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Simple Summary: Non-small cell lung cancer (NSCLC) with Kirsten Rat Sarcoma Viral Oncogene 
Homolog (KRAS) mutation comprises a specific subgroup of patients who are particular in terms of 
several clinical and molecular aspects. Indeed, there is a clear medical need to find specific and 
effective treatments for these patients, since KRAS mutation positive NSCLC has demonstrated to 
be—in some cases—less responsive to standard therapies. For many years, targeting KRAS muta-
tions has been considered an impossible challenge. The scenario is further complicated by the pos-
sible role of co-mutations that could influence both tumour microenvironment and drug response. 
However, some promising preclinical and clinical data are expected to change the treatment land-
scape of this hard-to-treat disease. Indeed, tumors harbouring G12C mutations could now be effec-
tively targeted with specific inhibitors based on clinical trial results. This review aims to provide a 
clinical update on potential therapies for advanced NSCLC with KRAS mutations other than the 
more common G12C, for which good results have already been achieved, particularly focusing on 
clinical trials, molecules and mechanisms currently under investigation. 

Abstract: Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS) gene mutations are among the 
most common driver alterations in non-small cell lung cancer (NSCLC). Despite their high fre-
quency, valid treatment options are still lacking, mainly due to an intrinsic complexity of both the 
protein structure and the downstream pathway. The increasing knowledge about different muta-
tion subtypes and co-mutations has paved the way to several promising therapeutic strategies. De-
spite the best results so far having been obtained in patients harbouring KRAS exon 2 p.G12C mu-
tation, even the treatment landscape of non-p.G12C KRAS mutation positive patients is predicted 
to change soon. This review provides a comprehensive and critical overview of ongoing studies into 
NSCLC patients with KRAS mutations other than p.G12C and discusses future scenarios that will 
hopefully change the story of this disease. 
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1. Introduction 
Approximately 30% of human cancers harbour Kirsten Rat Sarcoma Oncogene Hom-

olog (KRAS) gene mutations, and it is one of the most prevalent alterations. KRAS, to-
gether with Neuroblastoma Rat Sarcoma Oncogene Homolog (NRAS) and Harvey Rat 
Sarcoma Oncogene Homolog (HRAS), belongs to the RAS Oncogenes family, which en-
codes for small proteins with GTPase activity [1]. KRAS mutations occur in 31% of unre-
sected treatment naïve lung adenocarcinomas [2]. Despite being the most frequent onco-
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genic alterations, KRAS mutations still represent a high unmet need in solid tumors, in-
cluding non-small-cell lung cancer (NSCLC). As of today, the “one size fits all” approach 
still guides the first-line systemic treatment in patients with KRAS mutation (KRAS+) ad-
vanced NSCLC. Indeed, patients are treated with immune checkpoint inhibitors (ICIs) 
alone or in combination with chemotherapy, with a “target agnostic approach”. Recently, 
structural and biochemical characteristics of mutated KRAS proteins have paved the way 
for the development of specific inhibitors. Thanks to these efforts, early interesting results 
have been recently reported in patients harbouring KRAS exon 2 p.G12C mutation with 
specific tyrosine kinase inhibitors (TKIs) [3]. However, this subgroup encompasses 40–
50% of patients with KRAS mutations only, meaning that nearly half of patients with other 
mutations still lack specific drugs [4]. In this review, we summarise the main attempts, 
failures, and advances in this field, giving an overview of current clinical studies available 
today for KRAS “non-p.G12C” patients. 

2. KRAS Structure and Signalling Pathway 
KRAS is involved in multiple cellular pathways [5]. Two isoforms have been identi-

fied, deriving from alternative splicing: KRAS4A and KRAS4B, which is the more preva-
lent [6]. With a molecular weight of 21 kD, RAS proteins are structured in three domains: 
a hypervariable region, an allosteric lobe, and an effector domain. The latter consists of 
two switch regions—named I and II—that change their conformation after GTP loading 
to recruit and activate KRAS effectors [6]. KRAS works by alternating between two states: 
the active GTP-bound form, and the inactive one linked to GDP [7]. Its activity is regulated 
by multiple factors, like Guanine Nucleotide Exchange Factors (GEFs) such as Son of 
Sevenless (SOS). Upon extracellular domain binding, GDP is released, thus facilitating the 
GTP binding and kinase activation. GTPase activating proteins (GAPs) mediate the con-
version of GTP into GDP, bringing KRAS back to the inactive form [8]. 

