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Lung cancer has recently become one of the most common and lethal malignancies; the prevalence of non-small cell 
lung cancer (NSCLC) is also increasing. Most colorectal and pancreatic cancers as well as NSCLCs are caused by 
RAS oncogene mutations. These mutations are split into three subtypes: the neuroblastoma RAS viral oncogene 
homolog (NRAS), Harvey rat sarcoma viral oncogene homolog (HRAS), and Kirsten rat sarcoma viral oncogene 
homolog (KRAS). The GTPase activity of RAS proteins is largely affected by these mutations, causing them to remain 
activated, resulting in uncontrolled cell growth. In this review, three of the most common RAS gene variants—KRAS 
G12C, KRAS G12V, and KRAS G12D—are described. Together, these variants account for three-quarters of all KRAS 
mutations. KRAS G12C is found predominantly in smokers and lung adenocarcinoma patients. Nevertheless, a 
plethora of potent inhibitors such as sotorasib, adagrasib, GDC-6036, JNJ-74699157, and D-1553, are used, with the 
most effective being sotorasib and adagrasib. Furthermore, unlike other KRAS mutations, KRAS G12C signaling 
preferentially activates downstream Ral A/B and RAF/MEK/ERK pathways, resulting in lower levels of phosphorylated 
AKT, a trait shared with KRAS G12V mutations. The KRAS G12V mutation has a significant impact on failure-free 
survival and overall survival. Finally, when combined with TP53 co-mutations, the KRAS G12D mutation could be a 
potential immunotherapy biomarker. It is also worth noting that KRAS G12D mutations are associated with a low tumor 
mutational burden. Owing to the severity and prevalence of NSCLC, a thorough investigation into these findings is 
warranted, making treatment innovation all the more critical. 
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INTRODUCTION 

Lung cancer is the most prevalent type of cancer 
worldwide, accounting for 1.6 million deaths each year 
(Khaltaev & Axelrod, 2020; Kim et al. 2018; Torre et al. 
2015). The two most common subtypes of non-small cell 
lung cancer (NSCLC) are lung adenocarcinoma (LUAD) 
and lung squamous cell carcinoma (LUSC), which 
together affect 85% of NSCLC patients. Interestingly, the 
number of NSCLC cases in Africa and the Middle East 
remains far lower than that in the West and East, but still 
remains a predominant issue (Yang et al. 2014; 
Alshammari et al., 2021). To better understand the 
mechanisms and pathways associated with lung cancer, it 
is imperative to realize how cancers emerge and develop 

in a broad context. 
Cancer is caused by a multitude of factors, including 

environmental conditions and individual characteristics 
such as obesity; nonetheless, mutations in cancer 
susceptibility genes remain the most common cause. 
Cancer susceptibility genes can generate over- or under-
expression of certain proteins, resulting in various adverse 
effects, the most notable being the uncontrollable 
proliferation of certain cells (i.e., cancer) (Faubert et al. 
2020). Proto-oncogenes serve as initial regulators of this 
biological process, transmitting information and acting as 
growth factors. Mutations in these genes, which are 
subsequently called oncogenes, result in the formation of 
cancer cells. The activation pathways that lead to proto-
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oncogenes include chromosomal translocations, point 
mutations, and gene amplification. According to the clonal 
theory of on cogenesis, a tumor begins with a single cell 
(Kontomanolis et al. 2020).  

Understanding tumor immunity and developing 
effective cancer immunotherapy requires knowledge of 
how the host immune system interacts with tumor cells in 
the tissue microenvironment. In malignancies, the 
presence of lymphocytes is closely associated with better 
prognosis. T cells have a collection of cell surface 
receptors called immune checkpoints, which suppress T 
cell function when activated. Levels of immune checkpoint 
receptors, such as the programmed cell death 1 (PD-1) 
and the cytotoxic T lymphocyte-associated protein 4 
(CTLA-4), are increased during T cell activation to protect 
the body from damage caused by an excessive immune 
response. As such, immune checkpoint inhibitors allow for 
an improved adaptive immune system response to cancer 
(Barrueto et al. 2020; Gatti-Mays et al. 2017; Rogers et al. 
2015).  

