Ras GTPase-activating pro-
tein, or synaptic GTPase-activating protein (SynGAP), is greatly enriched at excitatory synapses and is expressed in the 
brain, where it negatively regulate Ras activity and the signaling cascades that follow [22].  

3 � Ras protein and cancer

Ras family GTPase (H-, K-, and N-Ras) homologues are found throughout mammalian tissue and serve critical roles in 
linking extracellular inputs to numerous downstream signalling pathways. These homologues have a high degree of 
sequence similarity, particularly with the effector domain, which connects GTPases to downstream signalling proteins 
[23]. Ras genes are found to be evolutionarily conserved and they code for a monomeric G protein binding GDP or GTP. 
In different tumor types such as in pancreatic cancers and myeloid malignancies, mutant N-Ras, K-Ras and H-Ras occur 
in varying frequencies. Other members belonging to the Ras superfamily can contribute to cancer as well. Moreover, 
mutations could be there in downstream pathways as well, which involves PTEN, PI 3-kinase and B-Raf [24].

Among the Ras family GTPases (K-Ras, H-Ras and N-Ras), mutations in codons 61, 13 or 12 convert normally function-
ing genes into active oncogenes. To detect such mutations, recently rapid assays have been developed to check the role 
of mutated Ras genes and their relevance in the pathogenesis of human tumors. It has been reported that in a variety 
of tumor types Ras gene mutations can be found, nevertheless, the incidence varies significantly. Generally, 90% occur-
rence is reported in adenocarcinoma of the pancreas, 50% in the colon, 30% in the lung and more specifically K-Ras 
mutation is prevalent in about 60% of patients with non-small-cell lung cancer [25], 50% in thyroid tumors while 30% 
in myeloid leukaemia. Furthermore, if we look into nephroblastoma, in spite of the lack of mutations, one of the studies 
suggests that the Ras pathway plays an important role in the growth and proliferation of nephroblastoma [26]. In some 
of the tumors, a potential link may exist between the clinical features of the tumor and the existence of Ras mutation as 
in one of the studies presences of H-ras point mutations involves a subgroup of patients having ethmoid sinus adeno-
carcinomas [27]. Moreover, there is evidential support for the possible involvement of environmental agents as well in 
the induction of such mutations [24].  

3.1 � Ras mutation‑induced oncogenesis

Most gain-of-function missense mutations found in patients cluster at codons 12, 13, and 61, which enhance oncogenesis 
[28]. Generally, due to the rapid nucleotide exchange and decreased GAP binding, they have the effect of increasing 
GTP binding [29], which leads to constitutive Ras activation as shown in Fig. 2. Although in case of G12V mutant, GAP 
protein is insensitive to this mutant. The Ras G12V insensitivity towards GAP proteins leads to constitutive activation of 

Fig. 2   Oncogenic activation 
by Ras mutation. Generally, 
in mutant Ras, due to the 
rapid nucleotide exchange 
by guanine nucleotide 
exchange factors (GEFs) and 
decreased GTPase activating 
protein (GAP) binding lead to 
constitutive activation of Ras 
protein

Mutant Ras

GAPs (Decrease in 
binding)

Ras-GTP
(Active state)

Ras-GDP 
(Inactive state)

GEFs

Constitutively active Ras
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Ras signaling by stopping the normal GTP hydrolysis process, and it keeps RAS in its active state [30–32]. Moreover, one 
more exception is there and which is with G13D mutant types, the Ras G13D mutant can promote nucleotide release 
without the support of guanine nucleotide exchange factors (GEFs). The G13D mutation weakens GDP binding, which 
leads to increased spontaneous nucleotide exchange (GDP release without GEF help). A higher proportion of Ras-GTP 
enhance downstream signaling. Unlike G12V, which inhibits GTP hydrolysis, G13D does not completely impair GTP 
hydrolysis but allows for continuous Ras activation via increased nucleotide cycling [29, 33, 34].

The potency of oncogenic Ras mutants varies and different Ras mutations are linked to different patient survival rates 
[35–39]. In one of the studies, CRISPR gene-editing method was used to test mutations of K-Ras by activating codons 12 
and 13 concurrently in each mouse, furthermore showed that only five of the mutants led to the development of lung 
tumours, demonstrating in-vivo mutation-specific oncogenesis [40]. Additionally, it is also reported that patients’ specific 
mutation frequency varies depending on the tissue [28]. Specific key elements interact to determine whether conditions 
are favourable for Ras-dependent oncogenesis to begin and proceed, which may help to explain why mutations and 
particular Ras isoforms are linked to particular cancer types [28]. The first is the Ras dose, which is determined by the 
relative activation state and expression levels [41]. Depending on the mutation present, the GTP-bound percentage of 
the Ras population ranges from 30 to 90% [42]. Furthermore, whether the mutant is GAP-insensitive or fast-cycling can 
affect how stable the active state is [29]. Ras signalling capacity can range noticeably depending on the tissue, isoform, 
and mutation combination, in addition to the fact that expression levels of Ras differ over 100-fold among isoforms and 
between tissues [43, 44]. Moreover, only a small portion of these combinations will be ideal since excessive Ras signalling 
encourages cell death or senescence, whereas insufficient Ras signalling prevents cancer [45–47].

It is significant to note that the limited permissive signalling capability may alter with time, promoting tumour devel-
opment and drug resistance [48]. Signal specificity linked to each Ras isoform and its unique mutations is the second 
factor. Uncertainty exists on how differently Ras isoforms interact with effector pathways. However, to reduce dosage 
effects, in vivo research expressing isoforms of Ras in the same genetic locus, still indicated that isoforms of Ras cannot 
fully reproduce the actions of each other. This is complicated by variances in expression and dosing [49, 50]. It is believed 
that variable intracellular localization, which favours preferential coupling to particular effector pathways, mediates 
isoform-specific signalling [51–53] and by unique biochemical characteristics contributed by allosteric lobe sequence 
differences among each isoform [54]. Recent in vitro research revealed different binding preferences for the interactions 
of Ras-Raf with BRAF binding being extremely selective for KRAS and CRAF being essential for HRAS-mediated MAPK 
signalling [55]. Ras biology also benefits from mutational-specificity [40, 56–59] and it is currently being determined 
what biochemical and structural characteristics underlie mutational variations in nucleotide cycling, allosteric control, 
and GAP, GEF, and effector interactions [33, 42, 55, 58, 60, 61].

3.2 � Ras and cancer recurrence

The Ras protein stands as a critical player in the intricate landscape of cancer recurrence, exerting its influence through 
diverse cellular mechanisms. Oncogenic mutations in the Ras gene, particularly in isoforms such as KRAS, HRAS, and NRAS, 
have been identified in different types of human cancers, including colorectal, pancreatic, and lung cancers. These muta-
tions contribute to the constitutive activation of Ras signalling pathways, promoting uncontrolled cell growth, survival, 
and metastasis. The impact of Ras extends beyond the initial stages of tumorigenesis, playing a substantial role in cancer 
recurrence after treatment. Studies have elucidated the linkage between Ras mutations and resistance to conventional 
therapies, leading to an increased likelihood of tumor recurrence and metastatic spread [62, 63].

Understanding the molecular intricacies of Ras-mediated pathways is essential for developing targeted therapies 
aimed at mitigating cancer recurrence. Ongoing research explores the potential of Ras-targeted treatments to impede 
the adaptive resistance mechanisms employed by cancer cells, offering promising avenues for preventing relapse. Clini-
cal trials investigating Ras inhibitors and combination therapies are underway, aiming to improve outcomes and reduce 
the recurrence rates associated with Ras-driven cancers [64, 65]. As the field progresses, a comprehensive comprehen-
sion of Ras biology in cancer recurrence is crucial for advancing precision medicine approaches tailored to the unique 
molecular profiles of individual tumors.

3.3 � Ras in cancer pathogenesis and mitochondrial pathway

Oncogenic RAS increases the expression of important glycolytic enzymes, which increases the absorption of glucose 
and its conversion to lactate. In addition to producing ATP, this activity creates intermediates needed for biosynthetic 
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pathways, which speeds up cell division [66]. Moreover, increased glutamine entrance into cancer cells is also made pos-
sible by RAS mutations, which upregulate glutamine transporters. Once within, glutaminase transforms glutamine into 
glutamate, which releases ammonia. Then, glutamate is converted to α-ketoglutarate via aminotransferases or glutamate 
dehydrogenase. When α-ketoglutarate enters the TCA cycle, it replenishes the intermediates needed for the synthesis of 
macromolecules and the production of energy [67]. Important metabolic pathways, such as the PI3K-AKT-mTOR pathway, 
which stimulates glycolysis and glutaminolysis, are influenced by oncogenic Ras. Through glutamine anaplerosis, this 
regulation guarantees a steady supply of TCA cycle intermediates, sustaining the high metabolic needs of rapidly grow-
ing cancer cells [68]. On the other hand, mitochondria primarily thought of as specific locations for energy metabolism 
control are unquestionably multifunctional. Mammalian mitochondrial DNA is a maternally inherited genome with high 
copy numbers which codes for a small number of critical proteins involved in oxidative phosphorylation. During ageing, 
cancer progression, and diabetes, mitochondrial DNA (mtDNA) acquires somatic mutations [69]. Recent research indi-
cates that the Ras pathway regulates energy metabolism by controlling mitochondrial structure and function [70]. Ras 
proteins are engaged in a variety of signalling pathways, including cell proliferation and survival, and have been linked 
to oncogenic transformation due to the high prevalence of Ras mutations in cancer cells and a recent study showed Ras-
mutated cancer cells had a high level of basal autophagy. This autophagy is connected to the maintenance of an effective 
oxidative metabolism by maintaining the pool of functioning mitochondria [71]. Another recent study found that Ras 
triggers autophagy by upregulating proteins such as the BH3-only proteins Noxa and Beclin 1, resulting in autophagic 
cell death [72] and inhibiting autophagy by knocking down Atg5 or Atg7 leading to a decrease in cell survival, which was 
linked to the accumulation of damaged mitochondria and the reduction in mitochondrial respiration [73].

K-Ras-dependent cellular transformation is characterized by altered mitochondrial dynamics, with oncogenic K-Ras 
driving mitochondrial fragmentation via extracellular signal-regulated kinase (ERK1/2) mediated activation of mito-
chondrial fission protein Dynamin-related protein 1 (Drp1). Drp1 inhibition or knockdown protects cells from oncogenic 
K-Ras-mediated transformation and slows tumor development. Furthermore, modification of the mitochondrial network 
as a result of oncogenic K-Ras expression has an impact on mitochondrial function, lowering membrane potential and 
boosting reactive oxygen species (ROS) production, thus, K-Ras-mediated mitochondrial network remodeling promotes 
cellular transformation by increasing tumorigenic stimuli [70].

4 � SNPs of Ras gene in different cancer types

As previously mentioned, Ras gene mutation is prevalent in most cancers, so in the present study further exploration of 
SNP levels of Ras gene in different cancer types has been done. Database of Cancer Mutant Protein Domains [74] server 
was used to study the SNP level of the Ras gene in different types of cancer. SNP values for individual domain lengths of 
18 different cancer types were normalized. Fetched data infer that the SNP level of Ras genes is more abundant in large 
intestine, pancreas and lung cancer among 18 screened cancer types as shown in Fig. 3.

5 � Strategies to target Ras proteins

Ras protein plays an important role in controlling the signalling pathway which is associated with cell growth and regu-
lation as well as it also plays a key role in malignant transformation. As the Ras gene controls tumor maintenance, it is 
one of the suitable targets for anticancer therapy. Pharmacological inhibition is one of the prominent anti-Ras strate-
gies which are under evaluation and designed to prevent: (1) plasma membrane association (2) upstream pathway (3) 
downstream signalling (4) expression of Ras [75]. It has been often observed that Ras genes are widely activated in 
cancer. However still, targeting specifically the mutant Ras protein has been an unsuccessful attempt. Thus, having very 
few targetable options, treating tumors having Ras mutations remains a difficult task to treat. Researchers are trying dif-
ferent Ras inhibitors such as farnesyl transferase inhibitors named Lonafarnib and other similar inhibitors but not much 
success has been achieved so far.

Other efforts which block activated-Ras, mainly focused on downstream pathways. For instance, those drugs which are 
found to inhibit Raf kinase have manifested clinical benefits while treating malignant melanoma. However, in tumors having 
oncogenic Ras mutants, such drugs have been clinically unsuccessful. Raf proteins bind directly to Ras and further, in normal 
cells, Raf proteins are major effectors of Ras action. However, for transforming activity, the extent of Ras dependency on Raf 
kinase remains unclear. On the other hand, for the Mitogen-activated protein kinase (MAPK) pathway, Raf kinase inhibitors 
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(for example Raf265, AAL881, LBT613) can trigger their paradoxical activation since a question arises whether decreasing 
or increasing the specificity of Raf kinase inhibitors would increase therapeutic value. As far as MEK inhibitors (trametinib, 
binimetinib, selumetinib, and cobimetinib) are concerned, they inhibit the Ras-MAPK pathway but they also activate the PI 
3-kinase and as single agents, they show little clinical benefit. Further, such activation is regulated by EGFR as well as other 
receptor tyrosine kinases by the relief of a negative feedback loop from ERK. Moreover, previously it is also reported that 
the Ras pathway activated by mutations in EGFR induces oral cancer. Mutations in the EGFR gene are common and activate 
various pathways such as Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/AKT/mTOR, promoting transformation, differentiation, pro-
liferation, angiogenesis and migration ultimately leading to advanced oral tumours [76].

Drug combinations which target simultaneously various points within the Ras signalling network are supposed to be 
important to procure substantial clinical benefit. Apart from these, other effectors such as Ral guanine nucleotide dissociation 
stimulator (RalGDS) and phospholipase Cε (PLCε) can also contribute to Ras signalling and consequently provide a specific 
source of targets. These effectors are found to interact directly with Ras proteins. RalGDS is a GEF, which stimulates the dis-
sociation of GDP from its target Ral proteins thus allowing for the binding of GTP and subsequent activation. On the other 
hand, Ras signalling activation has also been associated with the breakdown of phosphoinositides through its property of 
binding and activating phospholipase Cϵ [77]. A rise in the active GTP-loaded K-Ras in patient samples has been linked to 
resistance to K-Ras G12 inhibitors, that target the inactive GDP-bound version of the protein. Dual inhibition, which targets 
both active and inactive K-Ras types, has been suggested as a more effective therapeutic approach to combat this. Recently 
explored compound MRTX1133 had strong anticancer efficacy in a number of preclinical models of colorectal and pancreatic 
cancer and suppressed K-Ras G12D in both its active and inactive states [78]. Furthermore, discovering small compounds 
that can attach to both GAP and mutant K-Ras proteins, so "gluing" them together, is a unique strategy. This method has 
demonstrated potential in both in vitro and in vivo settings for preventing the proliferation of cancer cells with K-Ras muta-
tions [79]. On the other hand, nanoparticles-mediated gene delivery has been investigated to enhance therapeutic results 
in pancreatic cancer, which frequently involves Ras mutations. By directly delivering therapeutic agents to cancer cells, 
nanoparticles improve therapy efficacy and reduce off-target effects [80]. Moreover, by targeting particular markers of can-
cer cell surface, nanoparticles have made it easier to deliver chemotherapy drugs directly to tumor cells. One of the major 

Fig. 3   Ras gene SNPs in differ-
ent cancer types
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obstacles in cancer treatment is addressed by this focused strategy, which not only increases drug deposition in cancer cells 
but also lowers systemic toxicity [81].

6 � In‑silico approaches for studying Ras

The conventional approaches to achieve efficient small molecules, Ras inhibitors have not met with complete success. 
Thus, multi-level novel in-silico efforts for discovering potential inhibitors of allosteric sites are among the interests 
of researchers. In an approach, multiple steps like coupling bioinformatics analysis, ensemble docking, advanced 
molecular simulations as well as initial experimental testing of potential inhibitors were reported recently. In this 
study, the conserved allosteric connection of the nucleotide-binding switch position with distal regions has been 
highlighted through molecular dynamics simulation studies. Consequently, the bioinformatics approach recognized 
novel transient small molecule binding pockets which are close to these regions. With further cell-based analysis, it 
was confirmed that the downstream signalling activity of Ras was inhibited by selected binders [82].

Among H-, K-, and N-Ras proteins, K-Ras is one of the prominent types of Ras protein. It is a small GTPase which acts 
as a molecular switch through the recruitment of GEFs and GAPs and it alternates among the dynamic GTP-bound 
and inert GDP-bound forms. The amino acid present at position 12 of K-Ras is found to be the hot spot for oncogenic 
mutations. These mutations disturb the active fold of the protein which leads to cancer development. Mechanism-
wise, it was reported that conformational changes triggered by such oncogenic mutations impair GAP-mediated GTP 
hydrolysis. Computational tools were used to investigate the effect of such mutations on the stability of wild-type 
K-Ras protein. Molecular docking followed by molecular dynamics (MD) simulation study of Ras mutations with GTP 
molecule was done to explore the dynamic behaviour. Finally, it was found that differential behaviours of mutant 
K-Ras protein complexes hindered GAP-intervened GTP hydrolysis [83].

