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Abstract

Cancer is a genetic disease driven by the accumulation of mutations that disrupt normal
cellular growth. Among the most frequently mutated families are protein kinases, inos-
itol polyphosphate kinases, and GTPases, which together function as central molecular
switches controlling proliferation, survival, and metabolism. In cancer, activating mutations
in protein kinases, such as EGFR and BRAF, lead to uncontrolled downstream signaling by
locking these enzymes in a constitutively active state. Similarly, mutations affecting inositol
kinases, notably PI3KCA, hyperactivate the PI3K/AKT pathway, promoting relentless cell
survival and resistance to apoptosis. GTPases, particularly Ras family members (KRAS,
NRAS, HRAS), are classical oncogenes where single amino acid substitutions impair their
intrinsic GTP hydrolysis activity, trapping them in a persistently GTP-bound “on” state.
This unleashes continuous mitogenic signaling independently of external growth factors.
Collectively, these mutations are not random but converge on a limited set of core path-
ways, making them key drivers of tumor initiation and progression. Understanding the
specific molecular consequences of kinase and GTPase mutations has directly informed the
development of targeted therapies, including small molecule inhibitors and monoclonal
antibodies, now used in routine clinical practice.
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1. Introduction
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Protein kinases constitute a large enzyme family responsible for phosphorylating
proteins at specific amino acid residues. They are divided into two major subfamilies:
tyrosine kinases and serine/threonine kinases. The human genome encodes 518 protein
kinases, of which 478 possess a canonical protein kinase domain and 40 are classified as
atypical kinases. By mediating protein phosphorylation, kinases regulate a broad range of
cellular processes, including proliferation, growth, cell cycle progression, differentiation,
survival, and apoptosis. Disruption of normal kinase activity can profoundly alter these
pathways and contribute to numerous diseases, notably cancers, but also neurodegener-
ative disorders, inflammatory conditions, diabetes, kidney diseases, and cardiovascular
ailments [1]. Well-known oncogenes frequently encode proteins belonging to the kinase,
GTPase, transcription factor, or growth factor families. In this review, we concentrate on
two Ras superfamily members (KRAS and NRAS) and one protein kinase superfamily
member (BRAF).

The Ras superfamily, also referred to as small GTPases, comprises low-molecular-
weight proteins (20-25 kDa) that share the ability to bind guanosine triphosphate (GTP) and
diphosphate (GDP). GTPases are active in the GTP-bound state and inactive when bound
to GDP; replacement of GDP with free GTP restores activity, providing an on—off switching
mechanism. Over 160 Ras proteins have been identified in humans [2]. Historically, RAS
genes were discovered through studies of sarcoma-inducing viruses in rats, giving rise to
the name “Rat sarcoma.” The first three-dimensional structure of a Ras protein was solved
in 1990 [3], and over 450 structures from higher eukaryotes, yeasts, bacteria, and archaea
are now deposited in the RCSB Protein Data Bank. Ras proteins participate in numerous
critical cellular processes, including cell cycle control, survival signaling, actin cytoskeleton
organization, and nuclear and vesicular transport [2]. This editorial will analyze some
examples of well known mutations of kinases and GTPases.

2. Examples Mutations of Kinases and GTPases
2.1. EGFR

The epidermal growth factor receptor (EGFR) is a transmembrane receptor tyrosine
kinase belonging to the ErbB family, which plays a central role in regulating cellular
proliferation, differentiation, and survival upon binding to its cognate ligands such as
EGF and TGF«. Upon ligand-induced activation, EGFR undergoes homodimerization or
heterodimerization with other ErbB family members, leading to autophosphorylation of
intracellular tyrosine residues and subsequent activation of downstream signaling cascades
including the RAS-RAF-MEK-ERK and PIBK-AKT pathways. Dysregulation of EGFR
through gene amplification, overexpression, or activating mutations results in sustained
mitogenic signaling and is frequently implicated in the pathogenesis of multiple human
cancers, most notably non-small cell lung cancer (Figure 1), colorectal cancer, and glioblas-
toma. A study in non-small cell lung cancer (NSCLC) demonstrated that texture analysis
from enhanced MRI and pathological slides can reliably predict EGFR mutation status
in breast cancer, achieving an AUC of 0.983, an accuracy of 96.2%, and a sensitivity of
97.9% [4]. In metastatic colorectal cancer, it was highlighted that EGFR extracellular domain
mutations such as S492R and R451C prevent antibody binding while preserving receptor
kinase activity, representing key mediators of acquired resistance to anti-EGFR therapy [5].
Ali and colleagues reported that EGFR exon 20 mutations are associated with significantly
higher SUVmax values on ['®F]FDG PET-CT imaging in metastatic colorectal cancer, with
SUVmax demonstrating potential as a non-invasive predictive tool for determining EGFR
mutation status [6]. Jeon et al. identified the rare EGFR L833V /HS835L cis compound
mutation in 8 of 3835 NSCLC patients screened (0.21% prevalence) and confirmed that this
mutant exhibits oncogenic potential while remaining sensitive to EGFR tyrosine kinase
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inhibitors [7]. An Austrian real-world study of 1267 advanced NSCLC patients reported
an EGFR mutation prevalence of 11% (145 patients); among 53 patients with stage IIIB or
higher disease, median overall survival was 17.7 months, with exon 19 deletion carriers
achieving the longest median overall survival (32.5 months) compared to L858R muta-
tion carriers (17 months) [8]. A separate international real-world study of 1043 resected
early-stage NSCLC patients found EGFR mutations in 32% of cases, with five-year overall
survival rates of 84% for mutation-positive patients versus 64% for mutation-negative pa-
tients [9]. Resistance mechanisms to EGFR-TKIs revealed that while osimertinib overcomes
the T790M mutation, emergent C797S mutations and MET amplifications subsequently
compromise its efficacy [10]. Wenzhou Medical University reported a case of NSCLC
harboring both an EGFR exon 19 deletion and the T790M missense mutation at baseline,
where the patient achieved 8 months of progression-free survival on furmonertinib before
developing breast metastasis, illustrating that coexisting sensitive and resistant mutations
negatively affect TKI efficacy [11]. In a retrospective study of 2800 EGFR-mutant NSCLC
patients, 9 patients (0.32%) who developed acquired ALK, RET, or ROS1 fusions following
TKI therapy were identified, with subsequent fusion-targeted therapy yielding progression-
free survival ranging from 5 to 39 months [12]. Interestingly, German researchers estimated
that RET fusions occur as an acquired resistance mechanism in 0.2% of EGFR-mutated
patients progressing on TKIs. In these cases, combined EGFR and RET inhibition pro-
duced progression-free survival of 3.9 to 13.0 months, and personalized droplet digital PCR
enabled non-invasive longitudinal monitoring of resistance dynamics [13].