KRAS is synthesized in an inactive form within the cytosol. Its tetrapeptide C-termi-
nal CAAX motif is required for a series of post-translational modifications which facili-
tates its binding to the membrane. The subsequent farnesylation, eased by cytosolic far-
nesyltransferase (FTase), consists of the addition of a C15 farnesyl isoprenoid to the CAAX 
motif cysteine, followed by the proteolytic removal, catalysed by Ras-converting enzyme 
1 (Rce1) and subsequently by isoprenylcysteine-catalysed carboxymethylation (ICMT) of 
the terminal farnesylated cysteine [2]. Nevertheless, RAS proteins have another mem-
brane targeting element, consisting of a polybasic amino acid tract (K-Ras4B) or cysteine 
residues that are reversibly acylated by palmitate fatty acid [2,9]. 

As illustrated in Figure 1, KRAS activates multiple effectors involved in proliferative 
and mitogenic pathways. KRAS phosphorylates the RAF-kinase, which activates MEK-
kinase and is responsible for the activation of the extracellular signal-regulated kinase 
(ERK). Upon nuclear translocation, ERK triggers several transcription factors responsible 
for cell proliferation [10]. 

The KRAS cascade regulates the Phosphatidyl-Inositol 3-Kinase (PI3K/AKT/mTOR) 
pathway as well [11]. PI3K phosphorylates phosphatydilositol 4,5-biphosphate (PIP2) into 
phosphatidylinositol 3,4,5-triphosphate (PIP3), which in turn activates PDK1 and its 
downstream molecule, AKT. The latter has multiple substrates including FOXO, NF-(kb) 
and the mammalian target of rapamycin (mTOR), all implicated in cell survival and pro-
liferation [10]. Another KRAS effector is RALGDS, a GTP exchange factor, which interacts 
with the small GTPases RalA and RalB, leading to their activation and therefore contrib-
uting to tumorigenesis [12,13]. Although it has theoretical potential, unfortunately no clin-
ical trials are available to date to investigate the targeting of RALGDS. 
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Figure 1. RAS pathway and signalling. 

KRAS also plays a role in cellular metabolism regulation, for instance by influencing 
glucose metabolism [14]. Alterations in RAS proteins lead to increased aerobic glycolysis 
and—through the Warburg effect—to anabolic pathways up-regulation with the subse-
quent production of key elements for cell proliferation. Indeed, AKT pathway activation 
is increased by methylglyoxal production, while the high glutamine consumption en-
hanced glutaminolysis enzymes, including NRF2 transcription factor. Hexosamine bio-
synthesis pathway (HBP) activity is also increased, generating precursors for lipids, pro-
tein glycosylation and pentose phosphate cycle. This high glycolytic phenotype is respon-
sible of increased autophagy that enables KRAS-mutated cells to obtain metabolites for 
cellular sustenance and proliferation. As KRAS-mutated cells need to be continuously 
supplied with glutamine and glucose to prevent death, therapeutic approaches toward 
this metabolic vulnerability are under investigation, such as the combination of the KRAS 
p.G12C inhibitor MRTX849 with mTOR, SHP2 or CDK4/6-directed agents [14]. Finally, 
changes in lipid metabolism through increased lipogenesis have also been reported 
[15,16]. 

3. KRAS Mutation Subtypes 
As already mentioned, RAS gene proteins are often mutated in human cancers: 

NRAS is most frequently mutated in melanoma, KRAS mutations are prevalent in lung, 
colorectal and pancreatic cancers [7], while HRAS mutations are reported in a minority of 
cases [17]. KRAS is located on the 12p12.1 chromosome [18] and mutations occur in 
around 30% of lung adenocarcinomas [19]. Most of them are found at codon 12 (83%) and 
less commonly at codons 13 (14%), 61, 117 and 146. The most frequent codon 12 alteration 
is G12C (40%), which consists of a substitution of the native glycine with a cysteine, be-
cause of a G>T transversion. G12V mutations represent around 22% of all KRAS muta-
tions, involving the replacement of a glycine by a valine. In the less common G12D muta-
tion (16%), a glycine is replaced by an aspartic acid mutation as a result of a G>A substi-
tution [20]. All KRAS mutation subtypes are summarized in Table 1, while their incidence 
is represented in Figure 2. 
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Table 1. KRAS mutation subtypes and their incidence in lung adenocarcinoma. 