7 � Downstream regulators of Ras and their inhibitors

Ras interacts with the phosphatidylinositol-3-kinase (PI3K) and Raf/MEK/Erk (MAPK) cascades, two important down-
stream effector signalling pathways. Specific cancer-related characteristics, such as transcriptional reprogramming, 
accelerated cell survival and proliferation, reduced apoptosis, and increased invasiveness of the cells are linked to 
these pathways [84]. Ras proteins deliver mitogenic signals to cells from the upstream growth factor receptors. Many 
post-translational changes make it easier for RAS proteins to bind with the plasma membrane. By incorporating an 
isoprenoid moiety of the farnesyl group, farnesyl transferase (FTs) makes Ras more hydrophobic and enables it for 
association with the plasma membrane [85]. Similarly, protein prenylation a type of post-translational modification 
is required for proper membrane localization and signalling. Enzymes required for the Ras prenylation process are 
the druggable targets for the treatment of breast cancer [86]. GTP loading activates membrane-anchored Ras, which 
acts as an activator to the effector kinases by luring them towards the cell membrane and further phosphorylation 
processes allow for their subsequent activation [84].

7.1 � Raf inhibition

Inhibition of B-Raf has been demonstrated to cause the development of Ras-dependent C-Raf/B-Raf heterodimers 
and to activate C-Raf, which in turn promotes carcinogenesis when oncogenic Ras is present [87]. Due to acquired or 
inherent drug resistance at reasonable levels, a sizable portion of patients receiving B-Raf-inhibitor and therapy devel-
oped secondary malignancies, and most frequently cutaneous squamous-cell carcinomas (cuSCC) [88]. As a result, 
the treatment of tumours with Ras mutations has not been successful when B-Raf inhibitors are administered alone. 
Instead, it has been demonstrated that combining MEK inhibitors with B-Raf inhibitors is beneficial to improve survival 
outcomes as well as to lower the incidence of cuSCC [89, 90]. Important B-Raf inhibitors are Vemurafenib, Dabrafenib 
and Encorafenib. Vemurafenib suppresses the activity of BRAF kinase by binding specifically to its ATP-binding site. It 
works against the cell lines having BRAFV600E, V600D, V600R mutants [91]. Dabrafenib binds selectively to BRAF and stops 
its activity. It works against the cell lines having BRAFV600E, V600D, V600R, V600k mutants [92, 93]. Encorafenib is a specific 
ATP-competitive inhibitor of RAF kinase. It works against the cell lines having BRAFV600E, V600D, V600k mutants [94, 95].
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7.2 � MEK kinase inhibition

The focus shifted to the blocking of MEK kinase because attempts to target Raf kinases have been hampered by 
acquired drug resistance, which restricts the efficacy of inhibitors. Prominent MEK inhibitors are Trametinib, Cobi-
metinib, Binimetinib and Selumetinib. Trametinib, Cobimetinib, Binimetinib and Selumetinib are important inhibi-
tor of MEK1 and MEK2 [96, 97]. Moreover, the MEK inhibitor cobometinib has been authorized to treat histiocytic 
neoplasms because of its ability to effectively target mutations in the MAPK/ERK pathway [98]. In patients with N-Ras 
and K-Ras-mutant metastatic colorectal cancer, a phase II clinical trial examined the use of the CDK4/6 inhibitor pal-
bociclib in combination with the MEK inhibitor binimetinib. The study revealed targetable mechanisms of resistance 
and identified biomarkers of response, demonstrating treatment efficacy [99]. Molecule’s selectivity is constrained 
since numerous inhibitors of kinase have been created that directly bind to this conserved region and compete for 
ATP. To increase selectivity, many allosteric inhibitors of MEK have been created. These MEK inhibitors do not bind 
to the MEK’s ATP-binding site in a competitive manner, but rather to a specific location near to it. Allosteric MEK 
inhibitors, then, bind to MEK exclusively and prevent the kinase from performing its intended function by causing 
a conformational change which keeps the enzyme to a catalytically dormant state [100]. Low toxicity and excel-
lent physicochemical qualities result from high selectivity. Patients with B-RafV600E/K melanoma may be treated 
with trametinib, cobimetinib, or binimetinib, three allosteric inhibitors of MEK [101]. The progress of combinatorial 
approaches has been the focus of research due to the inadequate efficiency of MEK inhibitors in the mono-agent 
settings. Raf inhibitors [102, 103] systemic immunotherapies [104, 105] and conventional chemotherapeutic drugs 
[106] have all been utilised in conjunction with MEK inhibitors in Ras-mutant malignancies to maintain a prolonged 
clinical benefit. A viable therapeutic strategy utilizing immunotherapy and MEK inhibitors has been suggested by the 
preclinical efficacy of trametinib as well as immunomodulatory antibodies in KRAS/p53-mutant lung cancer [107]. 
Immunocheckpoint inhibitors and MEK inhibitors together have demonstrated potential in the treatment of K-Ras-
driven malignancies. This synergy is rooted in various molecular mechanisms such as immune cell infiltration, MHC 
Class I expression, and STING pathway activation. Inhibition of MEK can increase the infiltration of CD8⁺ T cells into 
K-Ras driven tumors and thus boosting anti-tumor immunity. Whereas MEK inhibition leads to increased MHC Class 
I expression on tumor cells which improve antigen presentation as well as cytotoxic T cells recognition. On the other 
hand, through the intrinsic amplification of Type I IFN signaling in tumor cells, MEK inhibition makes K-Ras driven 
pancreatic cancer more sensitive to STING agonism [108–110]. In one of the studies, combining trametinib with the 
new SOS1-KRAS interaction inhibitor BI-3406, which targets the catalytic region of SOS1, makes KRAS-driven tumours 
more susceptible to MEK inhibition in mice models [111]. Moreover, one recent study shows a single compound has 
dual inhibition activity against Raf and Mek kinases in colorectal carcinoma. In this study, the inhibitor was predicted 
by atomistic molecular dynamics simulations to be the top candidate for Raf and Mek protein binding. When com-
pared to recognized inhibitors, this lead candidate demonstrated better interactions with amino acid residues and 
comparable binding stability with these targets. The substance successfully reduced the proliferation of HT-29 and 
Caco-2 cells [112].

7.3 � Erk kinase inhibition

Another target to avoid compensatory resistance mechanisms is Erk, the last kinase in the MAPK cascade. ASN007 
[113], LY3214996 [114], GDC-0994 [115], and MK-8353 [116] are a few ATP-competitive Erk1/2 inhibitors that have 
been found, and several of them have shown considerable anti-tumor effects in cancers carrying Ras mutations. A 
selective ERK1/2 inhibitor called LY3214996 has shown promise in preclinical models of malignancies mediated by 
the ERK pathway. In cancer cells with abnormal ERK signaling, LY3214996 efficiently inhibits ERK1/2 to decrease tumor 
cell growth and trigger apoptosis [117]. In a phase I clinical trial involving patients with K-Ras-mutant malignancies, 
ulixertinib, an oral ERK inhibitor, had encouraging single-agent activity [118]. Because Erk inhibitors act as inhibitors 
in both normal and malignant tissues, their therapeutic index in monotherapies is still constrained. Instead, they 
have typically been investigated in scenarios where multiple modality therapies are used to increase their efficacy in 
malignancies with Ras mutations [119]. It has been demonstrated that when MEK or ERK are inhibited alone, feedback 
reactivation frequently results in the temporary shutdown of the MAPK pathway. A study showed that this feedback 
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loop might be addressed by combining MEK and ERK inhibition, which would lead to longer-lasting pathway sup-
pression and improved anticancer effectiveness in cancers with RAS mutations [120].

7.4 � Inhibition of PI3K/Akt/mTOR pathway

Tumor development and drug resistance have both been linked to abnormalities in the PI3K-Akt signalling pathway. In 
the axis, a subset of mutations can cause PI3K signalling dysregulation through a variety of pathways. Mutations in the 
subunits of PI3K (p110a and p85a), amplification of RTKs (HER2 and EGFR) deletion or mutation of the phosphatase ten-
sin homolog (PTEN), hyperactivation of Ras or overexpression of Akt are some of these changes. Beta-catenin [121] and 
activated p90 ribosomal S6 kinase (RSK) [122, 123] inherent resistance makes it difficult to target Ras-induced activation 
of PI3K-Akt signalling alone. Previous studies show inhibitory activity of copanlisib against PI3K pathway and indicated 
antitumor effects in in-vitro and in-vivo experiments [124].

The second kinase member in the PI3K-mTOR axis is Akt which consists of three different isoforms that include Akt1, 
Akt2 and Akt3 [125]. The main function of Akt1 is to control cell proliferation and survival. Previously studies have shown 
that Akt1 inhibits the migration of breast cancer cells. While, Akt2 primarily promotes migration and invasion by regu-
lating F-actin, EMT-proteins, and β-integrins. Akt2 also plays an important role in the insulin signaling pathway. In vivo 
studies using mouse models have revealed the opposing roles of Akt1 and Akt2 in cell invasion and migration. Whereas, 
Akt3 has been linked to brain development and is mostly expressed in the brain. Akt3’s function in neural growth is 
demonstrated by the smaller brain size in mice lacking Akt3 expression. Furthermore, Akt3 has been linked to a number 
of malignancies, such as prostate and breast cancers, indicating a role in tumor progression [126, 127]. Different Akt 
isoforms have different targets for inhibition based on their unique functions in cellular processes and disease progres-
sion. As Akt1, Akt2, and Akt3 have different and occasionally conflicting activities, selective inhibition techniques need 
to be carefully designed to optimize therapeutic advantages and minimize undesirable side effects. Akt1 inhibitors may 
be helpful in malignancies when Akt1 drives survival, such as in lung cancers. Since Akt2 overexpression is associated 
with worse outcomes in metastatic tumors, selective inhibition of Akt2 may be helpful, particularly in breast and ovarian 
cancers. Akt3 inhibition may slow the growth of brain tumors. However, brain-penetrant inhibitors with high specificity 
are desirable because systemic Akt3 inhibition may result in neurodevelopmental problems or cognitive impairments 
[128–130].

All three Akt isoforms that is Akt1, Akt2, and Akt3 are targeted by the ATP-competitive inhibitor capivasertib. Capiva-
sertib has shown anticancer effectiveness in a variety of cancer types through the inhibition of Akt phosphorylation, 
which results in increased apoptosis and decreased cell proliferation [131]. Another allosteric Akt inhibitor that blocks 
Akt activation and downstream signaling is miransertib, which targets the PH domain. By inhibiting cell division and 
triggering apoptosis, it has shown promise in the treatment of a number of malignancies [132]. In one of the studies, 
the proliferation of cancer cells with K-Ras mutations was inhibited by the combination of an allosteric inhibitor of Akt 
(MK-2206) and several RTK inhibitors (jnj38877605, Lapatinib, OSI-906) [133]. Moreover, clinical trials have also been 
conducted with inhibitors that target mTOR, one of the effectors of RAS in downstream signalling; nevertheless, the bulk 
of these single-agent treatments failed to produce obvious clinical advantages [134, 135]. Recently one of the studies 

Fig. 4   Downstream regula-
tors of Ras protein with 
their prominent inhibitors. 
Downstream regulators of Ras 
protein are rapidly accelerated 
fibrosarcoma (RAF), mitogen-
activated protein kinase 
kinase (MEK), extracellular 
signal-regulated kinase (ERK), 
phosphatidylinositol 3-kinase 
(PI3K), Akt and mammalian 
target of rapamycin (mTOR) 
and these are inhibited by 
Dabrafenib, Trametinib, Ulix-
ertinib, Copanlisib, MK-2206, 
Everolimus respectively

Ras

Raf

GTP

P13K

Mek Akt

Dabrafenib

Trame�nib

Erk mTORUlixer�nib

Copanlisib

MK-2206

Everolimus

Ras
GDP



Vol.:(0123456789)

Discover Oncology         (2025) 16:1029  | https://doi.org/10.1007/s12672-025-02783-x 
	 Review

Ta
bl

e 
1  

P
ro

m
in

en
t i

nh
ib

ito
rs

 o
f d

ow
ns

tr
ea

m
 re

gu
la

to
rs

 o
f R

as
 p

at
hw

ay

In
hi

bi
to

rs
M

ec
ha

ni
sm

 o
f a

ct
io

n
Cl

in
ic

al
 tr

ia
l s

ta
tu

s
Po

te
nt

ia
l t

he
ra

pe
ut

ic
 u

se
s

Ra
f i

nh
ib

ito
r (

D
ab

ra
fe

ni
b)

It 
se

le
ct

iv
el

y 
in

hi
bi

ts
 m

ut
an

t B
RA

F 
V6

00
E,

 a
nd

 b
lo

ck
 d

ow
n-

st
re

am
 M

EK
/E

RK
 s

ig
na

lin
g

A
pp

ro
ve

d 
fo

r c
lin

ic
al

 u
se

Tr
ea

tm
en

t o
f m

el
an

om
a,

 N
SC

LC
, a

nd
 a

na
pl

as
tic

 th
yr

oi
d 

ca
nc

er
 

w
ith

 B
RA

F 
V6

00
E 

m
ut

at
io

ns
M

EK
 in

hi
bi

to
r (

Tr
am

et
in

ib
)

In
hi

bi
ts

 M
EK

1/
2,

 p
re

ve
nt

in
g 

ER
K1

/2
 a

ct
iv

at
io

n 
an

d 
bl

oc
ki

ng
 

do
w

ns
tr

ea
m

 s
ig

na
lin

g
A

pp
ro

ve
d 

fo
r c

lin
ic

al
 u

se
U

se
d 

in
 c

om
bi

na
tio

n 
w

ith
 B

RA
F 

in
hi

bi
to

rs
 fo

r m
el

an
om

a,
 N

SC
LC

, 
an

d 
th

yr
oi

d 
ca

nc
er

 w
ith

 B
RA

F 
V6

00
 m

ut
at

io
ns

ER
K 

in
hi

bi
to

r (
U

lix
er

tin
ib

)
Se

le
ct

iv
el

y 
in

hi
bi

ts
 E

RK
1/

2,
 b

lo
ck

in
g 

M
A

PK
 p

at
hw

ay
 a

ct
iv

at
io

n
U

nd
er

go
in

g 
cl

in
ic

al
 tr

ia
ls

In
ve

st
ig

at
io

na
l u

se
 in

 c
an

ce
rs

 w
ith

 M
A

PK
 p

at
hw

ay
 m

ut
at

io
ns

, 
in

cl
ud

in
g 

m
el

an
om

a 
an

d 
co

lo
re

ct
al

 c
an

ce
r

PI
3K

 in
hi

bi
to

r (
Co

pa
nl

is
ib

)
In

hi
bi

ts
 P

I3
K-

al
ph

a 
an

d 
PI

3K
-d

el
ta

 is
of

or
m

s, 
re

du
ci

ng
 A

KT
 

si
gn

al
in

g 
an

d 
tu

m
or

 g
ro

w
th

A
pp

ro
ve

d 
fo

r c
lin

ic
al

 u
se

Tr
ea

tm
en

t o
f r

el
ap

se
d 

fo
lli

cu
la

r l
ym

ph
om

a

A
KT

 in
hi

bi
to

r (
M

K-
22

06
)

A
llo

st
er

ic
al

ly
 in

hi
bi

ts
 A

KT
, r

ed
uc

in
g 

ph
os

ph
or

yl
at

io
n 

an
d 

ac
tiv

-
ity

 o
f d

ow
ns

tr
ea

m
 ta

rg
et

s
U

nd
er

go
in

g 
cl

in
ic

al
 tr

ia
ls

In
ve

st
ig

at
io

na
l u

se
 in

 s
ol

id
 tu

m
or

s, 
br

ea
st

 c
an

ce
r, 

an
d 

he
m

at
o-

lo
gi

c 
m

al
ig

na
nc

ie
s

m
TO

R 
in

hi
bi

to
r (

Ev
er

ol
im

us
)

In
hi

bi
ts

 m
TO

RC
1,

 re
du

ci
ng

 c
el

l p
ro

lif
er

at
io

n,
 a

ng
io

ge
ne

si
s, 

an
d 

m
et

ab
ol

is
m

A
pp

ro
ve

d 
fo

r c
lin

ic
al

 u
se

Tr
ea

tm
en

t o
f a

dv
an

ce
d 

re
na

l c
el

l c
ar

ci
no

m
a,

 b
re

as
t c

an
ce

r, 
pa

n-
cr

ea
tic

 n
eu

ro
en

do
cr

in
e 

tu
m

or
s



Vol:.(1234567890)

Review	  
Discover Oncology         (2025) 16:1029  | https://doi.org/10.1007/s12672-025-02783-x

reported that osteosarcoma malignancy is suppressed by Chitosan oligosaccharide through PI3K/Akt/mTOR pathway by 
the inhibition of cell migration-inducing protein (CEMIP) [136]. In patients of RAS/Raf-mutant solid tumours, a phase one 
trial which is based on the combination of a dual Raf/MEK inhibitor, as well as everolimus (mTOR inhibitor) (NCT02407509), 
is now being conducted [119]. Figure 4 and Table 1 shows prominent inhibitors of downstream regulators of Ras protein, 
their mechanism of action, clinical trial status and potential therapeutic uses.