Other atypical

Ex19del
Complex atypical

9.0%

Classical + T790M + atypical

V Classical + T790M

Ex20ins

L858R

Figure 1. EGFR mutation subtypes in non-small cell lung cancer.

2.2. MET

The mesenchymal—epithelial transition factor (MET) is a receptor tyrosine kinase en-
coded by the MET proto-oncogene. Upon binding of its cognate ligand hepatocyte growth
factor (HGF), MET activates downstream signaling cascades, including RAS-ERK and
PIBK-AKT pathways, that regulate cell proliferation, survival, migration, and morpho-
genesis. Physiological MET signaling is tightly regulated through autophosphorylation
and ubiquitin-mediated degradation; however, genetic alterations such as activating muta-
tions, gene amplification, or exon 14 skipping can lead to constitutive receptor activation
and oncogenic transformation. Dysregulated MET signaling has been implicated in mul-
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tiple cancer types, most notably non-small cell lung cancer (NSCLC), where MET exon
14 skipping mutations represent a clinically actionable driver alteration, as well as in hered-
itary papillary renal cancer, gastric cancer, and glioblastoma. A single-center real-world
study analyzed 1374 lung cancer patients without EGFR or ALK mutations and identified
MET exon 14 skipping mutations in 69 patients (5.0% of this selected population), with a
notably higher frequency observed in pulmonary sarcomatoid carcinoma (24.3%, 9 of 37 pa-
tients) [14]. The results showed that among 29 stage IV lung adenocarcinoma patients with
MET exon 14 skipping who received active treatment, pemetrexed-based chemotherapy (p
=0.003), lung radiotherapy (p = 0.020), initial brain metastasis (p = 0.005), and strong c-MET
immunohistochemical staining (p = 0.012) were independent prognostic factors for overall
survival, whereas stage IV pulmonary sarcomatoid carcinoma patients showed similarly
poor outcomes regardless of MET mutation status [14]. A Chinese study of 17 NSCLC
patients with MET exon 14 skipping mutations found that 9 patients (53%) harbored MET
amplification and 10 patients (59%) exhibited MET overexpression, with a significant cor-
relation between these two alterations (Pearson’s r* = 0.4657, p < 0.005), although neither
MET amplification nor overexpression correlated with clinicopathological characteristics or
overall survival [15]. An analysis of germline mutations in an oncologic cohort of 25,220
patients with cancer revealed that MET germline mutations were present in only one patient
(0.004%), and this individual was diagnosed with renal cell carcinoma [16]. A comprehen-
sive review of MET mutations in cancers traced the discovery from the first MET mutation
in hereditary papillary renal cancer in 1997 to the identification of MET exon 14 skipping
mutations in lung cancer in 2014, noting that less than five years after their discovery,
MET tyrosine kinase inhibitors demonstrated efficacy in NSCLC patients harboring these
alterations, although acquired resistance mutations subsequently emerged [17]. A scop-
ing review of 159,993 Chinese NSCLC patients reported that the frequency of MET exon
14 skipping mutations ranged from 0.08% to 1.38% of all NSCLC patients and from 8.33%
to 56.60% of all MET mutations, highlighting the marked heterogeneity across studies [18].
A three-year screening experience in France involving 1143 consecutive NSCLC patients
identified 46 MET exon 14 skipping alterations (4.0% prevalence), of which 4 were not
detected by DNA sequencing alone and required fragment analysis or RNA sequencing [19].
The response to MET inhibitors (crizotinib or capmatinib) evaluated in 15 patients yielded
an objective response rate of 44% with a median progression-free survival of 5.5 months,
while 13 patients treated with immunotherapy achieved an objective response rate of 30%
and median progression-free survival of 4.0 months, with no correlation observed between
response and PD-L1 expression [19]. A pan-cancer analysis of 4149 patients across 12 tumor
types treated with immune checkpoint inhibitors demonstrated that MET mutation was
associated with favorable overall survival (hazard ratio 0.61), progression-free survival
(hazard ratio 0.74), and objective response rate (40.3% vs. 28.1% in MET wild-type), with
multi-omics analysis revealing enhanced tumor immunogenicity and enriched immune cell
infiltration in MET-mutant tumors [20]. A large Chinese next-generation sequencing study
of 11,330 lung cancer patients detected MET exon 14 skipping mutations in 2.20% of cases
using synchronous DNA- and RNA-based approaches, identifying 45 distinct variants dis-
tributed across a 197-base pair DNA sequence [21]. The incidence of MET exon 14 skipping
was significantly higher in patients aged 60 years and above (p < 0.0001) and in needle
biopsy samples (p < 0.0001), with a positive correlation observed between microsatellite
instability-high status and MET exon 14 skipping (p < 0.0001) [21]. An analysis of the
immune microenvironment in nine NSCLC patients with MET exon 14 skipping mutations
using multiplex immunofluorescence revealed that CD8+TIM3+ and CD8+LAG3+ cells
were predominantly localized in the tumor parenchyma in recurrent/metastatic patients
but in the stroma in non-recurrent patients, with Cox regression analysis suggesting a
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potential association between higher densities of CD8+TIM3+ cells and improved disease-
free survival (hazard ratio 0.89) [22]. A large Chinese cohort study of 30,355 lung cancer
and 6004 brain tumor patients found that clinically significant MET mutations were more
frequent in lung cancer (p < 0.001) [23]. MET alterations were significantly enriched in
post-treatment brain tumors compared to treatment-naive tumors (8.5% vs. 4.8%, p < 0.001),
and while MET mutations were not prognostic in lung cancer, they were associated with
significantly poorer survival in brain tumors (median overall survival 19.9 vs. 62.9 months,
p <0.001), underscoring that the clinical significance of MET alterations is highly context-
dependent [23]. A case report from Japan described a lung cancer patient with MET exon
14 skipping mutation presenting with a characteristic “crazy-paving” appearance on chest
imaging, highlighting a potential radiologic clue for this molecular subtype [24].