Mutation 
Subtype 

Codon 12 Transition or Transvertion Aminoacid Substitution 
Mutation Frequency in 
Lung Adenocarcinoma 

G12C G>T transversion resulting in GGT to TGT Glycine to cysteine 44% 
G12V G>T transversion resulting in GGT to GTT Glycine to valine 18–21% 
G12D G>A transition resulting in GGT to GAT Glycine to aspartic acid 11–18% 
G12A G>C transvertion resulting in GGT to GCT Glycine to alanine 8.2% 
G12S G>A transition resulting in GGT to AGT Glycine to serine 2% 
G12R G>C transversion resulting in GGT to CGT Glycine to arginine 1% 
G12F GG>TT transversion resulting in GGT to TTT Glycine to phenylalanine 2% 

As a consequence of these mutations, the interaction sites of KRAS with GAPs and 
GEFs are modified, leading to the loss of the GTPase activity, resulting in the activation of 
the downstream signalling [21]. 

 
Figure 2. Incidence of KRAS mutation subtypes in NSCLC. 

4. KRAS Co-Mutations 
KRAS mutations are single-driver alterations, so they are usually mutually exclusive 

with alterations involving Epidermal Growth Factor Receptor (EGFR) and BRAF muta-
tions, or Anaplastic Lymphoma Kinase (ALK) and ROS1 rearrangements, at least at diag-
nosis [22]. However, co-occurring genomic alterations are reported in up to 50% of KRAS-
mutated lung adenocarcinomas. Moreover, they might concur with tumour heterogeneity 
both in terms of clinical behaviour and response to treatments [4]. Some of them seem to 
cluster with specific KRAS mutation subtypes, such as those occurring on ERK 1/2 and 
KRAS G12C [23]. 

Tumoral protein 53 (TP53) mutations can be found in 39% of KRAS+ NSCLC. Some 
studies suggest that these mutations could make the cancer more sensitive to immuno-
therapy by creating a “hot” tumor micro-environment (TME), and by increasing expres-
sion of programmed death-1 ligand (PD-L1) and a high tumor mutational burden (TMB) 
[21,24]. Other frequent co-mutations include Serine/Threonine Kinase 11 (STK11, 20%) 
and Kelch-like ECH Associated Protein 1/Nuclear Factor Erythroid 2 like 2 
(KEAP1/NFE2L2, 13%). KRAS/STK11/KEAP1 co-mutated tumors are characterised by a 
lower PD-L1 expression and few tumor infiltrating lymphocytes (TILs), leading to a less 
immune-sensitive TME [23,25]. Moreover, STK11 mutations are associated with a high 
disease aggressiveness in patients with KRAS exon 2 p.G12D mutation, while its loss of 
function has been linked to tumor development and progression. Indeed, loss of function 
of KEAP-1 results in an increased activity of NRF2, a transcription factor involved in cell 
proliferation and regulation of the pentose phosphate pathway, leading to an alteration 

44%

21%

18%

8.20% 2%
1% 2%

G12C G12V G12D G12A G12S G12R G12F
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in cellular metabolism. NRF2 reprogramming by molecules such as 6-aminonotiamide (6-
AN) could control tumour activity, paving the way for specific therapies in this subgroup 
of patients, usually characterized by poor prognosis [26–28]. 

Indeed, the increased activity of the NRF2 pathway, which is involved in redox bal-
ance, leads to a higher glutamine requirement, either due to glutamate consumption (e.g., 
for reduced glutathione synthesis) or due to increased glutamate-cysteine anti-port sys-
tem (xCT) activity. This mechanism can be therapeutically exploited using glutaminase 
inhibitors (such as CB-839), as demonstrated in vitro and in vivo studies in lung cancer 
cells with an active xCT transporter [29]. The same molecules have been shown to over-
come chemotherapy resistance in pancreatic adenocarcinoma cells harboring KRAS mu-
tations. Moreover, glutamine restriction, through GPX4 activity reduction, increased cell 
sensitivity to chemotherapy in the same model [30]. 