The oncogenes KRAS and EGFR, as well as the 
tumor suppressors TP53, KEAP1, STK11, and NF1, are 
among the most frequently mutated genes in LUAD 
patients. However, in LUSC patients, the most frequently 
mutated genes are the tumor suppressor genes TP53 and 
CDKN2A (Herbst et al. 2018). Several of these genes 
have been associated with various malignancies. Given 
the previously discussed accumulation of genetic and 
epigenetic mutations, it is important to assess how tumors 
grow in response to a combination of tumor suppressor 
and oncogenic gene mutations. Furthermore, although 
TP53 mutations have been identified in 50–60% of human 
malignancies, this review focuses on the RAS oncogene 
and its mutations (Baugh et al. 2017).  

RAS gene family 
RAS gene mutations are responsible for 30% of 

human malignancies and 90% of pancreatic, lung, and 
colon cancers. The three types of RAS proteins—namely 
RAS, H-RAS, and N-RAS—function as molecular switches 
that are activated by binding to GTP, a key nucleotide in 
cell process control (Zinatizadeh et al. 2019). When GTP 
is converted to GDP, the GTPase in the RAS gene 
becomes activated, leaving the protein inactive. However, 
RAS carcinogenic mutations include alterations that result 
in the loss of internal GTPase action, leading to a 
persistently active protein (Donninger et al. 2007). 
Furthermore, GTP-bound RAS stimulates RAS-RAF-MEK-
ERK signaling, which regulates cell proliferation and cell 
cycle, as well as the PI3K-AKT-mTOR pathway, which 
controls cell survival. RAS proteins have been assumed to 
be "non-druggable" because of their mysterious inhibitory 
potential; that is, until the Shokat Laboratory discovered 
the Switch II pocket in 2013 (Malapelle et al. 2021; Vasta 
et al. 2022).  

In this section, we will review all RAS proteins and 
possible mutations, with special attention to the most 

prevalent mutations that occur on codons 12, 13, and 61. 

Neuroblastoma RAS Viral Oncogene Homolog (NRAS) 
The neuroblastoma RAS viral oncogene homolog 

(NRAS) gene is found on chromosome 1p13.2 and is 
responsible for 8% of all malignancies in humans. The 
most prevalent NRAS mutations are found on codon 61. 
NRAS was the first oncogene to be identified in 
melanoma, a type of cutaneous malignancy considered 
the deadliest form of skin cancer, and NRAS mutations 
are found in 20% of all melanomas (Garcia-Alvarez et al. 
2021; O’Neill & Scoggins, 2019). NRAS is frequently 
linked to BRAF mutations, and both variants are known to 
create numerous melanomas. BRAF and NRAS mutations 
were detected in African American superficial melanoma 
(25% and 29%, respectively), nodular melanoma (29% 
and 28%, respectively), and lentigo maligna melanoma 
(25% and 29%, respectively) patients (15% and 16%, 
respectively) (Akslen et al. 2008). Only two BRAF 
mutations (8%) were found in a group of 26 Black African 
melanomas, both of which deviated from the common 
T1799A mutation (Akslen et al. 2008). Furthermore, many 
pathways have been linked to the etiology of cutaneous 
melanoma. 

The RAS–RAF–MEK–extracellular signal-regulated 
kinase–mitogen-activated protein kinase pathway and the 
EGFR–NRAS–BRAF pathway are two pathways that are 
particularly associated with NRAS mutations. The 
frequency of NRAS mutations in lung cancer patients, 
especially those with NSCLC, is not as high as in those 
with melanoma. To date, no licensed medicines that target 
NRAS specifically are available. However, novel targeted 
therapy strategies, particularly MEK inhibitor mono-
therapy and combination therapy, will likely soon provide 
viable treatment alternatives (Johnson & Puzanov, 2015). 