2.3. FLT

FMS-like tyrosine kinase 3 (FLT3) is a class III receptor tyrosine kinase that plays a
critical role in hematopoietic progenitor cell proliferation, differentiation, and survival,
primarily through activation of the RAS-MAPK, STAT5, and PI3K-AKT signaling pathways.
Upon binding of its cognate ligand, FLT3 undergoes dimerization and autophosphoryla-
tion, leading to downstream activation of transcriptional programs that regulate normal
hematopoiesis; however, activating mutations such as internal tandem duplications (ITDs)
and tyrosine kinase domain (TKD) point mutations result in constitutive receptor signaling
and are among the most common genetic alterations in acute myeloid leukemia (AML).
Beyond hematologic malignancies, FLT3 has also been implicated in solid tumors; for
example, FLT3 was identified as a potential prognostic biomarker for favorable outcomes
in pancreatic ductal adenocarcinoma, where higher FLT3 levels correlated with improved
patient survival and may guide future treatment selection [25]. An acute myeloid leukemia
study examined FLT3 mutations in 65 newly diagnosed AML patients and found FLT3-ITD
frequencies of 16.9% and FLT3-TKD frequencies of 10.8%, with one patient harboring
both mutation types [26]. White blood cell counts and peripheral blast percentages were
significantly higher in FLT3-ITD-positive patients, while FLT3-TKD-positive patients had
significantly lower peripheral blast percentages. DNA sequencing identified four dis-
tinct TKD mutations, including the pathogenic Asp835Val and Asp835His alterations [26].
A Syrian study of 100 adult AML patients with normal karyotype reported a FLT3-ITD
prevalence of 24%, including four patients with novel duplication patterns not previously
described, and demonstrated that FLT3-ITD positivity was significantly associated with
elevated lactate dehydrogenase levels, poor overall survival, higher relapse rates, and
shorter event-free survival [27]. The frequency of FLT3-TKD mutations in the Syrian cohort
was low at 2%, and no compound ITD/TKD mutations were detected [27]. An analysis
of 45 AML patients with FLT3-ITD mutations revealed that 13% carried multiple FLT3-
ITD clones, and mutations were classified as duplication-only (52%) or duplication with
insertions (48%) [28]. The duplication-with-insertion variant was independently associated
with poor prognosis among non-APL patients (odds ratio of 2.92), similar to FLT3-ITD
with a variant allele frequency of 50% or higher, highlighting that the specific mutation
type carries important prognostic value beyond simple ITD detection [28]. A pediatric and
young adult study of 464 FLT3-ITD-positive AML patients treated on Children’s Oncology
Group trials found that 79% had co-occurring mutations across 239 different genes, and
patients with co-occurring favorable-risk mutations (NPM1, CEBPA, t(8;21), or inv(16))
experienced a 5-year event-free survival of 64%, compared to only 22.2% for those with
poor-risk mutations (WT1, UBTF, or NUP98::NSD1) [29]. Multivariable analysis demon-
strated that the co-occurring mutational profile had significant prognostic impact, whereas
the FLT3-ITD allelic ratio had no impact, indicating that risk stratification and therapeutic
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allocation in pediatric FLT3-ITD AML should be guided primarily by cooperating mutation
status rather than ITD burden [29]. An analysis of 63 de novo AML patients identified
FLT3-ITD mutations in 22% of cases and discovered a novel mutation in the juxtamembrane
domain (exon 14) in 6 patients (10%), which resulted in a tyrosine-to-valine substitution
at amino acid 572 and created a premature stop codon [30]. In silico modeling predicted
that this novel mutation leads to loss of most of the juxtamembrane domain and the entire
kinase domain, likely affecting FLT3 receptor activity and warranting further functional
characterization [30]. Real-world data from the Thai Acute Leukemia Working Group en-
compassing 360 adult AML patients from 11 institutions nationwide reported a FLT3-ITD
prevalence of 28.1%, with FLT3-ITD-positive patients showing higher white blood cell
counts, higher bone marrow blast percentages, and more frequent NPM1 co-mutations
compared to FLT3-wild-type patients [31]. Complete remission was achieved in 55.7% of
FLT3-ITD patients versus 66.5% of FLT3-wild-type patients, and median overall survival
was significantly shorter in the FLT3-ITD group (8.8 vs. 13.2 months, p = 0.039), with
multivariable analysis confirming FLT3-ITD as an independent predictor of poor over-
all survival [31]. A case report described a 72-year-old AML patient harboring the rare
non-canonical FLT3 V491L mutation, and ex vivo sensitivity testing demonstrated that
gilteritinib had the lowest half-maximal inhibitory concentration (170.6 nM) compared to
midostaurin (547.8 nM) and quizartinib (800.6 nM), correlating with clinical improvement
observed during gilteritinib treatment [32]. A large real-world genomic study of 1151 de
novo AML patients who received intensive chemotherapy found FLT3-ITD in 19.6% of
cases, FLT3-TKD in 5.6% of cases, co-occurring ITD and TKD in 1.3%, and non-canonical
FLT3 mutations in 1.1% of cases [33]. Among patients receiving FLT3 inhibitors, com-
plete remission rates were significantly higher (94.7% vs. 71.5%), relapse rates were lower
(37.7% vs. 58.5%), and overall survival significantly improved (median 59 vs. 17 months),
with FLT3 inhibitor treatment independently associated with improved survival in mul-
tivariable analysis (hazard ratio of 0.39) [33]. Transcriptomic profiling of FLT3-ITD AML
revealed significant enrichment of metabolic pathways including oxidative phosphoryla-
tion, DNA repair, and fatty acid metabolism, alongside suppression of heme metabolism
and immune-related programs (interferon alpha, interferon gamma, and inflammatory re-
sponses), a signature that was externally validated in an independent Beat AML cohort [33].