Alterations involving ATM, and Cyclin Dependent Kinase Inhibitor 2A and 2B 
(CDKN2A and CDKN2B) have also been found in KRAS mutant lung adenocarcinomas 
[23]. CDKN2A/B alterations are frequently associated with the mucinous histology and a 
low TTF-1 expression, thus being somehow connected to tumor differentiation [25]. 

In conclusion, recent studies have showed how other genes involved in cellular me-
tabolism, even if not co-mutated, are interconnected to KRAS, like AKT-PI3K and MAPK. 
This interplay can be exploited in combined therapeutic approaches, as discussed below. 

Main co-mutations occurring in KRAS+ NSCLC are summarized in Table 2.  

Table 2. Co-mutations in KRAS mutant NSCLC. 

Co-mutated 
Genes 

Gene- 
Location 

Frequency Main Features Ref 

TP53 17p13.1 39% 
Shorter latency and greater metastatic tendency; high expres-
sion of PD-L1 and TILs in TME; good response to immuno-

therapy. 
[23,31] 

STK11 19p13.3 20% 

Greater tumour growth rate, increased tendency to turn into 
squamous histology; low expression of PD-L1 levels and re-
duced TILs in TME; reduced response to chemo-immuno-

therapy. 

[21,23,25,32] 

KEAP1 19p13.2 13% 
Increased tumour progression rate; low response to plati-

num-based chemotherapy and immunotherapy. 
[23,25,33] 

ATM 11q22.3 11.9% 
Incomplete ATM loss is associated to carcinogenesis in case 

of p53 deficiency. 
[23] 

CDKN2A and 
CDKN2B 

9p21.3 
9p21.3 

20% 
12% 

Associated to mucinous histology with a lower TTF-1 ex-
pression. 

[23,25,34] 

TP53 = Tumor Protein P53; PD-L1 = Programmed Death-Ligand 1; TILs = Tumor-Infiltrating Lymphocites; TME = Tumor 
Micro Environment; STK11 = Serine/threonine kinase 11; KEAP1 = Kelch-like ECH-associated protein 1; ATM = Ataxia-
Telangiectasia Mutated; CDKN2A = Cyclin Dependent Kinase Inhibitor 2°; CDKN2B = Cyclin Dependent Kinase Inhibitor 
2B; TTF-1 = Thyroid Transcription Factor 1. 

5. Clinical Characteristics and Standard Treatment of KRAS-Mutant NSCLC Patients 
KRAS+ NSCLC are more frequent among Caucasian patients and are often associated 

with cigarette smoke, although some mutation subtypes may be found in never-smokers 
too [35]. The most frequent KRAS mutations among former or current smokers are exon 
2 p.G12C and p.G12V, while p.G12D is more frequent among never-smokers [20]. More-
over, KRAS mutations (especially p.G12C) are more frequent in women, probably due to 
an higher susceptibility to cigarette carcinogens [36]. Smoking has also been related to a 
higher frequency of co-occurring mutations (i.e., TP53 or STK11) [10]. 

Although KRAS is the most common oncogene driver in NSCLC, no target therapies 
are approved nowadays in the first line setting of metastatic disease. The current standard 
of care for KRAS+ advanced NSCLC follows the same treatment algorithms as wildtype 
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tumors. According to the most recent European and American guidelines [37,38], the first-
line treatment includes immunotherapy or platinum doublet therapy with immune check-
point inhibitors (ICIs). 

Patients with KRAS+ NSCLC have generally a poorer survival compared to those 
with wild type or other oncogene-addicted tumors. KRAS subtypes might also influence 
prognosis and response to pharmacological or surgical therapies. Indeed, KRAS exon 2 
p.G12C mutation has been correlated with a worse prognosis after surgical resection, with 
a higher frequency of recurrence [39]. 

Despite some contradictory results, most studies do not suggest a predictive role of 
KRAS mutations in patients treated with chemotherapy (both in the metastatic and adju-
vant setting) [40–42]. However, recent analyses have shown that KRAS mutations are as-
sociated with a shorter overall survival (OS) during chemotherapy treatment [43,44]. Re-
sults of the phase III NVALT-22 trial comparing cisplatin plus pemetrexed versus car-
boplatin plus paclitaxel and bevacizumab in treatment-naïve, advanced, KRAS+ NSCLC 
patients have been recently presented [45]. Although the study was prematurely closed 
due to slow accrual, no differences in terms of progression-free survival (PFS, primary 
endpoint) were observed between arms, suggesting that different platinum-based combi-
nations may be equally active in this patient subgroup. 