8 � Role of Ras in immunity and inflammation

Ras signalling has been demonstrated to be the essential component of immune cell signalling, regulating proliferation, 
maturation and activation of many cell types. Antigen receptor on T cells in animals carrying a dominant-negative type 
of H-Ras in the T lineage cells, TCR (T- Cell Receptor) stimulation promotes fast activation of Ras, and positive selection 
of immature CD4/CD8 double-positive T cells to mature single positive cells is repressed [137]. When it comes to RAS 
biology, it is still poorly understood, despite being one of the most commonly mutated signalling pathways in cancer 
patients, dysregulation in RAS signalling has a direct impact on not only the development of numerous pathological 
conditions in infected cells but also on host physiological processes including the immune response to viral infection 
and inflammation [138].

The biology behind the development of inflammation is closely related to macrophages. Macrophages are an impor-
tant element of the mononuclear phagocyte system, which is formed of bone marrow cells such as blood monocytes and 
tissue macrophages, these monocytes move from the blood to various tissues and transform into macrophages which 
play a vital role in the development, resolution and maintenance of inflammation [139]. To maintain the body’s homeo-
stasis, macrophage phagocytic function is generally associated with the engulfment of dying cells, foreign particulates 
and pathogens. Ras-related binding (Rab) GTPases are the most numerous branches of the Ras-related small GTPase 
superfamily, and they can precisely regulate receptor intracellular trafficking, including the movement of newly formed 
receptors from the endoplasmic reticulum (ER) to the cell surface, endocytosis of receptor-ligand complexes from the 
cell surface, and translocation of the complexes to the endosomes. Rab43, a member of the Rab family, is thought to 
be involved in the transport of G protein-coupled receptors (GPCRs). A study has proven, that suppressing anterograde 
transport of CD91 (cluster of differentiation 91) and HMGB1 (High-mobility group box 1) regulated by Rab43, which 
impairs macrophage-mediated efferocytosis delays inflammation resolution, suggesting that restoring Rab43 levels is 
a promising approach for attenuating inflammation in humans [140].

Two inflammatory mediators which closely related to the activation of Ras proto-oncogene are IL-1 beta and IL-8. 
IL-1beta is a pro-inflammatory cytokine linked to pain, inflammation, and autoimmune diseases. Elevated IL-1 beta 
levels have been linked to tumour initiation, invasiveness, and progression in a variety of cancers. Indeed, IL-1 beta is 
abundant at tumor sites, including lung tumors; high levels of IL-1beta were discovered in the serum and tissues of lung 
cancer patients and were linked to a poor prognosis. In the case of inflammatory-mediated cancer, K-ras-mutant lung 
adenocarcinoma (KM-LUAD) has a poor prognosis and is closely linked to tumor-promoting inflammation. In combina-
tion with currently available treatments for KM-LUAD (K-ras-mutant lung adenocarcinoma), IL-1beta blockade may be 
a preventive approach for high-risk individuals and an alternative therapeutic approach [141]. Similarly, there are other 
important cytokines which are involved in Ras-associated inflammation and cancer as shown in Table 2.

Inflammation and wound healing during stress and injury are intricate biological responses involving complex interac-
tions among different cell types that control the expression of different biological mediators. These secreted cytokines 
promote cell activation and proliferation, along with chemokines that induce chemotaxis and cell migration. Similar 
signalling events are seen in cancer cells also. Sparmann and Bar-Sagi reported that activating Ras proto-oncogenes in 
cancer cells causes overexpression of the inflammatory cytokine interleukin-8 (IL-8) which is a powerful proinflammatory 
chemokine that can cause neutrophils to rapidly migrate to infection and inflammation sites, which promotes tumour 
inflammation, vasculogenesis, and, finally, tumour development [142]. Moreover, research has shown that the MAPK 
pathway can be used by Ras proteins, such as H-Ras, to stimulate the release of interleukin-6 (IL-6) and interleukin-8 (IL-
8). It has been demonstrated that inhibiting ERK, a downstream element of the MAPK pathway, lowers the secretion of 
IL-6 and IL-8, indicating that this route mediates Ras-induced cytokine production. Additionally, previous studies shows 
that K-Ras mutations can raise the expression of IL-6 and IL-8 in vivo. These results imply that oncogenic Ras signaling, 
including that driven by H-Ras or other subtypes can trigger the in vivo release of IL-6 and IL-8, which aids in tumor 
growth and immune regulation [143–145].
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Chronic inflammation is caused by many factors such as bacterial, viral, and parasitic infections, chemical irritants, 
and indigestible particles which directly activate leukocytes, like neutrophils, monocytes, macrophages, and eosinophils 
thus producing soluble factors that are thought to play a role in the development of inflammation-related cancer. The 
longer the inflammation lasts, the greater the risk of carcinogenesis [146]. A central paradigm in carcinogenesis is the 
acquisition of an activating RAS signalling pathway mutation and loss of tumour suppression, which is commonly caused 
by p53 mutation or deletion. Inflammation allows mutant RAS to avoid the requirement for tumour suppression loss to 
drive tumorigenesis [147]. Pancreatic ductal adenocarcinoma (PDAC), the most Ras-addicted cancer [148] is a deadly 
disease with an extremely poor prognosis. Inflammatory processes have emerged as key players in the development 
and progression of pancreatic cancer [149]. It is unclear whether systemic inflammation is solely caused by the existence 
of invasive PDAC or if it develops in conjunction with the inflammatory pancreatic microenvironment of precancerous 
intraepithelial neoplasia (PanIN). Indeed, recruited M1 macrophages appear to enhance not only reversible ADM (acinar-
to-ductal metaplasia) but also KRAS activation associated with pre-neoplastic lesions of PanINs, as well as additional 
IL13-dependent steps toward PDAC development [150].

The NF-B pathway is the major regulator of inflammation and is closely associated with cancer as a pro-survival and 
oncogenic pathway. The inhibition of NF-B in myeloid cells or tumour cells causes tumour regression. Both the Baldwin 
and Jacks laboratories demonstrated that the NF-B pathway collaborates with oncogenic Ras to enhance tumorigenesis 
in non-small cell lung cancers (NSCLC) [151]. Inflammation maximizes the likelihood of the constant occurrence of pro-
cesses leading to fibrosis. Indeed, an inflammatory infiltrate is a characteristic of the initial phases of fibrosis. Inflammatory 
cells can transform fibroblast metabolism which may profoundly affect ECM production and collagen synthesis by direct 
cell–cell interactions and/or by secreting soluble products such as TGF-β, connective tissue growth factor (CTGF), inter-
leukin (IL)-6, altered Ras signalling. One of the best examples of this phenomenon is systemic sclerosis (SSc) commonly 
known as connective tissue disease with a high morbidity and mortality rate, characterized by severe fibrosis affecting 
various organs such as the lungs, dermis and heart [152].

The RalB GTPase pathway, a crucial effector of oncogenic Ras signaling, is involved in the Ras-mediated activation of 
TANK-binding kinase 1 (TBK1). RalB is activated in this pathway as a result of active Ras’s interaction with the Ral guanine 
nucleotide dissociation stimulator (RalGDS). RalB recruits and activates TBK1 through its interaction with Sec5, a part 
of the exocyst complex. Once activated, TBK1 stimulates the generation of cytokines, autophagy regulation, and NF-κB 
signaling, all of which support the survival of cancer cells and immune evasion. Since TBK1 is a major downstream modu-
lator of oncogenic Ras and a possible therapeutic target, this signaling pathway is especially important in KRAS-driven 
malignancies like pancreatic cancer [153, 154].

Tendinopathy is a chronic disorder that affects a large population and has significant socioeconomic consequences 
worldwide. Tendinopathy was found to be more common in diabetic patients with greater chronic inflammation, the 
high glucose environment in diabetic patients may cause chronic inflammation in the tendon and, eventually, the devel-
opment of tendinopathy [155]. High glucose levels increase inflammation by creating a pro-inflammatory environment 
via the production of some pro-inflammatory mediators (cytokines, chemokines, and leukotrienes), and by influencing 
the recruitment of immune cells, leukocytes in the inflamed region which eventually stimulates epidermal growth factor 
(EGF), that binds to the EGF receptor (EGFR) and promotes cancer cell proliferation via the PI3K/Akt/mTOR and Ras/Raf/
MEK pathways [156]. Moreover, in another work focusing on the downregulation of inflammatory responses using the 
Ras pathway, it was found that Alpha-lipoic acid reduces atherosclerotic lesions and inhibits vascular smooth muscle cell 
proliferation by targeting the Ras/MEK/ERK signalling pathway [157].

9 � Ras and epigenetic silencing

Mutations can lead to cancerous developments in the body. In consideration of the role performed by epigenetics in 
Ras proteins, it is clear that this can be the cause of certain cancers. External stimuli and cellular behaviors to niche can 
influence the Ras gene family thereby altering cell growth and death patterns leading to cancerous cell development. 
Hence, epigenetic changes increase the chances of cancer.

Epigenetic mechanisms act as regulators for gene expression and are usually altered in human cancer development. 
Epigenetic mechanisms include DNA methylation, histone modifications as well as small and long non-coding RNAs 
associated with the regulation of pro-oncogenic pathways in cancer. Ras activation is regulated by epigenetic signature 
including hypomethylation of CpG islands [162] increased histone deacetylase activity in the Ras promoter, and trans-
lational repression by miRNAs.
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Of the epigenetic changes, when overall DNA methylation increases, there results in decreased expression of a set of 
genes thereby increasing cancer risks. Although the cancerous cells will show signs of heightened DNA methylation, the 
overall amount is much lesser than the DNA methylation of regular cells. Epigenetics can help one to study the type of 
cancer existing in a patient or even help in early detection. With the context of a specific and systemic pattern of epige-
netic variations, however, this alone is not a perfect choice to diagnose cancer entirely, and thus further screening tests 
will be required. It is known that a cancerous cell develops through changes that are influenced either by the repression 
of tumor suppressors or the activation of oncogenes [163].

In a study revolving epigenetic silencing of Ca2 + regulated RASAL (Ras GTPase activating protein or Ras GAP), a new 
mechanism of Ras activation was observed that led to cancer. RASAL protein is a Ca2 + Ras GAP that is known to be 
involved in the decoding of CA2 + oscillations. In this epigenetic silencing, the RASAL protein is silenced by CpG meth-
ylation in multiple tumors. As Ras GAP is involved in switching off Ras signalling, they are identified as tumor suppressor 
genes. Hence, the epigenetic silencing of this results in atypical Ras activation in cancers. Another observation was that 
tumor cell growth inhibition was observed by Ras inactivation when catalytically active RASAL is expressed ectopically 
[164].

As mentioned earlier, Ras-mediated epigenetic silencing of many different and unrelated genes takes place through 
a complex and specific pathway that involves various elements to maintain the completely transformed phenotype. 
This was proven in observations from a genome-wide RNA interference (RNAi) screening in K-Ras- (a member of the 
Ras family) -transformed NIH 3T3 cells. This screening identified about 28 genes that were needed for Ras-mediated 
epigenetic silencing of the Fas gene (pro-apoptotic gene). In 9 of the Ras epigenetic silencing effectors (RESEs), they 
were found to be directly linked with certain regions of the Fas promoter in K-Ras transformed NIH 3T3 cells. However, 
this was absent in untransformed cells. Even the presence of one RNAi-mediated knockout of any of the 28 RESEs led to 
DNMT1 (DNA methyltransferase) recruitment failure and subsequently loss of Fas promoter hypermethylation and thus 
Fas expression repression is revoked. Another analysis involving 5 other epigenetically repressed genes showed that the 
aforementioned statement was true [165]. Furthermore, list of prominent epigenetic markers involved in regulating Ras 
signaling in various cancers has been shown in Table 3.

9.1 � DNA methylation

Ras activation is effectively regulated by specific epigenetic signatures including hypomethylation of CpG islands within 
Ras promoters [162], increased histone deacetylase activity in the Ras promoter, and/or translational repression by 
miRNAs. In addition, activation of the Ras gene also regulates locus-specific methylation and leads to transcriptional 
activation of many genes. Oncogenic activation of Ras controls DNA methylation by inducing DNMT1 expression at 
the transcriptional level by activating cJUN [171]. Along with an increase in DNMT expression, ten-eleven translocation 
enzymes (TET1) are also transcriptionally downregulated via the Ras/ERK pathway [172]. The excess of DNMT and the 
reduced TET1 levels would target certain genes for hypermethylation. It has been reported that promoters associated 
with aberrant CpG methylation of the tumor suppressors and apoptotic genes by DNA methyltransferases are regulated 
by Ras GTPase signalling. Several lines of evidence suggest that RASSF1 (Ras Association Domain Family Protein 1), a 
tumor suppressor gene that controls the Ras pathway is one of the most commonly reported hypermethylated genes 
in more aggressive cancer types and a driving force behind the progression of drug resistance [173]. Moreover, Ras 
along with tumor suppressor protein phosphatase 2A regulates DNA methylation, histone methylation, and histone 
deacetylation via dephosphorylation of these epigenetic complexes involved in aberrant tumor progression [174]. Yet 
another mechanism dysregulates epigenetic signature and increases the rate of mutation of Ras. Repair methyltransferase 
MGMT (O6-methylguanine-DNA methyltransferase) promoter hypermethylation and transcriptional silencing promote 
an increased rate of mutation of K-Ras.

One of the studies discusses the vital role of an important hydroxylation enzyme named Ten-eleven translocation 
enzymes in affecting the K-Ras functions. In Ras-dependent tumorigenesis, the silencing of the tumor suppressor gene 
triggered by hypermethylation is a central epigenetic modification. DNA methylation can be depressed by TET enzymes 
through hydroxylation of 5-methylcytosine (5mC) bases to 5-hydroxymethylcytosine (5hmC). It was reported that for cel-
lular transformation and K-Ras-induced DNA hypermethylation suppression of TET1 is essential. In this study upon inhibi-
tion of TET1 expression, ERK-signalling mediates transformation through oncogenic K-Ras. Mechanism-wise, chromatin 
occupancy at TSG promoters of TET1 is reduced and consequently, it decreases 5hmC levels. This increases the levels of 
5mC and finally in 5mC-dependent transcriptional silencing. Moreover, ERK pathway inhibition restores TET1 expression, 
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and reintroduction of ectopic TET1 in K-Ras-transformed cells inhibits colony formation and reactivates TSGs. Similarly, 
it was also found that TET1 expression is increased and colony-forming ability is diminished by K-Ras knockdown [172].

9.2 � Acetylation

Like methylation, another frequent Post translation modification which is associated with contributes in the develop-
ment of disease is acetylation, where an acetyl group from the metabolite acetyl-coenzyme A is transferred to either 
the amino group at the N-terminus of a protein or the -amino group of lysine residues [175]. Although Ala at Lys104 
(which is non-acetylatable) showed no influence on cell proliferation compared to cells expressing unsubstituted K-Ras, 
K-Ras was previously believed to be acetylated at this position (G12V) [176]. However, in NIH3T3 cells, K-Ras (G12V) with 
the K104Q mutation (which mimics acetylation) showed decreased GEF-induced nucleotide exchange and decreased 
transforming activity [177]. Other than this, acetylation was reported in two more places Lys104 and Lys147 [178]. Thus, it 
looks like location-specific and multilateral acetylation-like epigenetic events determine the Ras signalling modulations.

On the other hand, the genetic-code extension method used to incorporate acetylated lysine into K-Ras showed 
that changing this residue did not affect the modified protein’s SOS-mediated nucleotide exchange [178]. According to 
these findings and other research on Lys 104 mutations, glutamine is a low-key partner for acetylation at this location, 
given the significance of Lys 104 in preserving the structural integrity of helices 2 and 3, the hypothesis that acetylation 
controls Ras activities is still a possibility [179]. According to recent research, K-Ras is acetylated on the N-terminal Thr 
followed by the removal of the initial Met. Such alteration stabilises the N-terminus and switch regions by interacting 
with a central beta-sheet. K-Ras loose this modification whereas the initial Met take on an open, inactive, nucleotide-free 
conformation [180].

10 � Conclusion

On molecular details, we have learned enough about the Ras gene just over 30 years after it was discovered, that it was 
an active oncogene in human tumors. Ras proteins are small molecules that regulate a wide range of biological activi-
ties. They are found at the intersection of membrane receptors and multiple signalling pathways. Ras works in part by 
attracting proteins to the plasma membrane, where they become activated. The incorporation of Ras isoforms into 
immunological signalling complexes can be governed by their affiliation with certain membrane subdomains or assembly 
factors, as well as their access to specific activators GEFs or deactivators GAPs, this might alter how well each can activate 
specific effector pathways. The Ras signalling pathways, like many other signalling pathways under investigation by the 
pharmaceutical industry, are essential for the survival of both normal and tumor cells, even though tumor cells are more 
dependent on them. New techniques of creating chemicals based on structural considerations and a better knowledge 
of Ras processing and membrane localization are being pursued in an attempt to directly assault Ras proteins. These 
initiatives are still in the early stages of medication development. Targeting downstream pathways, on the other hand, 
is becoming a key focus of clinical research since a large pipeline of therapeutic candidates targeting proteins in the 
MAPK and PI3’-kinase pathways is being evaluated in clinical trials. Understanding the structure, function, and changes 
in the Ras protein, as well as employing various approaches has aided in drug discovery and should continue to lead to 
novel possible therapies.