2.4. BRAF

BRAF is a serine/threonine protein kinase that functions as a critical downstream
effector of the RAS-RAF-MEK-ERK signaling cascade, transmitting mitogenic signals from
the cell surface to the nucleus to regulate cell proliferation, differentiation, and survival.
The most common activating alteration, BRAF V600E, results from a thymine-to-adenine
transversion at codon 1799, leading to a valine-to-glutamic acid substitution that confers
constitutive kinase activity independent of upstream RAS activation. BRAF mutations
are prevalent in multiple cancer types, including melanoma (40-60%), thyroid cancer
(30-80%), colorectal cancer (5-15%), and non-small cell lung cancer (1-3%), and are as-
sociated with distinct clinicopathological features and poor prognosis in the metastatic
setting. A comprehensive review on KRAS, NRAS and BRAF mutations in colorectal
cancer and melanoma summarized that BRAF mutations occur in approximately 11%
of colorectal cancers and 50-60% of cutaneous melanomas, with the V600E substitution
being the most common alteration in both tumor types [34]. A case report described a
60-year-old woman with triple-negative breast cancer harboring a BRAF V600E mutation
who received vemurafenib plus albumin-bound paclitaxel as second-line therapy after
progressing on first-line chemotherapy (progression-free survival of 7 months) [35]. The
patient achieved 4.4 months of progression-free survival on vemurafenib-containing ther-
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apy, with regression of some pulmonary metastases but concomitant progression of other
lesions, demonstrating intratumoral heterogeneity and acquired resistance mechanisms
including new mutations in PDGFRB, NF2, FOXA1, and AR amplification detected upon
re-biopsy of a progressed lesion [35]. The patient ultimately survived 12 months from
the diagnosis of metastatic disease, leading the authors to suggest that the BRAF V600E
mutation may represent a poor prognostic factor in breast cancer and a potential therapeutic
target, although heterogeneous responses to BRAF inhibition remain a significant clinical
challenge [35]. A study analyzed 57 epithelial ovarian tumor samples and found that the
BRAF V600E mutation was present in 40% of serous borderline tumors (2 of 5 cases) and in
14.3% of mucinous borderline tumors (1 of 7 cases), but was absent in all invasive serous
carcinomas (0 of 30 high-grade and 0 of 6 low-grade) and in all mucinous carcinomas
(0 of 7 cases), with a statistically significant difference between borderline and invasive
serous tumors (p = 0.017) [36]. No BRAF mutations were detected in the 57 normal ovarian
tissue controls [36]. These findings support the dualistic model of ovarian carcinogene-
sis in which borderline tumors and high-grade invasive carcinomas develop via distinct
molecular pathways, with BRAF mutations characterizing the former but not the latter [36].
A study of 219 patients with hairy cell leukemia identified 20 patients (9.1%) harboring
non-V600E BRAF mutations, including 14 with a single non-V600E mutation and 6 with
V600E co-occurring with one or two non-V600E alterations [37]. The most prevalent non-
V600E alteration was a deletion in exon 12 (N486_P490del or V487_T491del) observed
in 10 patients, all without V600E, while the activation loop mutations V600D and S607F
were also detected [37]. Patients with non-V600E BRAF mutations treated with purine
analog monotherapy had a median relapse-free survival of only 20.4 months, significantly
inferior to the 260 months observed in classic hairy cell leukemia controls (p < 0.0001),
whereas the incorporation of rituximab into first-line therapy improved median relapse-free
survival to not reached (p = 0.0023) [37]. A comprehensive review of BRAF alterations in
chronic lymphocytic leukemia (CLL) synthesized data from multiple published cohorts
and reported that BRAF mutations are detected in approximately 2—-6% of unselected CLL
patients, with higher frequencies observed in biologically enriched or treatment-selected
populations, and that non-V600E variants predominate when broad sequencing is used [38].
In chemoimmunotherapy-dominant cohorts, BRAF mutations were associated with ear-
lier time to first treatment (e.g., 2 vs. 23 months in one IGH-translocated subset) but not
consistently with inferior overall survival, whereas in targeted-therapy-era studies, BRAF
alterations recurred as part of MAPK-pathway-driven clonal evolution at relapse after BTK,
PI3K, or BCL2 inhibitors [38]. The review concluded that BRAF-mutated CLL should be
interpreted within the broader RAS-RAF-MAPK-ERK signaling context rather than as a
classical V600E-driven entity, with clinical relevance greatest in trisomy 12-enriched disease,
genomically complex cases, Richter transformation with V600E lesions, and treatment-
exposed relapse [38]. A case report described a 70-year-old male with a history of chronic
lymphocytic leukemia and recurrent stage IIIC melanoma whose molecular testing yielded
discordant results, with one commercial laboratory reporting a BRAF V600E mutation while
two separate NGS assays (performed at initial diagnosis and at the authors’ institution)
consistently demonstrated an NRAS G12D mutation and absence of BRAF V600E [39].
Given that NRAS and BRAF mutations are mutually exclusive in 99.4% of melanomas, and
repeat testing using both single-gene Sanger sequencing and comprehensive NGS with a
germline control confirmed BRAF wild-type status, the BRAF V600E result was deemed a
false positive [39]. The patient was treated with neoadjuvant ipilimumab and nivolumab
according to the NADINA trial, achieving a complete radiographic response after one cycle
and a pathologic partial response upon surgical resection, highlighting the importance
of confirming discordant mutational results with secondary technology before initiating
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targeted therapy [39]. A large retrospective cohort study analyzed 2446 consecutive col-
orectal cancer patients and identified 146 BRAF-mutant cases (5.97% overall prevalence),
which was significantly lower than the 11.8-16.3% reported in Western cohorts (adjusted
odds ratio of 0.48, p = 0.004) [40]. Among BRAF-mutant patients, the V600OE subtype ac-
counted for 54.1% of cases. These patients were younger at diagnosis, had fewer metastatic
cases at presentation, and exhibited distinct co-mutation patterns including a significantly
higher prevalence of TP53 co-mutations (66% vs. 32% in Western cohorts, p < 0.001), which
were associated with poor prognosis [40]. The BRAF V600E subtype was associated with
significantly worse overall survival (p = 0.0036), increased risk of peritoneal metastasis
(p <0.001), female sex, advanced disease stage, and poor tumor differentiation compared
to non-V600E patients, while non-V600E tumors exhibited a higher tumor mutational
burden (p < 0.05) [40]. In terms of treatment response, patients with BRAF V600E mutations
demonstrated markedly inferior outcomes to first-line therapy compared to non-V600E
cases (objective response rate of 21.1% vs. 63.2%, p < 0.01), particularly in those receiving
bevacizumab-based regimens where median progression-free survival was 5.2 months
versus 9.1 months (p = 0.0025) [40]. A multi-institutional study of 97 BRAF-mutant non-
small cell lung cancer (NSCLC) patients, supplemented by an independent clinico-genomic
database of 342 patients, demonstrated that patients with class I BRAF mutations (primarily
V600E) treated with BRAF-MEK inhibitors at any line had significantly longer median
overall survival compared to those who did not receive these agents (40 vs. 10 months,
p = 0.043), whereas no significant survival difference was observed between those treated
with immune checkpoint inhibitors versus those not treated [41]. Among class I patients,
54% had PD-L1 expression of 50% or higher, yet immunotherapy did not confer a survival
advantage (30 vs. 46 months, p = 0.908), supporting first-line targeted therapy over im-
munotherapy in this molecular subset [41]. Tumors with class II or III BRAF variants were
significantly more likely to harbor concurrent MAPK pathway alterations relative to class
I(39.2% and 25.8% vs. 7.1%, p < 0.0001), and cell line studies identified genetic dependency
on BRAF in class II cells without sensitivity to BRAF inhibitors, while class III cells showed
dependency on EGFR, suggesting distinct therapeutic vulnerabilities for atypical BRAF
mutation classes [41]. A large real-world study of 161 patients with BRAF V600E-mutated
metastatic colorectal cancer reported a median age of 58.5 years; 59.6% were female, 70.8%
had right-sided primary tumors, and 21.7% exhibited deficient mismatch repair [42]. With
a median follow-up of 23 months, first-line progression-free survival was 9 months. Only
26% of patients received BRAF inhibitors in the second-line setting, achieving a median
progression-free survival of 5.2 months and an objective response rate of 10.5%, reflecting
significant barriers to access to high-cost targeted therapies [42]. A study of 26 patients with
unresectable BRAF V600E-mutated colorectal cancer reported a median overall survival of
12.0 months, with right-sided tumors present in 46.2% of cases and poorly differentiated
or mucinous adenocarcinoma in 30.8% of cases [43]. Patients treated with the BEACON
regimen (encorafenib plus cetuximab with or without binimetinib) achieved a median
overall survival of 13.3 months, which was significantly better than those treated without
this regimen (7.2 months; hazard ratio of 4.180, p = 0.029), with a median progression-free
survival of 6.6 months for BEACON-treated patients [43]. A study of 10,211 lung cancer
patients identified 88 patients with primary BRAF mutations and 15 patients with acquired
BRAF mutations arising as a resistance mechanism after EGFR tyrosine kinase inhibitor
therapy [44]. Primary BRAF-mutated patients were more frequently elderly (median age
67 vs. 61 years, p = 0.015), male (53.4% vs. 26.7%, p = 0.056), and former or current smokers
(36.5% vs. 6.7%, p = 0.033) compared to acquired BRAF-mutated patients [44]. For primary
BRAF/EGFR co-mutated patients with non-exon 19 deletions, the addition of dabrafenib
and trametinib to third-generation EGFR tyrosine kinase inhibitors achieved an objective