Even co-mutations may have a prognostic role. STK11 alterations seem to correlate 
with a shorter overall survival (OS) in KRAS-mutated patients [19], while TP53 mutations 
predict a worse outcome in patients treated with chemotherapy [46]. 

The role of KRAS mutations as a predictive factor to ICIs is still unclear. A subgroup 
analysis of the Checkmate-057 trial, comparing nivolumab with docetaxel in previously 
treated advanced non-squamous NSCLC, found improved outcomes with immunother-
apy in patients harbouring KRAS mutations [47]. Similar results were also found in two 
recent meta-analyses in the KRAS-mutant subgroup treated with immunotherapy com-
pared to docetaxel in second- and third-line settings [48,49] and in a multi-centre Italian 
analysis just in terms of 3-months progression-free survival (PFS) [50]. None of these stud-
ies have assessed the efficacy of chemo- or immunotherapy considering KRAS mutation 
subtypes or co-mutations. 

Unfortunately, no data are available yet about the predictive role of KRAS/TP53 co-
mutational status when these patients are given a standard combination of chemo- and 
immunotherapy. 

Recently, thanks to the results of CodeBreak 100 and Krystal-1 clinical trials, addi-
tional options have been developed for patients harbouring KRAS exon 2 p.G12C muta-
tion who have already received systemic treatments. Two direct inhibitors, sotorasib and 
adagrasib, have shown good results in phase I and II clinical trials (NCT04625647, 
NCT04933695, NCT04303780, NCT03785249). On the contrary, therapeutic strategies for 
“non G12C” KRAS+ NSCLC are still in development. 

6. Therapeutic Strategies: Recent Clinical Evidence 
KRAS has long proven to be a challenging target, mainly due to its structural charac-

teristics, such as its small dimension, its smooth surface and the presence of a single bind-
ing site which is occupied by GDP/GTP with a very high affinity [51,52]. The development 
of effective KRAS inhibitors has long been unsuccessful and continues to be challenging. 
In recent years, alternative therapeutic approaches have been sought, particularly focus-
ing on mechanisms of downstream inhibition and epigenetic approaches. A systematic 
breakdown of the most recent data on this subject can be made by subdividing therapies 
according to the mechanism of action tested. Table 3 depicts an overview of ongoing clin-
ical trials for NSCLC patients with KRAS “non-p.G12C” mutations. 
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Table 3. Which options for “non-G12C” KRAS patients? Main ongoing clinical trials (clinicaltrials.gov (accessed on 20 July 
2021)). 

Clinical 
Trial 

Drug(s) Name Target Phase 
Population and Tumor 

Characteristics 

Estimated or 
Actual Enroll-

ment 
Status 

NCT0387582
0 

(FRAME) 

VS-6766 plus defac-
tinib 

MEK/RAF, 
FAK, 

1 
Solid advanced tumours, 
including KRAS mutant 

NSCLC 
80 Recruiting 

NCT0462033
0 (RAMP-

202) 