Harvey Rat Sarcoma Viral Oncogene Homolog (HRAS) 
The Harvey rat sarcoma viral oncogene homolog 

(HRAS) is found on chromosome 11p15.5 and is 
responsible for 3% of all human cancers. HRAS is 
commonly associated with the Costello syndrome (CS), a 
complex developmental condition that manifests itself 
through various symptoms, including failure to thrive, 
developmental delay, cardiac and skeletal defects, and 
susceptibility to benign and malignant neoplasia. CS is 
often caused by activating germline mutations in HRAS or 
by perturbation of function through the RAS pathway 
(Rauen, 2007). Moreover, it has been determined by 
multiple studies that the HRAS mutations leading to CS 
often result in the dysregulation of the RAS/mitogen-
activated protein kinase pathway (Dunnett-Kane et al. 
2020; Gripp & Lin, 2012; Kiuru et al. 2020). Germline 
mutations in codons 12 and 13 have been found in CS 
patients; however, no mutations have been found in codon 
61. Somatic point mutations in HRAS account for 
approximately 1% of RAS mutations observed in sporadic 
malignancies, with bladder cancer (BC) being the most 
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frequently observed (Zhang & Zhang, 2015). Additionally, 
MAPK pathway inhibitors and statins have been proven to 
be effective in impeding the effects of CS (O’Bryan, 2019). 
HRAS mutations are detected more frequently in younger 
patients than in older patients. Interestingly, the same 
mutations that were frequent in the lower age groups (20) 
were extremely rare in the older age groups. Furthermore, 
investigations have suggested that HRAS-related BC and 
CS may be linked. For example, certain germ line 
mutations in HRAS, specifically p. (Gly12Ser/Ala), induce 
CS. Furthermore, HRAS mutations were extremely 
prevalent in BC patients under the age of 20 years 
(Beukers et al. 2014). 

In the context of NSCLC, HRAS is commonly 
overexpressed in smokers or in individuals with LUSC 
subtypes (Pązik et al. 2020). HRAS has been 
demonstrated to have a considerable impact on the 
development of malignancies, such as head and neck 
squamous cell carcinomas (HNSCCs), when mutated in 
combination with NRAS or TP53 (Lyu et al. 2019); 
however, it is normally irrelevant in NSCLC (Zhao et al. 
2021). Patients with HRAS-related NSCLC were found to 
be 69 years old on average, which is the same age as 
those with NRAS-related NSCLC (Tamiya et al. 2021). 
The RAS gene is considered uncommon. In contrast, 
HRAS T81C genetic polymorphisms have been shown to 
cause high susceptibility to severe NSCLC (Lee & Shih, 
2020). Similar to NRAS, studies on the link between 
HRAS mutations and NSCLC are scarce. This is due to 
the high frequency of HRAS in other syndromes, such as 

CS and BC, resulting in HRAS receiving more research 
attention than NSCLC. 

Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS) 
The Kirsten rat sarcoma viral oncogene homolog 

(KRAS) gene is located on chromosome 12p12.1 and is 
the most frequently mutated oncogene in human cancers 
in general; LUAD in particular accounts for 22% of all 
human cancers (Aredo et al. 2019). The two primary 
splice variants of KRAS are KRAS4A and KRAS4B, with 
varying C-terminal sequences. The main type of KRAS4 is 
KRAS4B, whereas KRAS4A expression is enhanced in 
the presence of a tumor (Salgia et al. 2021). Furthermore, 
it has been demonstrated that this is essential for the 
development of lung cancer in mice (To et al. 2008). 
KRAS mutations have also been identified as indicators of 
poor outcomes in patients with EGFR-mutant disease who 
are receiving EGFR tyrosine kinase inhibitor therapy 
(Lindsay et al. 2018). Owing to its relatively smooth 
protein structure, KRAS has been 
considered "undruggable", prompting scientists to focus 
on downstream inhibitors to target it. Fortunately, 
scientists can now make use of direct-targeting strategies 
(e.g., sotorasib) to reduce or prevent KRAS 
overexpression; however, nothing is known regarding the 
primary or acquired resistance to such an approach (Reita 
et al. 2022). Differences in patient characteristics and 
other baseline demographics make it challenging to 
explain these discrepancies. 