https://doi.org/10.3390/ cancers18132033


https://doi.org/10.3390/cancers18132033

Cancers 2026, 18, 2033

90f18

response rate of 100% (3 of 3 patients) and a median progression-free survival of 12 months,
while acquired BRAF/EGFR co-mutated patients receiving triple-targeted therapy achieved
a median progression-free survival of 8.6 months [44]. A large cohort analysis of 5937 pa-
tients with stage I-IV colon cancer from a national database (2004-2020) found that 31.4%
of tested tumors harbored BRAF mutations (reflecting testing selection bias), with BRAF
mutation strongly associated with microsatellite instability (OR = 6.66, p < 0.001), female
sex, older age, right-sided tumors, and poor differentiation [45]. In multivariable anal-
ysis, BRAF mutation was independently associated with worse overall survival across
all stages (HR =1.35, p < 0.001), but this effect was limited to stage IV disease (HR =1.45,
p < 0.001) with no significant survival difference in stages I-1II [45]. When stratified by MSI
status, BRAF mutation conferred worse survival in microsatellite-stable tumors (HR = 1.61,
p < 0.001) but had no prognostic impact in MSI-high tumors (HR = 0.95, p = 0.581); more-
over, among microsatellite-stable tumors, BRAF mutation was associated with higher odds
of metastatic disease (OR = 1.30) and perineural invasion (OR = 1.35), whereas among
MSI-high tumors it was associated with lower odds of metastasis (OR = 0.60), highlight-
ing the biological and prognostic heterogeneity of BRAF-mutated colon cancer [45]. A
descriptive study examined BRAF mutational status in 190 colorectal cancer patients and
found a prevalence of 5.3% (10 patients), with a significant positive correlation observed
between BRAF mutation and right-sided tumor location (p = 0.001) as well as microsatellite
instability (p = 0.004) [46]. No statistically significant associations were established between
BRAF mutation and age (p = 0.682), gender (p = 0.392), histological grade (p = 0.594), or
peritoneal metastases (p = 0.707) [46].

2.5. KRAS

KRAS is a small GTPase belonging to the Ras superfamily that functions as a critical
molecular switch in the RAS-RAF-MEK-ERK signaling pathway, transducing signals from
cell surface receptors to the nucleus to regulate cell proliferation, differentiation, and sur-
vival. In its active state, KRAS binds GTP and interacts with downstream effectors; intrinsic
GTPase activity, enhanced by GTPase-activating proteins (GAPs), hydrolyzes GTP to GDP,
returning the protein to its inactive state. Activating mutations in KRAS, most commonly at
codons 12, 13, and 61, impair GTP hydrolysis and lock the protein in a constitutively active
conformation, leading to uncontrolled cell growth; KRAS mutations are among the most
frequent oncogenic alterations in human cancers, occurring in approximately 95% of pan-
creatic ductal adenocarcinomas, 45% of colorectal cancers, and 35% of non-small cell lung
cancers. A comprehensive review on gene mutations in pancreatic cancer summarized that
KRAS is mutated in 70-95% of pancreatic cancers, with G12 codon mutations accounting
for 99% of all KRAS alterations (G12D alone representing 50%), while TP53 is mutated in
20-76% of cases, CDKN2A in 49-98%, SMAD4 in 19-50%, BRCA1 in 6.6-14%, and BRCA2
in 3.6-7.5% [47]. A study developing a machine learning-based gene-mutation algorithm
for predicting treatment response in breast cancer identified a novel 12-gene algorithm in-
corporating mutation profiles of KRAS, PIK3CA, MAP3K1, MAP2K4, PTEN, TP53, CDH1,
GATA3, KMT2C, ARID1A, RUNXI1, and ESR1 [48]. The algorithm distinguished non-
progressed (responder) versus progressed (non-responder) patients with an AUC of 0.96 in
the training cohort and 0.97 in the validation cohort and predicted progression-free survival
with a hazard ratio of 21.6 (95% CI 11.3—41.5, p < 0.0001) in all breast cancer patients [48].
In the triple-negative breast cancer subgroup, the algorithm predicted progression-free
survival with a hazard ratio of 19.3 (95% CI 3.7-101.3, p = 0.000) in the training cohort and
18.6 (95% CI14.4-79.2, p < 0.0001) in the validation cohort, demonstrating potential to assist
personalized therapies and reduce mortality in this aggressive subtype [48]. A study on
B-cell acute lymphoblastic leukemia (B-ALL) found that Reh cells bearing the KRAS-G12D