VS-6766 plus defac-
tinib 

MEK/RAF, 
FAK 

1b/2 
Advanced, pre-treated, 

G12V or other KRAS mu-
tant NSCLC 

100 Recruiting 

NCT0240750
9 

VS-6766 plus everoli-
mus 

MEK/RAF, 
mTOR 

1 

Solid advanced tumours, 
including KRAS mutant 

NSCLC, and multiple my-
eloma 

94 Recruiting 

NCT0368148
3 

VS-6766 MEK/RAF 1 
Advanced KRAS mutant 

lung cancer 
15 

Active, not 
recruiting 

NCT0370468
8 

Ponatinib + trametinib 
Bcr-Abl, 

MEK/MAPK/ 
ERK 

1b/2 
Previously treated KRAS 
mutant advanced NSCLC 

12 
Active, not 
recruiting 

NCT0296468
9 

Binimetinib + 
pemetrexed and cis-
platin, followed by 
maintenance with 

binimetinib + 
pemetrexed 

MEK 1 
Advanced KRAS mutant 

NSCLC 
18 

Active, not 
recruiting 

NCT0399007
7 

HL-085 + docetaxel MEK 1 
Advanced pre-treated 
KRAS mutant NSCLC 

27 
Not yet re-

cruiting 
NCT0191262

5 
Trametinib + chemora-

diation 
MEK 1 

Stage III NSCLC that can-
not be removed by surgery 

16 
Active, not 
recruiting 

NCT0207974
0 

Trametinib + navito-
clax 

MEK, BCL-XL 1b/2 
Solid advanced tumours 
with KRAS mutation, in-

cluding NSCLC 
130 Recruiting 

NCT0473506
8 

Binimetinib + hy-
droxychloroquine 

MAPK, lyso-
some 

2 
Advanced KRAS mutant 

NSCLC 
29 

Not yet re-
cruiting 

NCT0456639
3 

Expanded Access to 
ulixertinib (BVD-523) 

MAPK path-
way 

- 

Advanced solid tumours 
(including NSCLC) with 
MAPK pathway altera-

tions, including KRAS mu-
tations 

- 
Expanded 

Access Ava-
laible 

NCT0202298
2 

Palbociclib + PD-
0325901 

CDK4/6, MEK 1b/2 
Solid cancers with KRAS 

mutations, including 
NSCLC 

139 
Active, not 
recruiting 

NCT0317020
6 

Palbociclib (PD-
0332991) and 

binimetinib (MEK162) 
CDK4/6, MEK 1b/2 

Advanced KRAS mutant 
NSCLC 

72 Recruiting 

NCT0297472
5 

LXH254 + LTT462 or 
trametinib or ribociclib 

RAF, 
ERK/MEK/CD

K4/6 
1b 

Advanced solid tumours, 
including KRAS mutant 

Non-Small Cell Lung Can-
cer 

331 Recruiting 
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NCT0329908
8 

Pembrolizumab + tra-
metinib 

PD-1, MEK 1 
Advanced KRAS mutant 

NSCLC 
15 

Active, not 
recruiting 

NCT0322566
4 

(BATTLE-2) 

Pembrolizumab + tra-
metinib 

PD-1, MEK 1b/2 
Advanced, previously 

treated NSCLC 
37 

Active, not 
recruiting 

NCT0185902
6 

Binimetinib (MEK162) 
+ erlotinib 

MEK, EGFR 1/1b 
Advanced NSCLC har-
bouring KRAS or EGFR 

mutation 
43 

Active, not 
recruiting 

NCT0352084
2 

Regorafenib + metho-
trexate 

Multiple ki-
nases 

2 
Recurrent or metastatic 
KRAS mutated NSCLC 

18 Recruiting 

NCT0400052
9 

TNO155 + spartali-
zumab or ribociclib 

SHP2, PD-1, 
CDK4/6 

1 
Solid advanced tumours, 
including KRAS mutant 

NSCLC 
126 Recruiting 

NCT0491623
6 

(SHERPA) 

RMC-4630 + 
LY3214996 

SHP2, ERK 1 
KRAS mutant cancers, in-

cluding NSCLC 
55 

Not yet re-
cruiting 

NCT0311431
9 

TNO155 SHP2 1 
Advanced solid tumours, 
including KRAS G12-mu-

tant NSCLC 
255 Recruiting 

NCT0398911
5 

RMC-4630 + cobi-
metinib 

SHP2, MEK 1b/2 
Advanced solid tumours, 
including KRAS G12-mu-

tant NSCLC 
168 Recruiting 

NCT0380855
8 

TVB-2640 FAS/FASN 2 
Advanced KRAS mutant 

NSCLC 
12 Recruiting 

NCT0396584
5 

Telaglenastat (CB-839) 
+ palbociclib 

Glutaminase, 
CDK4/6 

1b/2 
Solid advanced tumours, 

including pre-treated, 
KRAS mutant NSCLC 

85 Recruiting 

NCT0426309
0 

Rigosertib + 
nivolumab 

PI3K/PLK, PD-
1 

1 
Advanced, pre-treated, 
KRAS mutant NSCLC 

30 Recruiting 

NCT0369332
6 

PDR001 PD-1 2 
Non-small Cell Lung Can-
cer harbouring mutations 

including KRAS 
70 Recruiting 

NCT0447067
4 

Carboplatin-
pemetrexed +/− dur-

valumab 
PD-L1 2 

Advanced, naïve, KRAS 
mutant and PD-L1 high 

(≥50%) NSCLC 
50 Recruiting 

NCT0377712
4 

SHR-1210 + apatinib PD-1, VEGFR2 2 
KRAS mutant stage IV 
non-squamous NSCLC 

230 
Not yet re-

cruiting 
NCT0485301

7 
(AMPLIFY-

201) 