11 � Future perspective of targeting Ras protein in inflammation and cancer therapeutics

The prospects of targeting Ras proteins in cancer therapeutics and inflammation are promising, marked by ongoing 
research and innovative developments. Emerging therapeutic strategies focus on addressing Ras mutations, particularly 
in K-Ras, as a central theme in cancer drug discovery. Advances in precision medicine and the exploration of novel Ras 
inhibitors hold the potential for more effective and personalized treatment options. Additionally, as Ras proteins are 
implicated in inflammatory processes that contribute to cancer progression, targeting Ras-related inflammation presents 
a dual opportunity for therapeutic intervention. The intersection of cancer and inflammation indicates the significance 
of understanding Ras biology in both contexts. Furthermore, recently researchers have created algorithms to create 
novel K-Ras inhibitors using quantum computing. This strategy has produced promising compounds that interact with 
oncogenic K-Ras mutants in an efficient manner, providing a possible means of overcoming resistance. This breakthrough 
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shows the future potential of quantum computing to create experimentally validated hits [181]. Innovative methods 
are being explored to restore the impaired function of mutant Ras proteins. Researchers are looking for ways to restore 
the protein’s capacity to appropriately regulate cell growth rather than only blocking RAS function. By addressing the 
fundamental flaw causing cancer to spread, this approach may result in more effective therapies. On the other hand, 
recent studies demonstrate the intricate connection between the tumor immune microenvironment and Ras signaling. 
In addition to aiding in tumor immune evasion, mutant Ras proteins can affect immune cell activation and recruitment. 
Comprehending this interaction creates opportunities to combine immunotherapies and Ras-targeted treatments to 
improve anti-tumor responses [11]. Moreover, according to recent research, mutant Ras contributes to genomic instability 
by causing stress on DNA replication. A possible therapeutic approach is to target the processes that cause this stress, 
as this could make RAS-mutant cancer cells more sensitive to particular therapies [182]. Ongoing clinical trials, such as 
those investigating Ras inhibitors, continue to pave the way for transformative approaches in cancer therapy, offering 
hope for improved outcomes and novel anti-inflammatory strategies. The evolving view of Ras-targeted therapeutics 
holds promise for shaping the future of cancer treatment and inflammation management.

Author contributions  P.K.N has done recapitulation, investigation and prepared an original draft, J.S has done conceptualization and supervi-
sion for the entire work. All authors read and approved the final manuscript.

Funding  Open access funding provided by Vellore Institute of Technology.

Data availability  No datasets were generated or analysed during the current study.

Declarations 

Ethics approval and consent to participate  Not applicable: no human or animal subjects are directly involved in this research.

Competing interests  The authors declare no competing interests.

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

References

	 1.	 Chen K, Zhang Y, Qian L, Wang P. Emerging strategies to target RAS signaling in human cancer therapy. J Hematol Oncol. 2021;14:116. 
https://​doi.​org/​10.​1186/​s13045-​021-​01127-w.

	 2.	 Vetter IR, Wittinghofer A. The guanine nucleotide-binding switch in three dimensions. Science. 2001;294:1299–304. https://​doi.​org/​10.​
1126/​scien​ce.​10620​23.

	 3.	 Simanshu DK, Nissley DV, McCormick F. RAS proteins and their regulators in human disease. Cell. 2017;170:17–33. https://​doi.​org/​10.​
1016/j.​cell.​2017.​06.​009.

	 4.	 Abankwa D, Gorfe AA, Inder K, Hancock JF. Ras membrane orientation and nanodomain localization generate isoform diversity. Proc 
Natl Acad Sci U S A. 2010;107:1130–5. https://​doi.​org/​10.​1073/​pnas.​09039​07107.

	 5.	 Jackson JH, Cochrane CG, Bourne JR, Solski PA, Buss JE, Der CJ. Farnesol modification of Kirsten-ras exon 4B protein is essential for trans-
formation. Proc Natl Acad Sci U S A. 1990;87:3042–6. https://​doi.​org/​10.​1073/​pnas.​87.8.​3042.

	 6.	 Weijzen S, Velders MP, Kast WM. Modulation of the immune response and tumor growth by activated Ras. Leukemia. 1999;13:502–13. 
https://​doi.​org/​10.​1038/​SJ.​LEU.​24013​67.

	 7.	 Bahnassy AA, Abdel-Azim YA, Ezzat S, Abdellateif MS, Zekri ARN, Mohanad M, Salama A, Khaled H. The role of circulating tumor cells and 
K-ras mutations in patients with locally advanced rectal cancer: a prospective study. Mol Biol Rep. 2020;47:9645–57. https://​doi.​org/​10.​
1007/​S11033-​020-​05973-8/​METRI​CS.

	 8.	 Adams PD, Muhoza D. Targeting K-Ras mutations show promise towards ending Ras’s “Undruggable” era. Protein Pept Lett. 2022;29:1007–
15. https://​doi.​org/​10.​2174/​09298​66529​66622​10031​24202.

	 9.	 Researchers uncover new role of mutant proteins in some of the deadliest cancers | National Institutes of Health (NIH). n.d. https://​www.​
nih.​gov/​news-​events/​news-​relea​ses/​resea​rchers-​uncov​er-​new-​role-​mutant-​prote​ins-​some-​deadl​iest-​cance​rs. Accessed 15 Feb 2025.

	 10.	 A Potential Advance Against RAS Gene-Driven Cancers | Memorial Sloan Kettering Cancer Center. n.d. https://​www.​mskcc.​org/​news/​
poten​tial-​advan​ce-​again​st-​ras-​driven. Accessed 15 Feb 2025.

	 11.	 Liu Y, Xie B, Chen Q. RAS signaling and immune cells: a sinister crosstalk in the tumor microenvironment. J Transl Med. 2023;21:1–14. 
https://​doi.​org/​10.​1186/​S12967-​023-​04486-9/​FIGUR​ES/4.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s13045-021-01127-w
https://doi.org/10.1126/science.1062023
https://doi.org/10.1126/science.1062023
https://doi.org/10.1016/j.cell.2017.06.009
https://doi.org/10.1016/j.cell.2017.06.009
https://doi.org/10.1073/pnas.0903907107
https://doi.org/10.1073/pnas.87.8.3042
https://doi.org/10.1038/SJ.LEU.2401367
https://doi.org/10.1007/S11033-020-05973-8/METRICS
https://doi.org/10.1007/S11033-020-05973-8/METRICS
https://doi.org/10.2174/0929866529666221003124202
https://www.nih.gov/news-events/news-releases/researchers-uncover-new-role-mutant-proteins-some-deadliest-cancers
https://www.nih.gov/news-events/news-releases/researchers-uncover-new-role-mutant-proteins-some-deadliest-cancers
https://www.mskcc.org/news/potential-advance-against-ras-driven
https://www.mskcc.org/news/potential-advance-against-ras-driven
https://doi.org/10.1186/S12967-023-04486-9/FIGURES/4


Vol.:(0123456789)

Discover Oncology         (2025) 16:1029  | https://doi.org/10.1007/s12672-025-02783-x 
	 Review

	 12.	 Rojas AM, Fuentes G, Rausell A, Valencia A. The Ras protein superfamily: Evolutionary tree and role of conserved amino acids. J Cell Biol 
23 January 2012; 196(2): 189–201.https://​doi.​org/​10.​1083/​jcb.​20110​3008

	 13.	 Campbell SL, Khosravi-Far R, Rossman KL, Clark GJ, Der CJ. Increasing complexity of Ras signaling. Oncogene. 1998;17:1395–413. https://​
doi.​org/​10.​1038/​sj.​onc.​12021​74.

	 14.	 Lanfredini S, Thapa A, O’Neill E. RAS in pancreatic cancer. Biochem Soc Trans. 2019;47:961–72. https://​doi.​org/​10.​1042/​BST20​170521.
	 15.	 Ijaz M, Wang F, Shahbaz M, Jiang W, Fathy AH, Nesa EU. The role of Grb2 in cancer and peptides as Grb2 antagonists. Protein Pept Lett. 

2018. https://​doi.​org/​10.​2174/​09298​66525​66617​11232​13148.
	 16.	 Karnoub AE, Weinberg RA. Ras oncogenes: split personalities. Nat Rev Mol Cell Biol. 2008;9:517–31. https://​doi.​org/​10.​1038/​nrm24​38.
	 17.	 Li L, Zhao G-D, Shi Z, Qi L-L, Zhou L-Y, Fu Z-X. The Ras/Raf/MEK/ERK signaling pathway and its role in the occurrence and development 

of HCC. Oncol Lett. 2016;12:3045–50. https://​doi.​org/​10.​3892/​ol.​2016.​5110.
	 18.	 Rajalingam K, Schreck R, Rapp UR, Albert S. Ras oncogenes and their downstream targets. Biochim Biophys Acta. 2007;1773:1177–95. 

https://​doi.​org/​10.​1016/j.​bbamcr.​2007.​01.​012.
	 19.	 van der Weyden L, Adams DJ. The Ras-association domain family (RASSF) members and their role in human tumourigenesis. Biochimica 

et Biophysica Acta (BBA) Rev Cancer. 2007;1776:58–85. https://​doi.​org/​10.​1016/J.​BBCAN.​2007.​06.​003.
	 20.	 Li X, Liu B, Wang X, Zhuang Y, Gao T, Sun N. Tiam1 regulates proliferation, invasion, and differentiation in neuroblastoma through the 

Tiam1/Rac1 signaling pathway. Neoplasma. 2024;71:37–47. https://​doi.​org/​10.​4149/​NEO_​2024_​22121​7N1184.
	 21.	 Shen R, Murphy CJ, Xu X, Hu M, Ding J, Wu C. Ras and Rab interactor 3: from cellular mechanisms to human diseases. Front Cell Dev Biol. 

2022;10: 824961. https://​doi.​org/​10.​3389/​FCELL.​2022.​824961/​FULL.
	 22.	 Kim JH, Lee HK, Takamiya K, Huganir RL. The role of synaptic GTPase-activating protein in neuronal development and synaptic plasticity. 

J Neurosci. 2003;23:1119–24. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​23-​04-​01119.​2003.
	 23.	 De Launay D, Vreijling J, Hartkamp LM, Karpus ON, Abreu JRF, Van Maanen MA, Sanders ME, Grabiec AM, Hamann J, Ørum H. Silencing 

the expression of Ras family GTPase homologues decreases inflammation and joint destruction in experimental arthritis. Am J Pathol. 
2010;177:3010–24.

	 24.	 Rodriguez-Viciana P, Tetsu O, Oda K, Okada J, Rauen K, McCormick F. Cancer targets in the Ras pathway. Cold Spring Harb Symp Quant 
Biol. 2005;70:461–7.

	 25.	 Ronai Z, Yabubovskaya MS, Zhang E, Belitsky GA. K-ras mutation in sputum of patients with or without lung cancer. J Cell Biochem. 
1996;63:172–6. https://​doi.​org/​10.​1002/​(SICI)​1097-​4644(1996)​25+%​3c172::​AID-​JCB24%​3e3.0.​CO;2-P.

	 26.	 Dalpa E, Gourvas V, Soulitzis N, Spandidos DA. K-Ras, H-Ras, N-Ras and B-Raf mutation and expression analysis in Wilms tumors: associa-
tion with tumor growth. Med Oncol. 2017;34:1–10. https://​doi.​org/​10.​1007/​S12032-​016-​0862-5/​METRI​CS.

	 27.	 Pé Rez P, Dominguez O, Gonzá Lez S, Gonzá Lez S, Triviñ A, Suá Rez C. Ras gene mutations in ethmoid sinus adenocarcinoma prognostic 
implications. Cancer. 1999. https://​doi.​org/​10.​1002/​(SICI)​1097-​0142(19990​715)​86:2.

	 28.	 Prior IA, Lewis PD, Mattos C, UKPMC Funders Group UKPMC Funders Group Author Manuscript. A comprehensive survey of Ras muta-
tions in cancer. Cancer Res. 2012;72:2457–67. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​11-​2612.A.

	 29.	 Smith MJ, Neel BG, Ikura M. NMR-based functional profiling of RASopathies and oncogenic RAS mutations. Proc Natl Acad Sci U S A. 
2013;110:4574–9. https://​doi.​org/​10.​1073/​PNAS.​12181​73110/-/​DCSUP​PLEME​NTAL/​PNAS.​20121​8173SI.​PDF.

	 30.	 Amin N, Chiarparin E, Coyle J, Nietlispach D, Williams G. 1H, 15N and 13C backbone assignments of GDP-bound human H-Ras mutant 
G12V. Biomol NMR Assign. 2016;10:121–3. https://​doi.​org/​10.​1007/​S12104-​015-​9649-4/​METRI​CS.

	 31.	 Hood FE, Klinger B, Newlaczyl AU, Sieber A, Dorel M, Oliver SP, Coulson JM, Blüthgen N, Prior IA. Isoform-specific Ras signaling is growth 
factor dependent. Mol Biol Cell. 2019;30:1108–17. https://​doi.​org/​10.​1091/​MBC.​E18-​10-​0676/​ASSET/​IMAGES/​LARGE/​MBC-​30-​1108-​G005.​
JPEG.

	 32.	 Vatansever S, Erman B, Gümüş ZH. Comparative effects of oncogenic mutations G12C, G12V, G13D, and Q61H on local conformations 
and dynamics of K-Ras. Comput Struct Biotechnol J. 2020;18:1000–11. https://​doi.​org/​10.​1016/J.​CSBJ.​2020.​04.​003.

	 33.	 Johnson CW, Lin YJ, Reid D, Parker J, Pavlopoulos S, Dischinger P, Graveel C, Aguirre AJ, Steensma M, Haigis KM, Mattos C. Isoform-specific 
destabilization of the active site reveals a molecular mechanism of intrinsic activation of KRas G13D. Cell Rep. 2019;28:1538-1550.e7. 
https://​doi.​org/​10.​1016/J.​CELREP.​2019.​07.​026.

	 34.	 Hobbs GA, Der CJ. RAS mutations are not created equal. Cancer Discov. 2019;9:696–8. https://​doi.​org/​10.​1158/​2159-​8290.​CD-​19-​0406.
	 35.	 Seeburg PH, Colby WW, Capon DJ, Goeddel DV, Levinson AD. Biological properties of human c-Ha-ras1 genes mutated at codon 12. 

Nature. 1984;312:71–5. https://​doi.​org/​10.​1038/​31207​1A0.
	 36.	 Trahey M, Milley RJ, Cole GE, Innis M, Paterson H, Marshall CJ, Hall A, McCormick F. Biochemical and biological properties of the human 

N-ras p21 protein. Mol Cell Biol. 1987;7:541–4. https://​doi.​org/​10.​1128/​MCB.7.​1.​541-​544.​1987.
	 37.	 Der CJ, Finkel T, Cooper GM. Biological and biochemical properties of human rasH genes mutated at codon 61. Cell. 1986;44:167–76. 

https://​doi.​org/​10.​1016/​0092-​8674(86)​90495-2.
	 38.	 Bournet B, Muscari F, Buscail C, Assenat E, Barthet M, Hammel P, Selves J, Guimbaud R, Cordelier P, Buscail L. KRAS G12D mutation subtype 

is a prognostic factor for advanced pancreatic adenocarcinoma. Clin Transl Gastroenterol. 2016;7:E157. https://​doi.​org/​10.​1038/​CTG.​
2016.​18.

	 39.	 Blons H, Emile JF, Le Malicot K, Julié C, Zaanan A, Tabernero J, Mini E, Folprecht G, Van Laethem JL, Thaler J, Bridgewater J, Nørgård-
Petersen L, Van Cutsem E, Lepage C, Zawadi MA, Salazar R, Laurent-Puig P, Taieb J. Prognostic value of KRAS mutations in stage III colon 
cancer: post hoc analysis of the PETACC8 phase III trial dataset. Ann Oncol. 2014;25:2378–85. https://​doi.​org/​10.​1093/​ANNONC/​MDU464.

	 40.	 Winters IP, Chiou SH, Paulk NK, McFarland CD, Lalgudi PV, Ma RK, Lisowski L, Connolly AJ, Petrov DA, Kay MA, Winslow MM. Multiplexed 
in vivo homology-directed repair and tumor barcoding enables parallel quantification of Kras variant oncogenicity. Nat Commun. 2017. 
https://​doi.​org/​10.​1038/​S41467-​017-​01519-Y.

	 41.	 Li S, Balmain A, Counter CM. A model for RAS mutation patterns in cancers: finding the sweet spot. Nat Rev Cancer. 2018;18:767–77. 
https://​doi.​org/​10.​1038/​s41568-​018-​0076-6.