https://doi.org/10.3390/ cancers18132033


https://doi.org/10.3390/cancers18132033

Cancers 2026, 18, 2033

10 of 18

mutation displayed increased proliferation rates in vitro but severely compromised growth
in mice, and further investigation revealed that KRAS-G12D rewired methionine and
arginine metabolism, promoting catabolism of these amino acids to support anabolism of
polyamines and proline, respectively [49]. Isotope tracing confirmed enhanced polyamine
biosynthesis from methionine via 5'-methylthioadenosine accumulation, and chemical
inhibition of polyamine biosynthesis with difluoromethylornithine (DFMO) selectively
killed KRAS-G12D B-ALL cells, with significantly lower IC50 values compared to control
cells [49]. The study also demonstrated that KRAS-G12D B-ALL cells displayed activated
AKT/mTOR signaling, and chemical inhibition of mTOR with AZD-8055 partially rescued
the growth defects of KRAS-G12D cells under nutrient-limited conditions and promoted
their in vivo growth in xenograft models, suggesting that hyperactivated mTOR signaling
contributes to the metabolic vulnerability induced by mutant KRAS in hematological ma-
lignancies [49]. A study investigating K-RAS mutations and mRNA expression in breast
cancer found that 14% of patients harbored K-RAS mutations in codon 12 and 10% harbored
K-RAS mutations in codon 13, with a significant relationship observed between K-RAS
mutations and T staging as well as progesterone receptor positivity in tumors [50]. The five-
year overall survival was 8% in patients with K-RAS mutations compared to 69% in those
without mutations, and K-RAS mRNA expression showed a significant relationship with
T and N staging and five-year survival, suggesting that both mutation status and K-RAS
gene expression may be used simultaneously to estimate breast cancer prognosis [50]. A
retrospective multicenter study from Turkey analyzed 101 patients with KRAS-mutant
metastatic non-small cell lung cancer and found that KRAS G12C mutation was detected in
69 patients (68.3%) while KRAS non-G12C mutations were detected in 32 patients (31.7%),
with G12V (14.8%) and G12D (5.9%) being the most common non-G12C subtypes [51].
The majority of patients in both groups were male (91.3% vs. 84.4%) and smokers or
former smokers (92.8% vs. 90.6%), with adenocarcinoma as the predominant histology
(88.4% vs. 81.3%). No statistically significant difference in PD-L1 expression was observed
between the groups (21.7% vs. 34.4%, p = 0.132) [51]. The most common co-mutation ac-
companying KRAS G12C was TP53 (23%), while Rictor was the most common co-mutation
in the KRAS non-G12C group (36.3%), and no significant differences were found between
KRAS subtypes in terms of objective response rate to first-line treatment (47.5% vs. 48.3%,
p = 0.657), median progression-free survival (4.46 vs. 5.23 months, p = 0.852), or median
overall survival (14.46 vs. 15.36 months, p = 0.201) [51]. A large retrospective cohort study
using the National Cancer Database analyzed 52,534 colorectal cancer patients with doc-
umented KRAS mutation status and found that KRAS-mutant tumors comprised 39.9%
of the cohort and were more frequently right-sided and metastatic at presentation [52]. In
multivariable analysis, KRAS mutation was independently associated with worse overall
survival across all stages (HR 1.12), with stage-specific associations most pronounced in
stage II (HR 1.14), stage III (HR 1.16), and stage IV (HR 1.07) disease [52]. In exploratory
treatment-pathway analyses, KRAS mutation was associated with inferior overall sur-
vival in several common regimens, including surgery plus chemotherapy in stage III and
stage IV disease, underscoring the importance of KRAS testing to optimize individual-
ized treatment strategies [52]. A genome-wide association study in 7071 individuals with
colorectal cancer investigated whether germline genetic background modifies somatic
KRAS mutation frequency, followed by validation analysis in 2482 individuals [53]. No
single-nucleotide variants were significantly associated with KRAS-mutant colorectal can-
cer (p < 0.0005), although one variant (rs73067863-T) showed a non-significant exploratory
association with fewer KRAS-mutant tumors in the combined sample (p = 9.7 x 1077,
OR = 0.75) [53]. A Cochrane protocol outlined plans to assess the benefits and harms
of G12C inhibitors (sotorasib, adagrasib) compared to chemotherapy in second-line and
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beyond for adults with advanced or metastatic non-small cell lung cancer harboring KRAS
G12C mutations [54]. The protocol noted that KRAS is the most common oncogenic driver
mutation in NSCLC, seen in 30-40% of adenocarcinoma cases in Western populations
(5-15% in Asian populations), with the G12C subtype accounting for approximately 40%
of all KRAS mutations [54]. A study using the AACR GENIE Biopharma Consortium
Pancreas dataset analyzed 1032 pancreatic ductal adenocarcinoma patients and found that
949 (92%) exhibited mutant KRAS, predominantly at G12D (41%), G12V (32%), and G12R
(16%) [55]. In patients with localized disease, those with G12V mutation had notably longer
survival compared to those with the G12D mutation (p = 0.03), whereas patients with
metastatic disease and the G12V mutation experienced shorter overall survival compared
to those with G12R (p = 0.04) and G12D mutations (p = 0.04) [55]. No significant differences
were observed in the frequencies of co-altered driver genes (TP53, CDKN2A, SMADA4)
across different KRAS mutations, demonstrating that codon-specific KRAS mutations affect
pancreatic cancer outcomes differently based on disease stage at diagnosis [55]. A study
using the Japanese Center for Cancer Genomics and Advanced Therapeutics (C-CAT)
database analyzed 1875 biliary tract cancer patients treated with first-line gemcitabine plus
cisplatin (GC) or GC plus immune checkpoint inhibitor (ICI) and found that KRAS muta-
tions were identified in 21.0% of patients and were significantly associated with inferior
overall survival in both treatment groups [56]. KRAS mutations showed a numerically
higher hazard ratio in the GC+ICI group compared to the GC group (HR 1.78 vs. 1.40),
and the TP53/KRAS double-mutant subgroup demonstrated the poorest survival outcome,
with shorter median overall survival on GC+ICI than on GC (11.8 vs. 15.9 months; HR 1.47),
suggesting that TP53 and KRAS co-mutation may identify a molecular subset of biliary
tract cancer with poor prognosis in the context of immunochemotherapy [56].