ELI-002 (lymph node-
targeted therapeutic 

vaccine) 
- 1/2 

KRAS/NRAS mutant 
(G12D or G12R) solid tu-
mours, including NSCLC 

159 Recruiting 

NCT0309561
2 

Selinexor (KPT-330) XPO1 1b/2 
Pre-treated advanced 

KRAS mutant lung cancer 
59 Recruiting 

NCT0381938
7 

NBF-006 (siRNA-
based lipid nanoparti-

cle) 
- 1 

Solid advanced tumours 
including KRAS-Mutant 

NSCLC 
44 Recruiting 

NCT0394876
3 

mRNA-5671/V941 +/− 
pembrolizumab 

- 1 
Solid advanced tumours, 
including KRAS mutant 

NSCLC 
100 Recruiting 

6.1. Direct Targeting of Mutant “Non-p.G12C” KRAS 
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Direct covalent inhibitors have challenged the traditional dogma KRAS+NSCLC as 
an “undraggable” disease. Thanks to an improved knowledge of KRAS structural and 
biochemical characteristics, several direct inhibitors were discovered and tested, includ-
ing SML-8-73-1, ARS-853, ARS-1620 [53–58]. Unfortunately, they proved to be effective in 
KRAS exon 2 p.G12C + tumors only. As of today, no direct inhibitors of “non-p.G12C” 
mutation-positive tumors are available in clinical trials. 

However, some molecules are currently in the pre-clinical stage. Although no pub-
lished data are yet available, two recent press releases have highlighted the potential of 
two new small molecules. MRTX1133 is a potent, selective, and reversible inhibitor of 
KRAS G12D [59], which binds to—and inhibits—mutant KRAS protein both in its active 
and its inactive state. In in vivo tumor models (including colorectal and pancreatic can-
cers), this molecule led to tumor regression through a dose-dependent inhibition of the 
KRAS signalling pathway. A phase I clinical trial is currently being planned. Inhibitors of 
RAS(ON), which is the active, GTP-bound form of RAS, are also in development [60]. 
These small molecules drive the formation of complexes that exploit the surfaces of two 
adjacent proteins to form a new ligand-binding pocket for the inhibitor. Some of these 
potential new drugs are highly selective for single or a few targets, while others have 
multi-target activity. For example, RMC-6291 targets KRASG12C/NRASG12C(ON); RMC-
6236 targets multiple KRAS variants including KRASG12V(ON) and KRASG12D(ON). 
These compounds can either be used in combination with other drugs, such as SHP2, 
mTORC1 or SOS1 inhibitors, to attack multiple targets and potential resistance mecha-
nisms within the RAS pathway simultaneously. 

6.2. Targeting KRAS Membrane Anchorage 
KRAS being a membrane protein, it requires a tight binding to the membrane to be 

active. As discussed above, membrane binding is dependent on post-translational modi-
fication of the CAAX motif by farnesyltransferases. Even if farnesyl-transferases inhibitors 
(FTIs)—like tipifarnib and lonafarnib—showed some activity in preclinical studies [61,62], 
clinical results were modest, with response rates lower than 10% [63–65]. KRAS prenyla-
tion (and thus activation) by geranylgeranyl-transferase-I may explain such results [10]. 
Newer FTIs are therefore currently under investigation in combination with geranyl-gera-
nyl-transferase inhibitors and showed encouraging activity in pancreatic adenocarci-
noma. However, such combinations have not been studied in lung cancer yet [66,67]. An-
other investigational approach, based on RAS farnesyl cysteine mimetic drugs such as 
salirasib, despite promising preclinical data [68], did not show any advantage in the clin-
ical setting [69]. 

Bisphosphonates and inhibitors of enzymes directly involved in prenylation, such as 
the RAS-converting CAAX endopeptidase 1 (Rce1) and the isoprenylcisteine carboxyl me-
thyltransferase (ICMT), have been studied in Ras-driven tumors. Despite preclinical evi-
dence, none of these approaches have been proven to be effective [70,71]. 