	 42.	 Killoran RC, Smith MJ. Conformational resolution of nucleotide cycling and effector interactions for multiple small GTPases determined 
in parallel. J Biol Chem. 2019;294:9937–48. https://​doi.​org/​10.​1074/​JBC.​RA119.​008653.

https://doi.org/10.1083/jcb.201103008
https://doi.org/10.1038/sj.onc.1202174
https://doi.org/10.1038/sj.onc.1202174
https://doi.org/10.1042/BST20170521
https://doi.org/10.2174/0929866525666171123213148
https://doi.org/10.1038/nrm2438
https://doi.org/10.3892/ol.2016.5110
https://doi.org/10.1016/j.bbamcr.2007.01.012
https://doi.org/10.1016/J.BBCAN.2007.06.003
https://doi.org/10.4149/NEO_2024_221217N1184
https://doi.org/10.3389/FCELL.2022.824961/FULL
https://doi.org/10.1523/JNEUROSCI.23-04-01119.2003
https://doi.org/10.1002/(SICI)1097-4644(1996)25+%3c172::AID-JCB24%3e3.0.CO;2-P
https://doi.org/10.1007/S12032-016-0862-5/METRICS
https://doi.org/10.1002/(SICI)1097-0142(19990715)86:2
https://doi.org/10.1158/0008-5472.CAN-11-2612.A
https://doi.org/10.1073/PNAS.1218173110/-/DCSUPPLEMENTAL/PNAS.201218173SI.PDF
https://doi.org/10.1007/S12104-015-9649-4/METRICS
https://doi.org/10.1091/MBC.E18-10-0676/ASSET/IMAGES/LARGE/MBC-30-1108-G005.JPEG
https://doi.org/10.1091/MBC.E18-10-0676/ASSET/IMAGES/LARGE/MBC-30-1108-G005.JPEG
https://doi.org/10.1016/J.CSBJ.2020.04.003
https://doi.org/10.1016/J.CELREP.2019.07.026
https://doi.org/10.1158/2159-8290.CD-19-0406
https://doi.org/10.1038/312071A0
https://doi.org/10.1128/MCB.7.1.541-544.1987
https://doi.org/10.1016/0092-8674(86)90495-2
https://doi.org/10.1038/CTG.2016.18
https://doi.org/10.1038/CTG.2016.18
https://doi.org/10.1093/ANNONC/MDU464
https://doi.org/10.1038/S41467-017-01519-Y
https://doi.org/10.1038/s41568-018-0076-6
https://doi.org/10.1074/JBC.RA119.008653


Vol:.(1234567890)

Review	  
Discover Oncology         (2025) 16:1029  | https://doi.org/10.1007/s12672-025-02783-x

	 43.	 Newlaczyl AU, Coulson JM, Prior IA. Quantification of spatiotemporal patterns of Ras isoform expression during development. Sci Rep. 
2017. https://​doi.​org/​10.​1038/​SREP4​1297.

	 44.	 Prior IA, Hood FE, Hartley JL. The frequency of ras mutations in cancer. Cancer Res. 2020;80:2669–974. https://​doi.​org/​10.​1158/​0008-​5472.​
CAN-​19-​3682/​653980/​AM/​THE-​FREQU​ENCY-​OF-​RAS-​MUTAT​IONS-​IN-​CANCE​RRAS-​CANCER.

	 45.	 Pershing NLK, Lampson BL, Belsky JA, Kaltenbrun E, MacAlpine DM, Counter CM. Rare codons capacitate Kras-driven de novo tumori-
genesis. J Clin Invest. 2015;125:222–33. https://​doi.​org/​10.​1172/​JCI77​627.

	 46.	 Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras provokes premature cell senescence associated with accumulation 
of p53 and p16INK4a. Cell. 1997;88:593–602. https://​doi.​org/​10.​1016/​S0092-​8674(00)​81902-9.

	 47.	 Sarkisian CJ, Keister BA, Stairs DB, Boxer RB, Moody SE, Chodosh LA. Dose-dependent oncogene-induced senescence in vivo and its 
evasion during mammary tumorigenesis. Nat Cell Biol. 2007;9:493–505. https://​doi.​org/​10.​1038/​NCB15​67.

	 48.	 Burgess MR, Hwang E, Mroue R, Bielski CM, Wandler AM, Huang BJ, Firestone AJ, Young A, Lacap JA, Crocker L, Asthana S, Davis EM, Xu J, 
Akagi K, Le Beau MM, Li Q, Haley B, Stokoe D, Sampath D, Taylor BS, Evangelista M, Shannon K. KRAS allelic imbalance enhances fitness 
and modulates MAP kinase dependence in cancer. Cell. 2017;168:817-829.e15. https://​doi.​org/​10.​1016/J.​CELL.​2017.​01.​020.

	 49.	 Drosten M, Simon-Carrasco L, Hernandez-Porras I, Lechuga CG, Blasco MT, Jacob HKC, Fabbiano S, Potenza N, Bustelo XR, Guerra C, 
Barbacid M. H-Ras and K-Ras oncoproteins induce different tumor spectra when driven by the same regulatory sequences. Cancer Res. 
2017;77:707–18. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​16-​2925.

	 50.	 Potenza N, Vecchione C, Notte A, De Rienzo A, Rosica A, Bauer L, Affuso A, De Felice M, Russo T, Poulet R, Cifelli G, De Vita G, Lembo G, 
Di Lauro R. Replacement of K-Ras with H-Ras supports normal embryonic development despite inducing cardiovascular pathology in 
adult mice. EMBO Rep. 2005;6:432–7. https://​doi.​org/​10.​1038/​SJ.​EMBOR.​74003​97.

	 51.	 Zhou Y, Hancock JF. Ras nanoclusters: versatile lipid-based signaling platforms. Biochim Biophys Acta. 1853;2015:841–9. https://​doi.​org/​
10.​1016/J.​BBAMCR.​2014.​09.​008.

	 52.	 Santra T, Herrero A, Rodriguez J, von Kriegsheim A, Iglesias-Martinez LF, Schwarzl T, Higgins D, Aye TT, Heck AJR, Calvo F, Agudo-Ibáñez 
L, Crespo P, Matallanas D, Kolch W. An integrated global analysis of compartmentalized HRAS signaling. Cell Rep. 2019;26:3100-3115.
e7. https://​doi.​org/​10.​1016/J.​CELREP.​2019.​02.​038.

	 53.	 Adhikari H, Counter CM. Interrogating the protein interactomes of RAS isoforms identifies PIP5K1A as a KRAS-specific vulnerability. Nat 
Commun. 2018. https://​doi.​org/​10.​1038/​S41467-​018-​05692-6.

	 54.	 Johnson CW, Reid D, Parker JA, Salter S, Knihtila R, Kuzmic P, Mattos C. The small GTPases K-Ras, N-Ras, and H-Ras have distinct biochemi-
cal properties determined by allosteric effects. J Biol Chem. 2017;292:12981–93. https://​doi.​org/​10.​1074/​JBC.​M117.​778886.

	 55.	 Di Conza G, Tsai CH, Ho PC. Fifty shades of α-ketoglutarate on cellular programming. Mol Cell. 2019;76:1–3. https://​doi.​org/​10.​1016/J.​
MOLCEL.​2019.​09.​002.

	 56.	 Hammond DE, Mageean CJ, Rusilowicz EV, Wickenden JA, Clague MJ, Prior IA. Differential reprogramming of isogenic colorectal cancer 
cells by distinct activating KRAS mutations. J Proteome Res. 2015;14:1535–46. https://​doi.​org/​10.​1021/​PR501​191A.

	 57.	 Burd CE, Liu W, Huynh MV, Waqas MA, Gillahan JE, Clark KS, Fu K, Martin BL, Jeck WR, Souroullas GP, Darr DB, Zedek DC, Miley MJ, Baguley 
BC, Campbell SL, Sharpless NE. Mutation-specific RAS oncogenicity explains NRAS codon 61 selection in melanoma. Cancer Discov. 
2014;4:1418–29. https://​doi.​org/​10.​1158/​2159-​8290.​CD-​14-​0729.

	 58.	 Poulin EJ, Bera AK, Lu J, Lin YJ, Strasser SD, Paulo JA, Huang TQ, Morales C, Yan W, Cook J, Nowak JA, Brubaker DK, Joughin BA, Johnson 
CW, Destefanis RA, Ghazi PC, Gondi S, Wales TE, Iacob RE, Bogdanova L, Gierut JJ, Li Y, Engen JR, Perez-Mancera PA, Braun BS, Gygi SP, 
Lauffenburger DA, Westover KD, Haigis KM. Tissue-specific oncogenic activity of KRASA146T. Cancer Discov. 2019;9:738–55. https://​doi.​
org/​10.​1158/​2159-​8290.​CD-​18-​1220.

	 59.	 Stolze B, Reinhart S, Bulllinger L, Fröhling S, Scholl C. Comparative analysis of KRAS codon 12, 13, 18, 61, and 117 mutations using human 
MCF10A isogenic cell lines. Sci Rep. 2015. https://​doi.​org/​10.​1038/​SREP0​8535.

	 60.	 Hunter JC, Manandhar A, Carrasco MA, Gurbani D, Gondi S, Westover KD. Biochemical and structural analysis of common cancer-asso-
ciated KRAS mutations. Mol Cancer Res. 2015;13:1325–35. https://​doi.​org/​10.​1158/​1541-​7786.​MCR-​15-​0203.

	 61.	 Buhrman G, Kumar VSS, Cirit M, Haugh JM, Mattos C. Allosteric modulation of Ras-GTP is linked to signal transduction through RAF 
kinase. J Biol Chem. 2011;286:3323–31. https://​doi.​org/​10.​1074/​JBC.​M110.​193854.

	 62.	 Cox AD, Fesik SW, Kimmelman AC, Luo J, Der CJ. Drugging the undruggable Ras: mission possible? Nat Rev Drug Discov. 2014;13:828. 
https://​doi.​org/​10.​1038/​NRD43​89.

	 63.	 Pylayeva-Gupta Y, Grabocka E, Bar-Sagi D. RAS oncogenes: weaving a tumorigenic web. Nat Rev Cancer. 2011;11:761–74. https://​doi.​
org/​10.​1038/​nrc31​06.

	 64.	 Stephen AG, Esposito D, Bagni RG, McCormick F. Dragging ras back in the ring. Cancer Cell. 2014;25:272–81. https://​doi.​org/​10.​1016/j.​
ccr.​2014.​02.​017.

	 65.	 Canon J, Rex K, Saiki AY, Mohr C, Cooke K, Bagal D, Gaida K, Holt T, Knutson CG, Koppada N, Lanman BA, Werner J, Rapaport AS, San Miguel 
T, Ortiz R, Osgood T, Sun JR, Zhu X, McCarter JD, Volak LP, Houk BE, Fakih MG, O’Neil BH, Price TJ, Falchook GS, Desai J, Kuo J, Govindan R, 
Hong DS, Ouyang W, Henary H, Arvedson T, Cee VJ, Lipford JR. The clinical KRAS(G12C) inhibitor AMG 510 drives anti-tumour immunity. 
Nature. 2019;575:217–23. https://​doi.​org/​10.​1038/​s41586-​019-​1694-1.

	 66.	 Hosios AM, Manning BD. Cancer signaling drives cancer metabolism: AKT and the Warburg Effect. Cancer Res. 2021;81:4896–8. https://​
doi.​org/​10.​1158/​0008-​5472.​CAN-​21-​2647.

	 67.	 Li X, Peng X, Li Y, Wei S, He G, Liu J, Li X, Yang S, Li D, Lin W, Fang J, Yang L, Li H. Glutamine addiction in tumor cell: oncogene regulation 
and clinical treatment. Cell Commun Signal. 2024. https://​doi.​org/​10.​1186/​S12964-​023-​01449-X.

	 68.	 Ni R, Li Z, Li L, Peng D, Ming Y, Li L, Liu Y. Rethinking glutamine metabolism and the regulation of glutamine addiction by oncogenes in 
cancer. Front Oncol. 2023;13:1143798. https://​doi.​org/​10.​3389/​FONC.​2023.​11437​98/​PDF.

	 69.	 Trinei M, Berniakovich I, Pelicci PG, Giorgio M. Mitochondrial DNA copy number is regulated by cellular proliferation: a role for Ras and 
p66Shc. Biochimica et Biophysica Acta (BBA) Bioenergetics. 2006;1757:624–30.

	 70.	 Vyas S, Zaganjor E, Haigis MC. Mitochondria and cancer. Cell. 2016;166:555–66.
	 71.	 Kim M-J, Woo S-J, Yoon C-H, Lee J-S, An S, Choi Y-H, Hwang S-G, Yoon G, Lee S-J. Involvement of autophagy in oncogenic K-Ras-induced 

malignant cell transformation. J Biol Chem. 2011;286:12924–32. https://​doi.​org/​10.​1074/​jbc.​M110.​138958.

https://doi.org/10.1038/SREP41297
https://doi.org/10.1158/0008-5472.CAN-19-3682/653980/AM/THE-FREQUENCY-OF-RAS-MUTATIONS-IN-CANCERRAS-CANCER
https://doi.org/10.1158/0008-5472.CAN-19-3682/653980/AM/THE-FREQUENCY-OF-RAS-MUTATIONS-IN-CANCERRAS-CANCER
https://doi.org/10.1172/JCI77627
https://doi.org/10.1016/S0092-8674(00)81902-9
https://doi.org/10.1038/NCB1567
https://doi.org/10.1016/J.CELL.2017.01.020
https://doi.org/10.1158/0008-5472.CAN-16-2925
https://doi.org/10.1038/SJ.EMBOR.7400397
https://doi.org/10.1016/J.BBAMCR.2014.09.008
https://doi.org/10.1016/J.BBAMCR.2014.09.008
https://doi.org/10.1016/J.CELREP.2019.02.038
https://doi.org/10.1038/S41467-018-05692-6
https://doi.org/10.1074/JBC.M117.778886
https://doi.org/10.1016/J.MOLCEL.2019.09.002
https://doi.org/10.1016/J.MOLCEL.2019.09.002
https://doi.org/10.1021/PR501191A
https://doi.org/10.1158/2159-8290.CD-14-0729
https://doi.org/10.1158/2159-8290.CD-18-1220
https://doi.org/10.1158/2159-8290.CD-18-1220
https://doi.org/10.1038/SREP08535
https://doi.org/10.1158/1541-7786.MCR-15-0203
https://doi.org/10.1074/JBC.M110.193854
https://doi.org/10.1038/NRD4389
https://doi.org/10.1038/nrc3106
https://doi.org/10.1038/nrc3106
https://doi.org/10.1016/j.ccr.2014.02.017
https://doi.org/10.1016/j.ccr.2014.02.017
https://doi.org/10.1038/s41586-019-1694-1
https://doi.org/10.1158/0008-5472.CAN-21-2647
https://doi.org/10.1158/0008-5472.CAN-21-2647
https://doi.org/10.1186/S12964-023-01449-X
https://doi.org/10.3389/FONC.2023.1143798/PDF
https://doi.org/10.1074/jbc.M110.138958


Vol.:(0123456789)

Discover Oncology         (2025) 16:1029  | https://doi.org/10.1007/s12672-025-02783-x 
	 Review

	 72.	 Elgendy M, Sheridan C, Brumatti G, Martin SJ. Oncogenic Ras-induced expression of Noxa and Beclin-1 promotes autophagic cell death 
and limits clonogenic survival. Mol Cell. 2011;42:23–35.

	 73.	 Bellot GL, Liu D, Pervaiz S. ROS, autophagy, mitochondria and cancer: Ras, the hidden master? Mitochondrion. 2013;13:155–62.
	 74.	 Emerson IA, Chitluri KK. DCMP: database of cancer mutant protein domains. Database (Oxford). 2021;2021:1–10. https://​doi.​org/​10.​

1093/​DATAB​ASE/​BAAB0​66.
	 75.	 Saxena N, Lahiri SS, Hambarde S, Tripathi RP. RAS: target for cancer therapy. Cancer Invest. 2008;26:948–55.
	 76.	 Karunakaran K, Muniyan R. Genetic alterations and clinical dimensions of oral cancer: a review. Mol Biol Rep. 2020;47:9135–48. https://​

doi.​org/​10.​1007/​S11033-​020-​05927-0.
	 77.	 Gysin S, Salt M, Young A, McCormick F. Therapeutic strategies for targeting Ras proteins, genes. Cancer. 2011;2:359–72. https://​doi.​org/​

10.​1177/​19476​01911​412376.
	 78.	 Drosten M, Barbacid M. KRAS inhibitors: going noncovalent. Mol Oncol. 2022;16:3911. https://​doi.​org/​10.​1002/​1878-​0261.​13341.
	 79.	 Ranđelović I, Nyíri K, Koppány G, Baranyi M, Tóvári J, Kigyós A, Tímár J, Vértessy BG, Grolmusz V. Gluing GAP to RAS mutants: a new 

approach to an old problem in cancer drug development. Int J Mol Sci. 2024;25:2572. https://​doi.​org/​10.​3390/​IJMS2​50525​72/​S1.
	 80.	 Wang X, Yin X, Li Y, Zhang S, Hu M, Wei M, Li Z. Novel insight and perspectives of nanoparticle-mediated gene delivery and immune-

modulating therapies for pancreatic cancer. Journal of Nanobiotechnology. 2024;22:1–18. https://​doi.​org/​10.​1186/​S12951-​024-​02975-7/​
TABLES/3.

	 81.	 Hong L, Li W, Li Y, Yin S. Nanoparticle-based drug delivery systems targeting cancer cell surfaces. RSC Adv. 2023;13:21365–82. https://​
doi.​org/​10.​1039/​D3RA0​2969G.

	 82.	 Grant BJ, Lukman S, Hocker HJ, Sayyah J, Brown JH, McCammon JA, Gorfe AA. Novel allosteric sites on Ras for lead generation. PLoS ONE. 
2011;6:e25711.