2.6. PIK3CA

Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) en-
codes the p110«x catalytic subunit of class IA phosphoinositide 3-kinase (PI3K), which
phosphorylates phosphatidylinositol (4,5)-bisphosphate to generate phosphatidylinositol
(3,4,5)-trisphosphate (PIP3), a key second messenger that activates downstream effectors
including AKT, mTOR, and PDK1 to regulate cell proliferation, survival, metabolism, and
migration. Activating mutations in PIK3CA, most frequently occurring in the helical do-
main (exon 9, codons 542 and 545) and kinase domain (exon 20, codon 1047), result in
constitutive PI3K signaling independent of growth factor stimulation and are among the
most common oncogenic alterations in human cancers. PIK3CA mutations are found in ap-
proximately 30-40% of breast cancers, 30-50% of endometrial cancers, 15-20% of colorectal
cancers, and 10-20% of cervical cancers, and have become important predictive biomarkers
for PI3K inhibitor therapy. A cohort study of 1123 early-stage breast cancer patients tested
for the three PIK3CA hotspot mutations (H1047R, E545K, E542K) by qPCR found an overall
mutation rate of 26.7% (300 of 1123 patients), with significantly higher frequencies observed
in steroid hormone receptor-positive, HER2-negative tumors (31.4%) and in grade 1 and
2 tumors (32.8%) [57]. While no significant association between PIK3CA mutations and
recurrence-free interval was observed overall, a strong trend for impaired recurrence-free
interval was noted in hormone receptor-positive breast cancers with PIK3CA mutations
(adjusted HR 1.64), and a significantly detrimental prognostic impact was observed in
hormone receptor-positive, HER2-negative patients treated with aromatase inhibitors alone
(adjusted HR 4.44) but not in tamoxifen-treated patients, suggesting that estrogen depri-
vation may be ineffective in the presence of PIK3CA mutations [57]. A systematic review
and meta-analysis of 7 studies comprising 1098 endometrial cancer patients evaluated
the impact of PIK3CA exon 9 and/or exon 20 mutations on survival and found a ten-
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dency toward impaired survival for patients with PIK3CA mutations (RR 1.28; 95% CI
0.84-1.94; p = 0.25), with the most prominent effect observed in low-grade endometrial
cancers (RR 2.04; 95% CI 0.90—4.62; p = 0.09) [58]. A study of 1377 advanced non-small
cell lung cancer patients identified PIK3CA mutations in 57 patients (4.1%), of whom
22 had PIK3CA as the sole actionable genomic alteration and 35 had coexisting additional
actionable alterations [59]. Patients with solitary PIK3CA mutations were older (median
age 76 years), predominantly male (72.7%), had more squamous histology (45.5%), and
included two never-smoker female adenocarcinoma patients, one of whom was treated
with the PI3Ka-selective inhibitor alpelisib and achieved rapid clinical and partial radio-
logical improvement, suggesting that PIK3CA may represent a targetable driver in a small
minority of NSCLC patients [59]. A study of 405 advanced lung cancer patients analyzed
PIK3CA mutations in matched circulating tumor DNA (ctDNA) and tissue samples using
next-generation sequencing and found PIK3CA mutations in 5.68% of all samples (46 of
810), with detection rates of 5.19% in plasma and 6.17% in matched tissues [60]. The most
common mutation types were p.Glu542Lys, p.Glu545Lys, and p.His1047Arg, and the con-
cordance between ctDNA and matched tissues was 97.53% (kappa 0.770, p = 0.000), with a
sensitivity of 72.0% and specificity of 99.2%, suggesting that ctDNA may serve as an alter-
native for tissue-based PIK3CA mutation detection in lung cancer [60]. A study analyzing
49,051 colorectal cancer patients from the Foundation Medicine database identified that
multi-hit PIK3CA mutations (two or more activating mutations on the same allele) were
present in 1.7% of patients (710 of 41,154), with the four most common PIK3CA variants
being H1047R (9.8%), E545K (9.2%), E542K (9.0%), and R88Q (7.1%), and the most common
variant pair was E542K-E545K (4.7%) [61]. Among patients with multi-hit PIK3CA muta-
tions, 64.7% had co-occurring KRAS mutations and 9.1% had BRAF V600E mutations, and
17.6% exhibited microsatellite instability-high status, suggesting that multi-hit mutations
may represent a subset of patients with enhanced sensitivity to PI3K inhibition [61]. A
study of 97 endometrial cancer patients found that PIK3CA mutations were identified in
approximately 48.5% of cases (47 of 97 patients), and the rate of lymph node metastasis
was significantly higher in patients with PIK3CA mutations compared to those with wild-
type PIK3CA (21.3% vs. 6.0%, p = 0.027) [62]. Multivariate logistic analysis revealed that
PIK3CA mutation was an independent risk factor for lymph node metastasis (OR 8.58; 95%
CI 1.51-48.84; p = 0.015), along with histological subtype II (OR 5.51) and lymphovascu-
lar space invasion (OR 7.96), and the combination of clinicopathological parameters and
PIK3CA mutations more accurately predicted lymph node metastasis (AUC 0.824) [62].
A study of 48 Indian head and neck squamous cell carcinoma patients screened for the
PIK3CA H1047R somatic mutation using PCR-RFLP found that 25 patients (52%) carried a
heterozygous form of the mutation (His/Arg) while the remaining 23 (48%) were wild type
(His/His), with no homozygous mutations detected [63]. The mean overall survival of
patients with the H1047R mutation was 20.5 months compared to 26.3 months in wild-type
patients, and the mean progression-free survival was 18.6 months in mutation carriers
versus 26.3 months in wild-type patients, suggesting that Indian HNSCC patients with
PIK3CA H1047R mutation have poor prognosis [63]. A study of 414 South Indian women
(204 cervical cancer cases and 210 controls) analyzed mutations in PIK3CA, KRAS, and
PTEN genes and found mutation frequencies of 16.66% for PIK3CA, 6.37% for KRAS, and
2.45% for PTEN in cervical cancer cases, while HPV infection was detected in 87.10% of
cervical cancer patients [64]. A study of 448 non-metastatic colorectal cancer patients from
The Cancer Genome Atlas (TCGA) and 655 non-metastatic colorectal cancer patients from
an institutional cohort found PIK3CA mutation rates of 26.3% in the TCGA cohort and
7.8% in the institutional cohort, with mutations significantly associated with tumor site,
TNM stage, and regional lymph node metastasis [65]. Exon 9 mutations correlated with
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tumor site, while exon 20 mutations were linked to tumor site and lymph node metastasis,
but neither PIK3CA mutations nor common exon mutations were associated with overall
survival in non-metastatic colorectal cancer patients [65] (Table 1).