 
Table 1: Table illustrating the differences in pathways, associated diseases, general distribution in cancers, 
inhibitors and therapies, and the relevant references for three primary RAS genes, namely NRAS, HRAS, and 

KRAS. 

RAS 
 Gene 
 name 

Pathways 
Most prevalent 

associated 
diseases 

Distribution  
Throughout all 
cancers (in %) 

Inhibitors and 
therapies 

Ref. 

NRAS 

RAS–RAF–MEK–
extracellular signal-
regulated kinase–
mitogen-activated 

protein kinase + EGFR–
NRAS–BRAF 

Cutaneous 
Melanoma 

8% 
MEK inhibitor 
monotherapy 

(Akslen et al. 2008; Aredo et al. 
2019; Garcia-Alvarez et al. 
2021; O’Neill & Scoggins, 

2019) 

HRAS 
Ras/mitogen activated 

protein kinase 

Costello 
Syndrome + 

Bladder Cancer 
 

3% 
MAPK pathway 

inhibitors + Statins 

(Aredo et al. 2019; Dunnett-
Kane et al. 2020; Gripp & Lin, 

2012; Kiuru et al. 2020; Rauen, 
2007; Zhang & Zhang, 2015) 

KRAS 
RAF/MEK/ERK + 
PI3K/AKT/mTOR 

Non-small cell 
Lung Cancer 

22% 
Sotorasib + 
Adagrasib 

(Aredo et al. 2019; Ou et al. 
2022; Skoulidis et al. 2021; 

Tomasini et al. 2016) 
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Two separate studies in metastatic patients and 

patients with surgically resected NSCLC found that 
different codon variants may activate unique 
transcriptional networks that affect prognosis and/or 
therapeutic susceptibilities. More specifically, KRAS G12C 
or KRAS G12V positivity was associated with lower 
disease-free and overall survival (OS) when compared to 
other KRAS variants or wild-type proteins. This was at 
least partly due to increased ratios of epithelial to 
mesenchymal transition genes and reduced levels of 
genes, suggesting KRAS dependence. As a result, 
metastatic KRAS-related CRC and NSCLC have been 
linked (Ihle et al. 2012; Kurishima et al. 2018; Nadal et al. 
2014). In NSCLC, KRAS is involved in the RAF/MEK/ERK 
and PI3K/AKT/mTOR pathways (Tomasini et al. 2016). 
Finally, although this will be discussed in detail at a later 
stage in this review, it is important to note that the two 
most effective inhibitors of KRAS in NSCLC are sotorasib 
and adagrasib (Ou et al. 2022; Skoulidis et al. 2021). The 
RAS genes and their associated pathways, diseases, 
cancers, and inhibitors are detailed in Table 1. 

Common RAS mutations in NSCLC 
KRAS mutations are detected in 20–40% of 

adenocarcinoma patients and the most prevalent KRAS 
mutations are found at codons 12 and 13 (Gauthaman & 
Moorthy, 2021; Passiglia et al. 2020). A study found KRAS 
mutations in 26.29% of 567 LUAD patient samples, with a 
KRAS/TP53 co-mutation rate of 9.7%. KRAS G12C was 
the most common mutant subtype in this study, 
accounting for 6.7% of the total mutants, making it the 
most common mutation in KRAS. Following KRAS G12C, 
G12V and G12D were the most common mutations with 
rates of 3.7% and 2.47%, respectively. The remaining 
samples had predominantly wild-type configurations, 
indicating that the majority of LUAD was caused by other 
mutations (e.g., TP53 or EGFR mutations) (Araujo et al. 
2021; Gao et al. 2020). Finally, research has shown 
linkages between KRAS mutations and EGFR regulation 
and resistance (del Re et al. 2017; Kalikaki et al. 2008; 
Karachaliou et al. 2013b; Offerman et al. 2021). 