	 83.	 Uk S, Tk D, Doss CG. Zayed H Mutational landscape of K-Ras substitutions at 12th position-a systematic molecular dynamics approach. 
J Biomol Struct Dyn. 2022;40:1571–85. https://​doi.​org/​10.​1080/​07391​102.​2020.​18301​77.

	 84.	 McCubrey JA, Steelman LS, Abrams SL, Lee JT, Chang F, Bertrand FE, Navolanic PM, Terrian DM, Franklin RA, D’Assoro AB, Salisbury JL, 
Mazzarino MC, Stivala F, Libra M. Roles of the RAF/MEK/ERK and PI3K/PTEN/AKT pathways in malignant transformation and drug resist-
ance. Adv Enzyme Regul. 2006;46:249–79. https://​doi.​org/​10.​1016/J.​ADVEN​ZREG.​2006.​01.​004.

	 85.	 Bishop WR, Kirschmeier P, Baum C. Farnesyl transferase inhibitors: mechanism of action. Transl Stud Clin Eval. 2003. https://​doi.​org/​10.​
4161/​CBT.​208.

	 86.	 Soleimani A, Amirinejad M, Rahsepar S, Vazirian F, Bahrami A, Ferns GA, Khazaei M, Avan A, Hassanian SM. Therapeutic potential 
of RAS prenylation pharmacological inhibitors in the treatment of breast cancer, recent progress, and prospective. J Cell Biochem. 
2019;120:6860–7. https://​doi.​org/​10.​1002/​JCB.​27992.

	 87.	 Heidorn SJ, Milagre C, Whittaker S, Nourry A, Niculescu-Duvas I, Dhomen N, Hussain J, Reis-Filho JS, Springer CJ, Pritchard C, Marais R. 
Kinase-dead BRAF and oncogenic RAS cooperate to drive tumor progression through CRAF. Cell. 2010;140:209–21. https://​doi.​org/​10.​
1016/j.​cell.​2009.​12.​040.

	 88.	 Holderfield M, Deuker MM, McCormick F, McMahon M. Targeting RAF kinases for cancer therapy: BRAF-mutated melanoma and beyond. 
Nat Rev Cancer. 2014;14:455–67. https://​doi.​org/​10.​1038/​nrc37​60.

	 89.	 Su F, Viros A, Milagre C, Trunzer K, Bollag G, Spleiss O, Reis-Filho JS, Kong X, Koya RC, Flaherty KT, Chapman PB, Kim MJ, Hayward R, Martin 
M, Yang H, Wang Q, Hilton H, Hang JS, Noe J, Lambros M, Geyer F, Dhomen N, Niculescu-Duvaz I, Zambon A, Niculescu-Duvaz D, Preece 
N, Robert L, Otte NJ, Mok S, Kee D, Ma Y, Zhang C, Habets G, Burton EA, Wong B, Nguyen H, Kockx M, Andries L, Lestini B, Nolop KB, Lee 
RJ, Joe AK, Troy JL, Gonzalez R, Hutson TE, Puzanov I, Chmielowski B, Springer CJ, McArthur GA, Sosman JA, Lo RS, Ribas A, Marais R. RAS 
mutations in cutaneous squamous-cell carcinomas in patients treated with BRAF inhibitors. N Engl J Med. 2012;366:207–15. https://​doi.​
org/​10.​1056/​NEJMO​A1105​358/​SUPPL_​FILE/​NEJMO​A1105​358_​DISCL​OSURES.​PDF.

	 90.	 Peng L, Wang Y, Hong Y, Ye X, Shi P, Zhang J, Zhao Q. Incidence and relative risk of cutaneous squamous cell carcinoma with single-agent 
BRAF inhibitor and dual BRAF/MEK inhibitors in cancer patients: a meta-analysis. Oncotarget. 2017;8:83280–91. https://​doi.​org/​10.​18632/​
ONCOT​ARGET.​21059.

	 91.	 Yang H, Higgins B, Kolinsky K, Packman K, Go Z, Iyer R, Kolis S, Zhao S, Lee R, Grippo JF, Schostack K, Simcox ME, Heimbrook D, Bollag G, 
Su F. RG7204 (PLX4032), a selective BRAFV600E inhibitor, displays potent antitumor activity in preclinical melanoma models. Cancer Res. 
2010;70:5518–27. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​10-​0646/​656304/​P/​RG7204-​PLX40​32-A-​SELEC​TIVE-​BRAFV​600E-​INHIB​ITOR.

	 92.	 Gentilcore G, Madonna G, Mozzillo N, Ribas A, Cossu A, Palmieri G, Ascierto PA. Effect of dabrafenib on melanoma cell lines harbouring 
the BRAF(V600D/R) mutations. BMC Cancer. 2013. https://​doi.​org/​10.​1186/​1471-​2407-​13-​17.

	 93.	 Rheault TR, Stellwagen JC, Adjabeng GM, Hornberger KR, Petrov KG, Waterson AG, Dickerson SH, Mook RA, Laquerre SG, King AJ, Ros-
sanese OW, Arnone MR, Smitheman KN, Kane-Carson LS, Han C, Moorthy GS, Moss KG, Uehling DE. Discovery of dabrafenib: a selective 
inhibitor of Raf kinases with antitumor activity against B-Raf-driven tumors. ACS Med Chem Lett. 2013;4:358–62. https://​doi.​org/​10.​
1021/​ML400​0063.

	 94.	 Delord JP, Robert C, Nyakas M, McArthur GA, Kudchakar R, Mahipal A, Yamada Y, Sullivan R, Arance A, Kefford RF, Carlino MS, Hidalgo M, 
Gomez-Roca C, Michel D, Seroutou A, Aslanis V, Caponigro G, Stuart DD, Moutouh-De Parseval L, Demuth T, Dummer R. Phase I dose-
escalation and -expansion study of the BRAF inhibitor encorafenib (LGX818) in metastatic BRAF-mutant melanoma. Clin Cancer Res. 
2017;23:5339–48.

	 95.	 Koelblinger P, Thuerigen O, Dummer R. Development of encorafenib for BRAF-mutated advanced melanoma. Curr Opin Oncol. 
2018;30:125–33. https://​doi.​org/​10.​1097/​CCO.​00000​00000​000426.

	 96.	 Kim J, Lee TS, Lee MH, Cho IR, Ryu JK, Kim YT, Lee SH, Paik WH. Pancreatic cancer treatment targeting the HGF/c-MET pathway: the MEK 
inhibitor trametinib. Cancers. 2024;16:1056. https://​doi.​org/​10.​3390/​CANCE​RS160​51056.

	 97.	 Luke JJ, Ott PA, Shapiro GI. The biology and clinical development of MEK inhibitors for cancer. Drugs. 2014;74:2111–28. https://​doi.​org/​
10.​1007/​S40265-​014-​0315-4/​METRI​CS.

	 98.	 Goyal G, Acosta Medina AA, Cao X, Bossert D, Collin MP, Makras P, Abdel-Wahab O, Abeykoon JP, Amerikanou R, Bach C, Bennani NN, 
Durham BH, Francis JH, Hook CC, Lang M, Lacouture M, Petrova-drus K, Rech KL, Rotemberg V, Ruan GJ, Shah MV, Yabe M, Young 
JR, Zanwar S, Go RS, Diamond EL. Outcomes with MEK inhibitor therapy among adults with langerhans cell histiocytosis (LCH): a 

https://doi.org/10.1093/DATABASE/BAAB066
https://doi.org/10.1093/DATABASE/BAAB066
https://doi.org/10.1007/S11033-020-05927-0
https://doi.org/10.1007/S11033-020-05927-0
https://doi.org/10.1177/1947601911412376
https://doi.org/10.1177/1947601911412376
https://doi.org/10.1002/1878-0261.13341
https://doi.org/10.3390/IJMS25052572/S1
https://doi.org/10.1186/S12951-024-02975-7/TABLES/3
https://doi.org/10.1186/S12951-024-02975-7/TABLES/3
https://doi.org/10.1039/D3RA02969G
https://doi.org/10.1039/D3RA02969G
https://doi.org/10.1080/07391102.2020.1830177
https://doi.org/10.1016/J.ADVENZREG.2006.01.004
https://doi.org/10.4161/CBT.208
https://doi.org/10.4161/CBT.208
https://doi.org/10.1002/JCB.27992
https://doi.org/10.1016/j.cell.2009.12.040
https://doi.org/10.1016/j.cell.2009.12.040
https://doi.org/10.1038/nrc3760
https://doi.org/10.1056/NEJMOA1105358/SUPPL_FILE/NEJMOA1105358_DISCLOSURES.PDF
https://doi.org/10.1056/NEJMOA1105358/SUPPL_FILE/NEJMOA1105358_DISCLOSURES.PDF
https://doi.org/10.18632/ONCOTARGET.21059
https://doi.org/10.18632/ONCOTARGET.21059
https://doi.org/10.1158/0008-5472.CAN-10-0646/656304/P/RG7204-PLX4032-A-SELECTIVE-BRAFV600E-INHIBITOR
https://doi.org/10.1186/1471-2407-13-17
https://doi.org/10.1021/ML4000063
https://doi.org/10.1021/ML4000063
https://doi.org/10.1097/CCO.0000000000000426
https://doi.org/10.3390/CANCERS16051056
https://doi.org/10.1007/S40265-014-0315-4/METRICS
https://doi.org/10.1007/S40265-014-0315-4/METRICS


Vol:.(1234567890)

Review	  
Discover Oncology         (2025) 16:1029  | https://doi.org/10.1007/s12672-025-02783-x

multi-institutional study from the adult LCH Working Group for the Histiocyte Society. Blood. 2023;142:4559–4559. https://​doi.​org/​
10.​1182/​BLOOD-​2023-​184911.

	 99.	 Sorokin AV, Marie PK, Bitner L, Syed M, Woods M, Manyam G, Kwong LN, Johnson B, Morris VK, Jones P, Menter DG, Lee MS, Kopetz 
S. Targeting RAS mutant colorectal cancer with dual inhibition of MEK and CDK4/6. Cancer Res. 2022;82:3335–44. https://​doi.​org/​
10.​1158/​0008-​5472.​CAN-​22-​0198/​707348/​AM/​TARGE​TING-​RAS-​MUTANT-​COLOR​ECTAL-​CANCER-​WITH-​DUAL.

	100.	 Ohren JF, Chen H, Pavlovsky A, Whitehead C, Zhang E, Kuffa P, Yan C, McConnell P, Spessard C, Banotai C, Mueller WT, Delaney A, 
Omer C, Sebolt-Leopold J, Dudley DT, Leung IK, Flamme C, Warmus J, Kaufman M, Barrett S, Tecle H, Hasemann CA. Structures of 
human MAP kinase kinase 1 (MEK1) and MEK2 describe novel noncompetitive kinase inhibition. Nat Struct Mol Biol. 2004;11:1192–7. 
https://​doi.​org/​10.​1038/​nsmb8​59.

	101.	 Zhao Y, Adjei AA. The clinical development of MEK inhibitors. Nat Rev Clin Oncol. 2014;11:385–400. https://​doi.​org/​10.​1038/​nrcli​
nonc.​2014.​83.

	102.	 Chapman PB, Solit DB, Rosen N. Combination of RAF and MEK inhibition for the treatment of BRAF-mutated melanoma: feedback 
is not encouraged. Cancer Cell. 2014;26:603–4. https://​doi.​org/​10.​1016/j.​ccell.​2014.​10.​017.

	103.	 Lamba S, Russo M, Sun C, Lazzari L, Cancelliere C, Grernrum W, Lieftink C, Bernards R, DiNicolantonio F, Bardelli A. RAF suppression 
synergizes with MEK inhibition in KRAS mutant cancer cells. Cell Rep. 2014;8:1475–83. https://​doi.​org/​10.​1016/j.​celrep.​2014.​07.​033.

	104.	 Queirolo P, Spagnolo F. Binimetinib for the treatment of NRAS-mutant melanoma. Expert Rev Anticancer Ther. 2017;17:985–90. 
https://​doi.​org/​10.​1080/​14737​140.​2017.​13741​77.

	105.	 Yarchoan M, Mohan AA, Dennison L, Vithayathil T, Ruggieri A, Lesinski GB, Armstrong TD, Azad NS, Jaffee EM. MEK inhibition sup-
presses B regulatory cells and augments anti-tumor immunity. PLoS ONE. 2019;14:e0224600. https://​doi.​org/​10.​1371/​JOURN​AL.​
PONE.​02246​00.

	106.	 Holt SV, Logié A, Odedra R, Heier A, Heaton SP, Alferez D, Davies BR, Wilkinson RW, Smith PD. The MEK1/2 inhibitor, selumetinib (AZD6244; 
ARRY-142886), enhances anti-tumour efficacy when combined with conventional chemotherapeutic agents in human tumour xenograft 
models. British J Cancer. 2012;106:858–66. https://​doi.​org/​10.​1038/​bjc.​2012.8.

	107.	 Lee JW, Zhang Y, Eoh KJ, Sharma R, Sanmamed MF, Wu J, Choi J, Park HS, Iwasaki A, Kaftan E, Chen L, Papadimitrakopoulou V, Herbst RS, 
Koo JS. The combination of MEK inhibitor with immunomodulatory antibodies targeting programmed death 1 and programmed death 
ligand 1 results in prolonged survival in Kras/p53-driven lung cancer. J Thorac Oncol. 2019;14:1046–60. https://​doi.​org/​10.​1016/j.​jtho.​
2019.​02.​004.

	108.	 Yang B, Li X, Fu Y, Guo E, Ye Y, Li F, Liu S, Xiao R, Liu C, Lu F, Huang J, Qin T, Han L, Peng G, Mills GB, Sun C, Chen G. MEK inhibition remod-
els the immune landscape of mutant kras tumors to overcome resistance to PARP and immune checkpoint inhibitors. Cancer Res. 
2021;81:2714–29. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​20-​2370/​654274/​AM/​MEK-​INHIB​ITION-​REMOD​ELS-​THE-​IMMUNE-​LANDS​
CAPE-​OF.

	109.	 Stopfer LE, Rettko NJ, Leddy O, Mesfin JM, Brown E, Winski S, Bryson B, Wells JA, White FM. MEK inhibition enhances presentation of 
targetable MHC-I tumor antigens in mutant melanomas. Proc Natl Acad Sci U S A. 2022;119:e2208900119. https://​doi.​org/​10.​1073/​PNAS.​
22089​00119.

	110.	 Ghukasyan R, Liang K, Chau K, Li L, Chan C, Abt ER, Le T, Park JY, Wu N, Premji A, Damoiseaux R, Luu T, Labora A, Rashid K, Link JM, Radu 
CG, Donahue TR. MEK inhibition sensitizes pancreatic cancer to STING agonism by tumor cell-intrinsic amplification of type I IFN signal-
ing. Clin Cancer Res. 2023;29:3130. https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​22-​3322.

	111.	 Hofmann MH, Gmachl M, Ramharter J, Savarese F, Gerlach D, Marszalek JR, Sanderson MP, Kessler D, Trapani F, Arnhof H, Rumpel K, 
Botesteanu DA, Ettmayer P, Gerstberger T, Kofink C, Wunberg T, Zoephel A, Fu SC, Teh JL, Böttcher J, Pototschnig N, Schachinger F, 
Schipany K, Lieb S, Vellano CP, O’connell JC, Mendes RL, Moll J, Petronczki M, Heffernan TP, Pearson M, McConnell DB, Kraut N. Bi-3406, a 
potent and selective sos1–kras interaction inhibitor, is effective in kras-driven cancers through combined mek inhibition. Cancer Discov. 
2021;11:142–57. https://​doi.​org/​10.​1158/​2159-​8290.​CD-​20-​0142/​333471/​AM/​BI-​3406-A-​POTENT-​AND-​SELEC​TIVE-​SOS1-​KRAS.

	112.	 Otifi HM. In silico high throughput screening and in vitro validation of a novel Raf/Mek dual inhibitor against colorectal carcinoma. 
Biologia (Bratisl). 2022;77:3555–64. https://​doi.​org/​10.​1007/​S11756-​022-​01197-2/​METRI​CS.

	113.	 Portelinha A, Thompson S, Smith RA, Ferreira MDS, Asgari Z, Knezevic A, Seshan VE, de Stanchina E, Gupta S, Denis L, Younes A, Reddy 
S. Discovery of Asn007, a novel inhibitor of Erk1/2, with a preferential activity in RAS- and RAF-mutant tumors. SSRN Electron J. 2020. 
https://​doi.​org/​10.​2139/​SSRN.​36083​84.

	114.	 Kohler J, Zhao Y, Li J, Gokhale PC, Tiv HL, Knott AR, Wilkens MK, Soroko KM, Lin M, Ambrogio C, Musteanu M, Ogino A, Choi J, Bahcall M, 
Bertram AA, Chambers ES, Paweletz CP, Bhagwat SV, Manro JR, Tiu RV, Anne PAJ. ERK inhibitor LY3214996-based treatment strategies 
for RAS-driven lung cancer. Mol Cancer Ther. 2021;20:641–54. https://​doi.​org/​10.​1158/​1535-​7163.​MCT-​20-​0531/​88027/​AM/​ERK-​INHIB​
ITOR-​LY321​4996-​BASED-​TREAT​MENT-​STRAT​EGIES.