Table 1. Frequency of gene mutations across cancer types.

Gene Cancer Frequency (%) References
EGFR Non-small cell lung cancer 0.2-32 [7-9,12,13]
MET Non-small cell lung cancer (exon 14 skipping) 0.08-4.0 [18,19,21]
MET Renal cell carcinoma (germline) 0.004 [16]

FLT3 Acute myeloid leukemia (ITD) 16.9-28.1 [26,27,31,33]
FLT3 Acute myeloid leukemia (TKD) 5.6-10.8 [26,33]
FLT3 Acute myeloid leukemia (novel juxtamembrane) 10 [30]

BRAF Colorectal cancer 5.3-31.4 [40,42,43,45,46]
BRAF Melanoma (cutaneous) 50-60 [34]

BRAF Hairy cell leukemia (non-V600E) 9.1 [37]

BRAF Chronic lymphocytic leukemia 2-6 [38]

BRAF Ovarian cancer (borderline tumors) 14.3-40 [36]

BRAF Non-small cell lung cancer (primary) 0.86 [44]

KRAS Pancreatic cancer 70-95 [47]

KRAS Colorectal cancer 5-39.9 [34,52]
KRAS Non-small cell lung cancer (G12C among KRAS-mutant) 68.3 [51]

KRAS Non-small cell lung cancer (G12C in adenocarcinoma) 5-40 [54]

KRAS Breast cancer 10-14 [50]

KRAS Biliary tract cancer 21 [56]
PIK3CA Breast cancer (early-stage) 26.7 [57]
PIK3CA Endometrial cancer 48.5 [58,62]
PIK3CA Colorectal cancer 1.7-26.3 [61,65]
PIK3CA Non-small cell lung cancer 4.1-6.17 [59,60]
PIK3CA Cervical cancer 16.66 [64]
PIK3CA Head and neck squamous cell carcinoma (H1047R) 52 [63]

3. Conclusions

The accumulating evidence reviewed here confirms that mutations in protein ki-
nases, inositol polyphosphate kinases, and small GTPases are not random events but
converge on a limited set of core signaling pathways—EGFR, MET, FLT3, BRAF, KRAS,
and PI3K—making them key drivers of tumor initiation, progression, and therapeutic
resistance across diverse malignancies. The clinical impact of these mutations is highly
context-dependent, with specific alterations such as EGFR exon 19 deletions, MET exon
14 skipping, FLT3-ITD, BRAF V600E, KRAS G12C, and PIK3CA H1047R each demon-
strating distinct prognostic and predictive implications that vary by cancer type, disease
stage, and co-mutation status. The development of targeted therapies has been particu-
larly successful for several of these drivers, including EGFR tyrosine kinase inhibitors in
non-small cell lung cancer, FLT3 inhibitors in acute myeloid leukemia, and BRAF/MEK in-
hibitors in melanoma and colorectal cancer. Perhaps most notably, KRAS—long considered
“undruggable”—has seen the FDA approval of first-generation KRAS G12C inhibitors (so-
torasib and adagrasib) for the treatment of non-small cell lung cancer and colorectal cancer,
representing a landmark achievement in precision oncology [66]. While these approvals are
a major step forward, ongoing pharmacovigilance studies continue to characterize the safety
profiles of these agents, identifying adverse events such as hepatotoxicity, pneumonitis,
and gastrointestinal toxicities that require careful clinical management [66]. Despite these
advances, the emergence of acquired resistance remains a persistent challenge, driven by
on-target secondary mutations, bypass pathway activation, and histologic transformation,
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underscoring the need for next-generation inhibitors and rational combination strategies.
Beyond the six genes highlighted in this review, numerous other mutated kinases and
GTPases—including KIT, RET, NRAS, HRAS, JAK2, PTPN11, and NF1—play critical roles
in oncogenesis and represent important targets for future investigation. The complexity
and heterogeneity of kinase and GTPase-driven cancers call for integrated genomic, tran-
scriptomic, and proteomic approaches to fully capture the mutational landscape and inform
personalized treatment decisions. We hope that this editorial will inspire researchers to
explore not only mutational drivers but also the emerging role of small non-coding RNAs
in regulating these essential signaling networks.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Full Form

ALL Acute lymphoblastic leukemia

AML Acute myeloid leukemia

AUC Area under the curve

BRAF B-Raf proto-oncogene, serine/threonine kinase
CLL Chronic lymphocytic leukemia

ctDNA Circulating tumor DNA

DEMO Difluoromethylornithine

EGFR Epidermal growth factor receptor

ERK Extracellular signal-regulated kinase

FDA Food and Drug Administration

FLT3 FMS:-like tyrosine kinase 3

GC Gemcitabine plus cisplatin

GTPase Guanosine triphosphatase

HER2 Human epidermal growth factor receptor 2
HGF Hepatocyte growth factor

HNSCC Head and neck squamous cell carcinoma
HPV Human papillomavirus

HR Hazard ratio

ICI Immune checkpoint inhibitor

ITD Internal tandem duplication

KRAS Kirsten rat sarcoma viral oncogene homolog
MAPK Mitogen-activated protein kinase

MEK Mitogen-activated protein kinase kinase
MET Mesenchymal-epithelial transition factor
MSI Microsatellite instability

MSS Microsatellite stable

mTOR Mammalian target of rapamycin

NCDB National Cancer Database
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NGS Next-generation sequencing

NRAS Neuroblastoma RAS viral oncogene homolog
NSCLC Non-small cell lung cancer

OR Odds ratio

ORR Objective response rate

oS Overall survival

PCR Polymerase chain reaction

PD-L1 Programmed death-ligand 1

PFS Progression-free survival

PI3K Phosphoinositide 3-kinase

PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
PTEN Phosphatase and tensin homolog

RAS Rat sarcoma virus

RFLP Restriction fragment length polymorphism
RR Risk ratio

SCC Squamous cell carcinoma

TKD Tyrosine kinase domain

TKI Tyrosine kinase inhibitor

TMB Tumor mutational burden

TNBC Triple-negative breast cancer

TP53 Tumor protein p53
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