The GTP/GDP binding site is the only deep surface 
pocket found in RAS proteins, making it challenging to 
develop high-affinity antagonists. As a result, RAS-related 
NSCLC is regarded as untreatable, creating serious 
complications for patients suffering from it (Roskoski, 
2021). Furthermore, RAS mutations have on average 
been shown to affect Western populations more than 
Eastern populations. For example, one study compared a 
Chinese cohort with the COSMIC database and found a 
significant difference in the percentage of RAS-caused 
lung cancer (11.7% for the Chinese cohort and 17.3% for 
the COSMIC data) (Loong et al. 2020). Despite this, the 
literature is divided on the predictive power provided by 
using RAS genes to determine lung cancer survival 
(Mascaux et al. 2005).  

In this section of the review, various aspects of RAS 
gene mutations will be discussed in detail.  

KRAS G12C Mutation 
The KRAS G12C trans version mutation accounts for 

41% of KRAS mutations and is almost exclusively found in 
LUAD, with an occurrence rate in smokers of almost 90% 
(Addeo et al. 2021; Cai et al. 2020; Cannataro et al. 2018; 
Salem et al. 2022). When compared to other KRAS 
mutations, KRAS G12C signaling preferentially activates 
downstream Ral A/B and RAF/MEK/ERK pathways, as 
well as reduces phosphorylated AKT, a factor also seen 
with KRAS G12V mutations. Due to the widespread 
prevalence of this mutation, it has been intensively studied 
and targeted, leading to the development of tyrosine 
kinase inhibitors (TKIs) such as sotorasib, adagrasib, 
GDC-6036, JNJ-74699157, and D-1553. The most 
popular TKI used for the KRAS G12C mutation is 
sotorasib, a medication classified as an irreversible 
inhibitor with a half-life of approximately 6 hours, which 
functions by locking KRAS in an inactive, GDP-bound 
form. Adagrasib functions similarly, while other TKIs are 
still being studied and evaluated in clinical trials. 

Studies have also assessed the median progression-
free survival (PFS), or the duration between the initial 
treatment and the onset of cancer, of various KRAS 
mutations, revealing a median PFS for KRAS G12C of 
15.57 weeks and an OS of 18.64 weeks (Hong et al. 
2020). Notably, recent studies have reported KRAS 
mutation status not to be associated with patient sex, 
while strong associations with region and patient age were 
reported. Furthermore, the average age of KRAS G12C 
NSCLC patients was 67 years, with half of them being 
female. In addition, the South/Southeast parts of the world 
were reported to be the most frequently affected (8.2% 
and 8.1%, respectively) when compared to the 
North/Northeast parts of the world (5.1% and 3.6%, 
respectively). Finally, patients younger than 50 years 
showed a lower frequency of KRAS G12C mutations 
compared to those older than 50 years (≤ 2.0% and≥ 
7.2%, respectively). 

Other KRAS Mutations 
As previously stated the KRAS G12V transition 

mutation accounts for 19% of KRAS mutations and is 
linked to lower levels of phosphorylated AKT in cell lines. 
Recent studies have linked these findings to suggest that 
cancers with the KRAS G12V mutation are more reliant on 
the RAS/RAF/MEK/ERK signaling pathway for survival, 
ultimately making MEK inhibitors effective against them 
(Biernacka et al. 2016; Tang et al. 2021). KRAS G12V 
mutations have also been shown to have a significant 
predictive effect on failure-free survival (P = 0.004) and 
OS (P = 0.008) rates. The KRAS G12V mutation was 
found to have a median PFS of 23.28 weeks and a 
median OS of 27.57 weeks. Finally, studies have revealed 
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that KRAS G12V mutations generate more aggressive 
metastasis when compared to KRAS G12D mutations. 
This is due to modulation of the KRAS/RhoA/Wnt 
regulatory pathway during NSCLC metastasis (Jänne et 
al. 2015). 