	115.	 Robarge K, Schwarz J, Blake J, Burkard M, Chan J, Chen H, Chou K-J, Diaz D, Gaudino J, Gould S, Grina J, Linghu X, Liu L, Martinson M, 
Moreno DA, Orr C, Pacheco P, Qin A, Rasor K, Ren L, Shahidi-Latham S, Stults J, Sullivan F, Wang W, Yin P, Zhou A, Belvin M, Merchant M, 
Moffat JG. Abstract DDT02–03: Discovery of GDC-0994, a potent and selective ERK1/2 inhibitor in early clinical development. Cancer 
Res. 2014;74:DDT02-03. https://​doi.​org/​10.​1158/​1538-​7445.​AM2014-​DDT02-​03.

	116.	 Moschos SJ, Sullivan RJ, Hwu WJ, Ramanathan RK, Adjei AA, Fong PC, Shapira-Frommer R, Tawbi HA, Rubino J, Rush TS, Zhang D, Miselis 
NR, Samatar AA, Chun P, Rubin EH, Schiller J, Long BJ, Dayananth P, Carr D, Kirschmeier P, Bishop WR, Deng Y, Cooper A, Shipps GW, 
Moreno BH, Robert L, Ribas A, Flaherty KT. Development of MK-8353, an orally administered ERK1/2 inhibitor, in patients with advanced 
solid tumors. JCI Insight. 2018. https://​doi.​org/​10.​1172/​JCI.​INSIG​HT.​92352.

	117.	 Bhagwat SV, McMillen WT, Cai S, Zhao B, Whitesell M, Shen W, Kindler L, Flack RS, Wu W, Anderson B, Zhai Y, Yuan XJ, Pogue M, van Horn 
RD, Rao X, McCann D, Dropsey AJ, Manro J, Walgren J, Yuen E, Rodriguez MJ, Plowman GD, Tiu RV, Joseph S, Bin Peng S. ERK inhibitor 
LY3214996 targets ERK pathway–driven cancers: a therapeutic approach toward precision medicine. Mol Cancer Ther. 2020;19:325–36. 
https://​doi.​org/​10.​1158/​1535-​7163.​MCT-​19-​0183/​87979/​AM/​ERK-​INHIB​ITOR-​LY321​4996-​TARGE​TS-​ERK-​PATHW​AY-​DRIVEN.

	118.	 Grierson PM, Tan B, Pedersen KS, Park H, Suresh R, Amin MA, Trikalinos NA, Knoerzer D, Kreider B, Reddy A, Liu J, Der CJ, Wang-Gillam 
A, Lim KH. Phase Ib study of ulixertinib plus gemcitabine and Nab-paclitaxel in patients with metastatic pancreatic adenocarcinoma. 
Oncologist. 2022;28:e115. https://​doi.​org/​10.​1093/​ONCOLO/​OYAC2​37.

https://doi.org/10.1182/BLOOD-2023-184911
https://doi.org/10.1182/BLOOD-2023-184911
https://doi.org/10.1158/0008-5472.CAN-22-0198/707348/AM/TARGETING-RAS-MUTANT-COLORECTAL-CANCER-WITH-DUAL
https://doi.org/10.1158/0008-5472.CAN-22-0198/707348/AM/TARGETING-RAS-MUTANT-COLORECTAL-CANCER-WITH-DUAL
https://doi.org/10.1038/nsmb859
https://doi.org/10.1038/nrclinonc.2014.83
https://doi.org/10.1038/nrclinonc.2014.83
https://doi.org/10.1016/j.ccell.2014.10.017
https://doi.org/10.1016/j.celrep.2014.07.033
https://doi.org/10.1080/14737140.2017.1374177
https://doi.org/10.1371/JOURNAL.PONE.0224600
https://doi.org/10.1371/JOURNAL.PONE.0224600
https://doi.org/10.1038/bjc.2012.8
https://doi.org/10.1016/j.jtho.2019.02.004
https://doi.org/10.1016/j.jtho.2019.02.004
https://doi.org/10.1158/0008-5472.CAN-20-2370/654274/AM/MEK-INHIBITION-REMODELS-THE-IMMUNE-LANDSCAPE-OF
https://doi.org/10.1158/0008-5472.CAN-20-2370/654274/AM/MEK-INHIBITION-REMODELS-THE-IMMUNE-LANDSCAPE-OF
https://doi.org/10.1073/PNAS.2208900119
https://doi.org/10.1073/PNAS.2208900119
https://doi.org/10.1158/1078-0432.CCR-22-3322
https://doi.org/10.1158/2159-8290.CD-20-0142/333471/AM/BI-3406-A-POTENT-AND-SELECTIVE-SOS1-KRAS
https://doi.org/10.1007/S11756-022-01197-2/METRICS
https://doi.org/10.2139/SSRN.3608384
https://doi.org/10.1158/1535-7163.MCT-20-0531/88027/AM/ERK-INHIBITOR-LY3214996-BASED-TREATMENT-STRATEGIES
https://doi.org/10.1158/1535-7163.MCT-20-0531/88027/AM/ERK-INHIBITOR-LY3214996-BASED-TREATMENT-STRATEGIES
https://doi.org/10.1158/1538-7445.AM2014-DDT02-03
https://doi.org/10.1172/JCI.INSIGHT.92352
https://doi.org/10.1158/1535-7163.MCT-19-0183/87979/AM/ERK-INHIBITOR-LY3214996-TARGETS-ERK-PATHWAY-DRIVEN
https://doi.org/10.1093/ONCOLO/OYAC237


Vol.:(0123456789)

Discover Oncology         (2025) 16:1029  | https://doi.org/10.1007/s12672-025-02783-x 
	 Review

	119.	 Tatli O, Doganay GD. Recent developments in targeting RAS downstream effectors for RAS-driven cancer therapy. Molecules. 
2021;26:7561. https://​doi.​org/​10.​3390/​MOLEC​ULES2​62475​61.

	120.	 Merchant M, Moffat J, Schaefer G, Chan J, Wang X, Orr C, Cheng J, Hunsaker T, Shao L, Wang SJ, Wagle MC, Lin E, Haverty PM, Shahidi-
Latham S, Ngu H, Solon M, Eastham-Anderson J, Koeppen H, Huang SMA, Schwarz J, Belvin M, Kirouac D, Junttila MR. Combined MEK 
and ERK inhibition overcomes therapy-mediated pathway reactivation in RAS mutant tumors. PLoS ONE. 2017;12:e0185862. https://​
doi.​org/​10.​1371/​JOURN​AL.​PONE.​01858​62.

	121.	 Tenbaum SP, Ordóñez-Morán P, Puig I, Chicote I, Arqués O, Landolfi S, Fernández Y, Herance JR, Gispert JD, Mendizabal L, Aguilar S, Ramón 
S, Cajal Y, Schwartz S, Vivancos A, Espín E, Rojas S, Baselga J, Tabernero J, Muñoz A, Palmer HG. β-catenin confers resistance to PI3K and 
AKT inhibitors and subverts FOXO3a to promote metastasis in colon cancer. Nat Med. 2012;18:892–901. https://​doi.​org/​10.​1038/​nm.​
2772.

	122.	 Serra V, Eichhorn PJA, García-García C, Ibrahim YH, Prudkin L, Sánchez G, Rodríguez O, Antón P, Parra JL, Marlow S, Scaltriti M, Pérez-
Garcia J, Prat A, Arribas J, Hahn WC, Kim SY, Baselga J. RSK3/4 mediate resistance to PI3K pathway inhibitors in breast cancer. J Clin Invest. 
2013;123:2551–63. https://​doi.​org/​10.​1172/​JCI66​343.

	123.	 Ray-David H, Romeo Y, Lavoie G, Déléris P, Tcherkezian J, Galan JA, Roux PP. RSK promotes G2 DNA damage checkpoint silencing and 
participates in melanoma chemoresistance. Oncogene. 2012;32:4480–9. https://​doi.​org/​10.​1038/​onc.​2012.​472.

	124.	 Fang B, Kannan A, Zhao S, Nguyen QH, Ejadi S, Yamamoto M, Camilo Barreto J, Zhao H, Gao L. Inhibition of PI3K by copanlisib exerts 
potent antitumor effects on Merkel cell carcinoma cell lines and mouse xenografts. Sci Rep. 2020;10:1–13. https://​doi.​org/​10.​1038/​
s41598-​020-​65637-2.

	125.	 Hollander MC, Maier CR, Hobbs EA, Ashmore AR, Linnoila RI, Dennis PA. Akt1 deletion prevents lung tumorigenesis by mutant K-ras. 
Oncogene. 2011;30:1812–21. https://​doi.​org/​10.​1038/​onc.​2010.​556.

	126.	 Hinz N, Jücker M. Distinct functions of AKT isoforms in breast cancer: a comprehensive review. Cell Commun Signal. 2019;17:1–29. https://​
doi.​org/​10.​1186/​S12964-​019-​0450-3.

	127.	 Tian Y, Li J, Cheung TC, Tam V, Lau CG, Wang X, Chin YR. Akt3 promotes cancer stemness in triple-negative breast cancer through YB1-
Snail/Slug signaling axis. Genes Dis. 2022;10:301. https://​doi.​org/​10.​1016/J.​GENDIS.​2022.​08.​006.

	128.	 Niu M, Zhang B, Li L, Su Z, Pu W, Zhao C, Wei L, Lian P, Lu R, Wang R, Wazir J, Gao Q, Song S, Wang H. Targeting HSP90 inhibits proliferation 
and induces apoptosis through AKT1/ERK pathway in lung cancer. Front Pharmacol. 2022;12:724192. https://​doi.​org/​10.​3389/​FPHAR.​
2021.​724192/​BIBTEX.

	129.	 Sibilano M, Tullio V, Adorno G, Savini I, Gasperi V, Catani MV. Platelet-derived miR-126-3p directly targets AKT2 and exerts anti-tumor 
effects in breast cancer cells: further insights in platelet-cancer interplay. Int J Mol Sci. 2022;23:5484. https://​doi.​org/​10.​3390/​IJMS2​31054​
84/​S1.

	130.	 Zheng B, Geng L, Zeng L, Liu F, Huang Q. AKT2 contributes to increase ovarian cancer cell migration and invasion through the AKT2-
PKM2-STAT3/NF-κB axis. Cell Signal. 2018;45:122–31. https://​doi.​org/​10.​1016/J.​CELLS​IG.​2018.​01.​021.

	131.	 Hua H, Zhang H, Chen J, Wang J, Liu J, Jiang Y. Targeting Akt in cancer for precision therapy. J Hematol Oncol. 2021;14:1–25. https://​doi.​
org/​10.​1186/​S13045-​021-​01137-8.

	132.	 Kostaras E, Kaserer T, Lazaro G, Heuss SF, Hussain A, Casado P, Hayes A, Yandim C, Palaskas N, Yu Y, Schwartz B, Raynaud F, Chung YL, 
Cutillas PR, Vivanco I. A systematic molecular and pharmacologic evaluation of AKT inhibitors reveals new insight into their biological 
activity, British. J Cancer. 2020;123:542–55. https://​doi.​org/​10.​1038/​s41416-​020-​0889-4.

	133.	 Song Q, Sun X, Guo H, Yu Q, Song Q, Sun X, Guo H, Yu Q. Concomitant inhibition of receptor tyrosine kinases and downstream AKT 
synergistically inhibited growth of KRAS/BRAF mutant colorectal cancer cells. Oncotarget. 2016;8:5003–15. https://​doi.​org/​10.​18632/​
ONCOT​ARGET.​14009.

	134.	 O’Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, Lane H, Hofmann F, Hicklin DJ, Ludwig DL, Baselga J, Rosen N. mTOR inhibition 
induces upstream receptor tyrosine kinase signaling and activates Akt. Cancer Res. 2006;66:1500–8. https://​doi.​org/​10.​1158/​0008-​5472.​
CAN-​05-​2925.

	135.	 Soares HP, Ming M, Mellon M, Young SH, Han L, Sinnet-Smith J, Rozengurt E. Dual PI3K/mTOR inhibitors induce rapid overactivation of 
the MEK/ERK pathway in human pancreatic cancer cells through suppression of mTORC2. Mol Cancer Ther. 2015;14:1014–23. https://​
doi.​org/​10.​1158/​1535-​7163.​MCT-​14-​0669/​85450/​AM/​DUAL-​PI3K-​MTOR-​INHIB​ITORS-​INDUCE-​RAPID-​OVER.

	136.	 Sim IJ, Choe WG, Ri JJ, Su H, Moqbel SAA, Yan WQ. Chitosan oligosaccharide suppresses osteosarcoma malignancy by inhibiting CEMIP 
via the PI3K/AKT/mTOR pathway. Med Oncol. 2023;40:1–16. https://​doi.​org/​10.​1007/​S12032-​023-​02165-9/​FIGUR​ES/8.

	137.	 Olson MF, Marais R. Ras protein signalling. Semin Immunol. 2000;12:63–73. https://​doi.​org/​10.​1006/​SMIM.​2000.​0208.
	138.	 Sciacchitano S, Sacconi A, De Vitis C, Blandino G, Piaggio G, Salvati V, Napoli C, Marchetti P, Taurelli BS, Coluzzi F, Rocco M, Vecchione A, 

Anibaldi P, Marcolongo A, Ciliberto G, Mancini R, Capalbo C. H-Ras gene takes part to the host immune response to COVID-19. Cell Death 
Discov. 2021. https://​doi.​org/​10.​1038/​S41420-​021-​00541-W.

	139.	 Fujiwara N, Kobayashi K. Macrophages in inflammation. Curr Drug Targets Inflamm Allergy. 2005;4:281–6. https://​doi.​org/​10.​2174/​15680​
10054​022024.

	140.	 Wang Y, Zhang W, Xu Y, Wu D, Gao Z, Zhou J, Qian H, He B, Wang G. Extracellular HMGB1 impairs macrophage-mediated efferocytosis by 
suppressing the Rab43-controlled cell surface transport of CD91. Front Immunol. 2022. https://​doi.​org/​10.​3389/​FIMMU.​2022.​767630/​
FULL.

	141.	 Yuan B, Clowers MJ, Velasco WV, Peng S, Peng Q, Shi Y, Ramos-Castaneda M, Zarghooni M, Yang S, Babcock RL, Chang SH, Heymach 
JV, Zhang J, Ostrin EJ, Watowich SS, Kadara H, Moghaddam SJ. Targeting IL-1β as an immunopreventive and therapeutic modality for 
K-ras–mutant lung cancer. JCI Insight. 2022. https://​doi.​org/​10.​1172/​JCI.​INSIG​HT.​157788.

	142.	 Karin M. Inflammation and cancer: the long reach of Ras. Nat Med. 2005;11:20–1. https://​doi.​org/​10.​1038/​NM0105-​20.
	143.	 Wislez M, Fujimoto N, Izzo JG, Hanna AE, Cody DD, Langley RR, Tang H, Burdick MD, Sato M, Minna JD, Mao L, Wistuba I, Strieter RM, Kurie 

JM. High expression of ligands for chemokine receptor CXCR2 in alveolar epithelial neoplasia induced by oncogenic Kras. Cancer Res. 
2006;66:4198–207. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​05-​3842.

	144.	 Ancrile B, Lim KH, Counter CM. Oncogenic Ras-induced secretion of IL6 is required for tumorigenesis. Genes Dev. 2007;21:1714. https://​
doi.​org/​10.​1101/​GAD.​15494​07.

https://doi.org/10.3390/MOLECULES26247561
https://doi.org/10.1371/JOURNAL.PONE.0185862
https://doi.org/10.1371/JOURNAL.PONE.0185862
https://doi.org/10.1038/nm.2772
https://doi.org/10.1038/nm.2772
https://doi.org/10.1172/JCI66343
https://doi.org/10.1038/onc.2012.472
https://doi.org/10.1038/s41598-020-65637-2
https://doi.org/10.1038/s41598-020-65637-2
https://doi.org/10.1038/onc.2010.556
https://doi.org/10.1186/S12964-019-0450-3
https://doi.org/10.1186/S12964-019-0450-3
https://doi.org/10.1016/J.GENDIS.2022.08.006
https://doi.org/10.3389/FPHAR.2021.724192/BIBTEX
https://doi.org/10.3389/FPHAR.2021.724192/BIBTEX
https://doi.org/10.3390/IJMS23105484/S1
https://doi.org/10.3390/IJMS23105484/S1
https://doi.org/10.1016/J.CELLSIG.2018.01.021
https://doi.org/10.1186/S13045-021-01137-8
https://doi.org/10.1186/S13045-021-01137-8
https://doi.org/10.1038/s41416-020-0889-4
https://doi.org/10.18632/ONCOTARGET.14009
https://doi.org/10.18632/ONCOTARGET.14009
https://doi.org/10.1158/0008-5472.CAN-05-2925
https://doi.org/10.1158/0008-5472.CAN-05-2925
https://doi.org/10.1158/1535-7163.MCT-14-0669/85450/AM/DUAL-PI3K-MTOR-INHIBITORS-INDUCE-RAPID-OVER
https://doi.org/10.1158/1535-7163.MCT-14-0669/85450/AM/DUAL-PI3K-MTOR-INHIBITORS-INDUCE-RAPID-OVER
https://doi.org/10.1007/S12032-023-02165-9/FIGURES/8
https://doi.org/10.1006/SMIM.2000.0208
https://doi.org/10.1038/S41420-021-00541-W
https://doi.org/10.2174/1568010054022024
https://doi.org/10.2174/1568010054022024
https://doi.org/10.3389/FIMMU.2022.767630/FULL
https://doi.org/10.3389/FIMMU.2022.767630/FULL
https://doi.org/10.1172/JCI.INSIGHT.157788
https://doi.org/10.1038/NM0105-20
https://doi.org/10.1158/0008-5472.CAN-05-3842
https://doi.org/10.1101/GAD.1549407
https://doi.org/10.1101/GAD.1549407


Vol:.(1234567890)

Review	  
Discover Oncology         (2025) 16:1029  | https://doi.org/10.1007/s12672-025-02783-x

	145.	 Öz-Arslan D, Rüscher W, Myrtek D, Ziemer M, Jin Y, Damaj BB, Sorichter S, Idzko M, Norgauer J, Maghazachi AA. IL-6 and IL-8 release 
is mediated via multiple signaling pathways after stimulating dendritic cells with lysophospholipids. J Leukoc Biol. 2006;80:287–97. 
https://​doi.​org/​10.​1189/​JLB.​12057​51.