Along with TP53 co-mutations, the KRAS G12D 
mutation accounts for 13% of KRAS mutations and is 
considered a biomarker for negative immunotherapy 
outcomes. KRAS G12D is most prevalent in CRC, 
accounting for 13.4% of all patients. A comprehensive 
analysis of 404 well-represented CRC cases showed that 
patients with tumors containing KRAS G12D mutations 
had a poor prognosis, as opposed to patients with similar 
KRAS mutations that affect CRC (e.g., KRAS G13D) 
(Zlobec et al. 2010).Furthermore, the presence of KRAS 
G12D mutations has been linked to reduced tumor 
mutational burden (TMB), a measure of the number of 
gene mutations in tumor tissue (Sha et al. 2020). In 
addition, when KRAS G12D mutations are detected, the 
expression of PD-L1, an important immunotherapy 
biomarker, is significantly reduced. Studies have also 
shown that KRAS G12C and TP53 co-mutations suppress 
immune cell infiltration, leading to further tumor 
progression (Zuo et al. 2020). KRAS G12D also has a 
median PFS of 11 weeks and an OS of 21.35 weeks, and 
as such, KRAS G12D is regarded as inferior to the G12V 
and G12C mutations in terms of PFS. The three KRAS 
mutations and their associated genomic distributions 
(GD), PFS, and OS are detailed in Table 2. 

 
Table 2: Table illustrating the differences in genomic 
distribution (GD), progression-free survival (PFS), and 
overall survival (OS) among three different KRAS 
mutations, namely KRAS G12C, KRAS G12V, and 
KRAS G12D. 
 

Mutations GD PFS OS Ref. 

KRASG12C 41% 
15.57  
weeks 

18.64 weeks 
(Hong et 
al. 2020) 

KRASG12V 19% 
23.28 

 weeks 
27.57 weeks 

(Jänne et 
al. 2015) 

KRASG12D 13% 
11.00  
weeks 

21.35 weeks 
(Jänne et 
al. 2015) 

 
Notably, when comparing never-smoker patients to 

those with a history of cigarette smoking, trans-versions 
(substitution of a pyrimidine for a purine or purine for a 
pyrimidine) were more prevalent than transitions 
(substitution of a purine for purine or pyrimidine for 
pyrimidine). Most variants identified in mutation profiling 
studies have been found to be too rare to warrant further 
investigation; this is in contrast to the previously 
mentioned mutations which are more common (i.e., KRAS 
G12C, KRAS G12V, and KRAS G12D) (Karachaliou et al. 
2013a; Riely et al. 2008; Roberts & Stinchcombe, 2013). 
This has resulted in a paucity of research on variants 
other than KRAS G12C, with only a few dozen studies 

examining the impact of the KRAS G12V and G12D 
mutations. 

CONCLUSION 
This review examined several types of RAS genes, 

focusing primarily on NRAS, HRAS, and KRAS. Based on 
the literature assessed herein, NRAS mutations are 
accountable for 8% of human cancers and are commonly 
found in codon 61. Furthermore, changes in specific 
codons associated with CRC have no effect on NSCLC 
(codons 59, 117, and 146). HRAS mutations are 
responsible for 3% of all human cancers and their 
overexpression is common in smokers and LUSC 
patients. Finally, KRAS mutations are responsible for 22% 
of all human cancers, making them the most common and 
lethal. 

In this review, we thoroughly explored prevalent RAS 
mutations (particularly of the KRAS subtype). Only 
patients with LUAD and smokers had KRAS G12C, a 
transversion mutation that accounts for 41% of the GD of 
KRAS variants. The ubiquitous nature of KRAS G12C had 
led to extensive studies on it and numerous related TKIs 
have been evaluated, including sotorasib, adagrasib, 
GDC-6036, JNJ-74699157, and D-1553. However, unlike 
other KRAS mutations, KRAS G12C activates 
downstream Ral A/B and RAF/MEK/ERK pathways, as 
well as decreases phosphorylated AKT levels. The second 
mutation assessed, KRAS G12V, was found in 19% of the 
overall KRAS mutations. Finally, we discussed the KRAS 
G12D mutation, which accounted for 13% of all KRAS 
mutations. When combined with TP53 co-mutations, 
KRAS mutations have shown promising potential as 
biomarkers for unfavorable immunotherapy outcomes and 
have been linked to low TMB. It also had a median PFS of 
11 weeks, which was the shortest among the KRAS G12C 
and KRAS G12V mutations, with median PFSs of 15.57 
weeks and 23.28 weeks, respectively. 
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