	146.	 Shacter E, Weitzman SA. Chronic inflammation and cancer. Oncology. 2002;16:217.
	147.	 Al Moussawi K, Chung K, Carroll TM, Osterburg C, Smirnov A, Lotz R, Miller P, Dedeić Z, Zhong S, Oti M, Kouwenhoven EN, Asher R, 

Goldin R, Tellier M, Murphy S, Zhou H, Dötsch V, Lu X. Mutant Ras and inflammation-driven skin tumorigenesis is suppressed via a 
JNK-iASPP-AP1 axis. Cell Rep. 2022. https://​doi.​org/​10.​1016/J.​CELREP.​2022.​111503.

	148.	 Waters AM, Der CJ. KRAS: the critical driver and therapeutic target for pancreatic cancer. Cold Spring Harb Perspect Med. 2018. 
https://​doi.​org/​10.​1101/​CSHPE​RSPECT.​A0314​35.

	149.	 Hausmann S, Kong B, Michalski C, Erkan M, Friess H. The role of inflammation in pancreatic cancer. Adv Exp Med Biol. 2014;816:129–
51. https://​doi.​org/​10.​1007/​978-3-​0348-​0837-8_6.

	150.	 Hildebrandt W, Keck J, Schmich S, Bonaterra GA, Wilhelm B, Schwarzbach H, Eva A, Bertoune M, Slater EP, Fendrich V, Kinscherf R. 
Inflammation and wasting of skeletal muscles in Kras-p53-mutant mice with intraepithelial neoplasia and pancreatic cancer-when 
does cachexia start? Cells. 2022. https://​doi.​org/​10.​3390/​cells​11101​607.

	151.	 Kim M, Vu NT, Wang X, Bulut GB, Wang MH, Uram-Tuculescu C, Pillappa R, Kim S, Chalfant CE. Caspase 9b drives cellular transforma-
tion, lung inflammation, and lung tumorigenesis. Mol Cancer Res. 2022;20:1284–94. https://​doi.​org/​10.​1158/​1541-​7786.​MCR-​21-​
0905/​694388/​AM/​CASPA​SE-​9B-​DRIVES-​CELLU​LAR-​TRANS​FORMA​TION-​LUNG.

	152.	 Rokni M, Sadeghi Shaker M, Kavosi H, Shokoofi S, Mahmoudi M, Farhadi E. The role of endothelin and RAS/ERK signaling in immu-
nopathogenesis-related fibrosis in patients with systemic sclerosis: an updated review with therapeutic implications. Arthritis Res 
Ther. 2021. https://​doi.​org/​10.​1186/​s13075-​022-​02787-w.

	153.	 Runde AP, Mack R, Peter PB, Zhang J. The role of TBK1 in cancer pathogenesis and anticancer immunity. J Exp Clin Cancer Res. 
2022;41:1–25. https://​doi.​org/​10.​1186/​S13046-​022-​02352-Y.

	154.	 Cruz VH, Arner EN, Du W, Bremauntz AE, Brekken RA. Axl-mediated activation of TBK1 drives epithelial plasticity in pancreatic cancer. 
JCI Insight. 2019. https://​doi.​org/​10.​1172/​JCI.​INSIG​HT.​126117.

	155.	 Kwan CK, Fu SC, Hang Yung PS. A high glucose level stimulate inflammation and weaken pro-resolving response in tendon cells—
a possible factor contributing to tendinopathy in diabetic patients. Asia Pac J Sports Med Arthrosc Rehabil Technol. 2020;19:1–6. 
https://​doi.​org/​10.​1016/J.​ASMART.​2019.​10.​002.

	156.	 Dey S, Murmu N, Mondal T, Saha I, Chatterjee S, Manna R, Haldar S, Dash SK, Sarkar TR, Giri B. Multifaceted entrancing role of glu-
cose and its analogue, 2-deoxy-D-glucose in cancer cell proliferation, inflammation, and virus infection. Biomed Pharmacother. 
2022;156:113801. https://​doi.​org/​10.​1016/J.​BIOPHA.​2022.​113801.

	157.	 Lee WR, Kim A, Kim KS, Park YY, Park JH, Kim KH, Kim SJ, Park KK. Alpha-lipoic acid attenuates atherosclerotic lesions and inhibits pro-
liferation of vascular smooth muscle cells through targeting of the Ras/MEK/ERK signaling pathway. Mol Biol Rep. 2012;39:6857–66. 
https://​doi.​org/​10.​1007/​S11033-​012-​1511-5/​METRI​CS.

	158.	 Xu XS, Vanderziel C, Frank Bennett C, Moniat BP. A role for c-Raf kinase and Ha-Ras in cytokine-mediated induction of cell adhesion 
molecules. J Biol Chem. 1998;273:33230–8. https://​doi.​org/​10.​1074/​jbc.​273.​50.​33230.

	159.	 Ling J, Kang Y, Zhao R, Xia Q, Lee DF, Chang Z, Li J, Peng B, Fleming JB, Wang H, Liu J, Lemischka IR, Hung MC, Chiao PJ. KrasG12D-
induced IKK2/β/NF-κB activation by IL-1α and p62 feedforward loops is required for development of pancreatic ductal adenocar-
cinoma. Cancer Cell. 2012;21:105–20. https://​doi.​org/​10.​1016/J.​CCR.​2011.​12.​006.

	160.	 Sparmann A, Bar-Sagi D. Ras-induced interleukin-8 expression plays a critical role in tumor growth and angiogenesis. Cancer Cell. 
2004;6:447–58. https://​doi.​org/​10.​1016/J.​CCR.​2004.​09.​028.

	161.	 Minamino T, Yoshida T, Tateno K, Miyauchi H, Zou Y, Toko H, Komuro I. Ras induces vascular smooth muscle cell senescence and 
inflammation in human atherosclerosis. Circulation. 2003;108:2264–9. https://​doi.​org/​10.​1161/​01.​CIR.​00000​93274.​82929.​22.

	162.	 Borrello MG, Pierotti MA, Tamborini E, Biassoni D, Rizzetti MG, Pilotti S, Della Porta G. DNA methylation of coding and non-coding 
regions of the human H-RAS gene in normal and tumor tissues. Oncogene. 1992;7:269–75.

	163.	 Cheng X. Silent assassin: oncogenic ras directs epigenetic inactivation of target genes. Sci Signal. 2008;1:pe14. https://​doi.​org/​10.​
1126/​stke.​113pe​14.

	164.	 Jin H, Wang X, Ying J, Wong AHY, Cui Y, Srivastava G, Shen Z-Y, Li E-M, Zhang Q, Jin J. Epigenetic silencing of a Ca2+-regulated Ras 
GTPase-activating protein RASAL defines a new mechanism of Ras activation in human cancers. Proc Natl Acad Sci. 2007;104:12353–8.

	165.	 Gazin C, Wajapeyee N, Gobeil S, Virbasius C-M, Green MR. An elaborate pathway required for Ras-mediated epigenetic silencing. 
Nature. 2007;449:1073–7. https://​doi.​org/​10.​1038/​natur​e06251.

	166.	 Masliah-Planchon J, Garinet S, Pasmant E, Masliah-Planchon J, Garinet S, Pasmant E. RAS-MAPK pathway epigenetic activation in 
cancer: miRNAs in action. Oncotarget. 2015;7:38892–907. https://​doi.​org/​10.​18632/​ONCOT​ARGET.​6476.

	167.	 Suehiro Y, Wong CW, Chirieac LR, Kondo Y, Shen L, Renee Webb C, Chan Y, Chan ASY, Chan TL, Wu TT, Rashid A, Hamanaka Y, Hinoda 
Y, Shannon RL, Wang X, Morris J, Issa JPJ, Yuen ST, Leung SY, Hamilton SR. Epigenetic-genetic interactions in the APC/WNT, RAS/RAF, 
and P53 pathways in colorectal carcinoma. Clin Cancer Res. 2008;14:2560–9. https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​07-​1802.

	168.	 Esteller M, Dawson MA, Kadoch C, Rassool FV, Jones PA, Baylin SB. The epigenetic hallmarks of cancer. Cancer Discov. 2024;14:1783–
809. https://​doi.​org/​10.​1158/​2159-​8290.​CD-​24-​0296.

	169.	 Ma Q, Zhang W, Wu K, Shi L. The roles of KRAS in cancer metabolism, tumor microenvironment and clinical therapy. Mol Cancer. 
2025;24:1–18. https://​doi.​org/​10.​1186/​S12943-​024-​02218-1.

	170.	 Fatima S, Kumar V, Kumar D. Molecular mechanism of genetic, epigenetic, and metabolic alteration in lung cancer. Med Oncol. 
2025;42:1–22. https://​doi.​org/​10.​1007/​S12032-​025-​02608-5.

	171.	 MacLeod AR, Rouleau J, Szyf M. Regulation of DNA methylation by the Ras signaling pathway. J Biol Chem. 1995;270:11327–37. 
https://​doi.​org/​10.​1074/​jbc.​270.​19.​11327.

	172.	 Wu B-K, Brenner C. Suppression of TET1-dependent DNA demethylation is essential for KRAS-mediated transformation. Cell Rep. 
2014;9:1827–40. https://​doi.​org/​10.​1016/j.​celrep.​2014.​10.​063.

https://doi.org/10.1189/JLB.1205751
https://doi.org/10.1016/J.CELREP.2022.111503
https://doi.org/10.1101/CSHPERSPECT.A031435
https://doi.org/10.1007/978-3-0348-0837-8_6
https://doi.org/10.3390/cells11101607
https://doi.org/10.1158/1541-7786.MCR-21-0905/694388/AM/CASPASE-9B-DRIVES-CELLULAR-TRANSFORMATION-LUNG
https://doi.org/10.1158/1541-7786.MCR-21-0905/694388/AM/CASPASE-9B-DRIVES-CELLULAR-TRANSFORMATION-LUNG
https://doi.org/10.1186/s13075-022-02787-w
https://doi.org/10.1186/S13046-022-02352-Y
https://doi.org/10.1172/JCI.INSIGHT.126117
https://doi.org/10.1016/J.ASMART.2019.10.002
https://doi.org/10.1016/J.BIOPHA.2022.113801
https://doi.org/10.1007/S11033-012-1511-5/METRICS
https://doi.org/10.1074/jbc.273.50.33230
https://doi.org/10.1016/J.CCR.2011.12.006
https://doi.org/10.1016/J.CCR.2004.09.028
https://doi.org/10.1161/01.CIR.0000093274.82929.22
https://doi.org/10.1126/stke.113pe14
https://doi.org/10.1126/stke.113pe14
https://doi.org/10.1038/nature06251
https://doi.org/10.18632/ONCOTARGET.6476
https://doi.org/10.1158/1078-0432.CCR-07-1802
https://doi.org/10.1158/2159-8290.CD-24-0296
https://doi.org/10.1186/S12943-024-02218-1
https://doi.org/10.1007/S12032-025-02608-5
https://doi.org/10.1074/jbc.270.19.11327
https://doi.org/10.1016/j.celrep.2014.10.063


Vol.:(0123456789)

Discover Oncology         (2025) 16:1029  | https://doi.org/10.1007/s12672-025-02783-x 
	 Review

	173.	 Malpeli G, Innamorati G, Decimo I, Bencivenga M, Nwabo Kamdje AH, Perris R, Bassi C. Methylation dynamics of RASSF1A and its impact 
on cancer. Cancers. 2019. https://​doi.​org/​10.​3390/​cance​rs110​70959.

	174.	 Aakula A, Sharma M, Tabaro F, Honkanen H, Schapira M, Arrowsmith C, Nykter M, Westermarck J. RAS and PP2A activities converge on 
epigenetic gene regulation. BioRxiv. 2022. https://​doi.​org/​10.​26508/​lsa.​20230​1928.

	175.	 Drazic A, Myklebust LM, Ree R, Arnesen T. The world of protein acetylation. Biochimica et Biophysica Acta (BBA) Proteins Proteomics. 
1864;2016:1372–401. https://​doi.​org/​10.​1016/j.​bbapap.​2016.​06.​007.

	176.	 Yang MH, Nickerson S, Kim ET, Liot C, Laurent G, Spang R, Philips MR, Shan Y, Shaw DE, Bar-Sagi D. Regulation of RAS oncogenicity by 
acetylation. Proc Natl Acad Sci. 2012;109:10843–8.

	177.	 Khan I, Rhett JM, O’Bryan JP. Therapeutic targeting of RAS: New hope for drugging the “undruggable.” Biochimica et Biophysica Acta 
(BBA) Mol Cell Res. 2020;1867:118570. https://​doi.​org/​10.​1016/j.​bbamcr.​2019.​118570.

	178.	 Knyphausen P, Lang F, Baldus L, Extra A, Lammers M. Insights into K-Ras 4B regulation by post-translational lysine acetylation. Biol Chem. 
2016;397:1071–85. https://​doi.​org/​10.​1515/​hsz-​2016-​0118.

	179.	 Yin G, Kistler S, George SD, Kuhlmann N, Garvey L, Huynh M, Bagni RK, Lammers M, Der CJ, Campbell SL. A KRAS GTPase K104Q mutant 
retains downstream signaling by offsetting defects in regulation. J Biol Chem. 2017;292:4446–56.

	180.	 Dharmaiah S, Tran TH, Messing S, Agamasu C, Gillette WK, Yan W, Waybright T, Alexander P, Esposito D, Nissley DV, McCormick F, Stephen 
AG, Simanshu DK. Structures of N-terminally processed KRAS provide insight into the role of N-acetylation. Sci Rep. 2019;9:10512. https://​
doi.​org/​10.​1038/​s41598-​019-​46846-w.

	181.	 Ghazi Vakili M, Gorgulla C, Snider J, Nigam A, Bezrukov D, Varoli D, Aliper A, Polykovsky D, Padmanabha Das KM, Cox H, Lyakisheva 
A, Hosseini Mansob A, Yao Z, Bitar L, Tahoulas D, Čerina D, Radchenko E, Ding X, Liu J, Meng F, Ren F, Cao Y, Stagljar I, Aspuru-Guzik A, 
Zhavoronkov A. Quantum-computing-enhanced algorithm unveils potential KRAS inhibitors. Nat Biotechnol. 2025;12:1–6. https://​doi.​
org/​10.​1038/​s41587-​024-​02526-3.

	182.	 Técher H, Kemiha S, Aobuli X, Kolinjivadi AM. Oncogenic RAS in cancers from the DNA replication stress and senescence perspective. 
Cancers. 2024. https://​doi.​org/​10.​3390/​CANCE​RS162​33993.

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

https://doi.org/10.3390/cancers11070959
https://doi.org/10.26508/lsa.202301928
https://doi.org/10.1016/j.bbapap.2016.06.007
https://doi.org/10.1016/j.bbamcr.2019.118570
https://doi.org/10.1515/hsz-2016-0118
https://doi.org/10.1038/s41598-019-46846-w
https://doi.org/10.1038/s41598-019-46846-w
https://doi.org/10.1038/s41587-024-02526-3
https://doi.org/10.1038/s41587-024-02526-3
https://doi.org/10.3390/CANCERS16233993

	Elucidating Ras protein as a dual therapeutic target for inflammation and cancer: a review
	Abstract
	Graphical Abstract

	1 Introduction
	2 Ras signalling pathway
	3 Ras protein and cancer
	3.1 Ras mutation-induced oncogenesis
	3.2 Ras and cancer recurrence
	3.3 Ras in cancer pathogenesis and mitochondrial pathway

	4 SNPs of Ras gene in different cancer types
	5 Strategies to target Ras proteins
	6 In-silico approaches for studying Ras
	7 Downstream regulators of Ras and their inhibitors
	7.1 Raf inhibition
	7.2 MEK kinase inhibition
	7.3 Erk kinase inhibition
	7.4 Inhibition of PI3KAktmTOR pathway

	8 Role of Ras in immunity and inflammation
	9 Ras and epigenetic silencing
	9.1 DNA methylation
	9.2 Acetylation

	10 Conclusion
	11 Future perspective of targeting Ras protein in inflammation and cancer therapeutics
	References