6.3. Targeting KRAS Downstream Pathways 
The KRAS pathway is particularly complex, involving many other signalling path-

ways, such as the RAF-MEK-ERK and the PI3K/AKT/mTOR ones. Sorafenib, a multi-ki-
nase inhibitor with activity against many protein kinases, including Vascular Endothelial 
Growth Factor Receptor (VEGFR), Platelet-derive Growth Factor Receptor (PDGFR) and 
RAF kinase, showed preclinical activity [72]. A phase II study of sorafenib [73] enrolled 
pre-treated patients with KRAS+, stage IIIB or IV NSCLC. The disease control rate at 6 
weeks (primary endpoint of the study) was 52.6%, with a median duration of treatment 
of 9 weeks. The median PFS was 2.3 months, and the median OS was 5.3 months. These 
data led to the phase III, randomized MISSION trial [74] of sorafenib versus placebo as a 
third- or fourth-line therapy of NSCLC patients. Despite patients being enrolled regard-
less of mutational status, EGFR and KRAS mutations were analysed on tissue or blood 
samples. A modest PFS benefit was observed in the experimental arm both in the overall 
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population (2.8 vs. 1.4 months, p < 0.0001) and in the KRAS+ subgroup (2.6 vs. 1.7 months, 
p = 0.007). However, there were no differences in mOS (primary efficacy endpoint were 
obtained with sorafenib neither in the overall population (8.2 vs. 8.3 months, p = 0.47) nor 
in the KRAS+ subgroup (6.4 vs. 5.1 months, p = 0.279). 

Following encouraging phase II data [75], the MEK inhibitor selumetinib was tested 
in association with docetaxel in the large phase III SELECT-1 trial. This multinational, ran-
domized, clinical trial enrolled patients with advanced KRAS+ NSCLC who had pro-
gressed after first-line therapy. The study was negative, as it failed to show any differences 
in terms of PFS between arms (mPFS 3.9 versus 2.8 months, p = 0.44) [76]. Selumetinib was 
also evaluated in combination with the EGFR-TKI erlotinib in a phase II study of advanced 
KRAS+ NSCLC. The combination did not improve PFS and led to several toxicities [77]. 

A phase II study comparing the MEK inhibitor trametinib with docetaxel involving 
pre-treated, advanced, KRAS+ NSCLC was also negative (mPFS 12 vs. 11 weeks; p = 
0.5197) [78]. Interestingly, another phase II study that explored the combination of tramet-
inib and docetaxel in 54 KRAS+ advanced, pre-treated NSCLC patients showed a response 
rate of 33% and a mOS of 11.1 months. Even if the difference in response rate (RR) between 
mutation subtypes was not statistically significant, there was a trend for worse PFS and 
OS in the G12C subgroup [79]. 

A phase Ib/II trial (NCT02079740) is currently investigating the potential of a combi-
nation of trametinib and the BCL-XL inhibitor navitoclax based on preclinical data [80]. 
Early results have shown that, at the recommended phase 2 dose (RP2D), RR was 15.4% 
with a disease control rate of 46.2% [81]. Expansion cohorts are currently enrolling pa-
tients with solid tumours, including NSCLC, and further data are awaited (Table 3). 

One possible explanation for the failure of MEK inhibitors as single agents could rely 
on alternative downstream pathways activation. To tackle such resistance mechanisms, 
some early phase studies combined PI3K or mTOR inhibitors, with encouraging results. 
However, the toxicity profile precluded further investigation of such combinations [82–
84]. Currently, clinical trials are underway to investigate the potential therapeutic role of 
MEK inhibitors combined with cyclin inhibitors, FAK inhibitors, ICIs directed against pro-
grammed death protein 1 (PD-1), and other small molecules (Table 3). 

Recently, interesting data came from the investigation of VS-6766 (previously known 
as CH5126766 and RO5126766), a small molecule that inhibits both MEK and RAF kinases 
[85]. One of the critical points about MEK inhibition is that it paradoxically induces MEK 
phosphorylation by relieving ERK-dependent feedback inhibition of RAF [86,87]. VS-6766 
can disrupt the formation of RAF–MEK complexes, which would otherwise reactivate 
MEK [85]. A phase 1b dose-escalation, basket expansion study of VS-6766 as a single agent 
[88] showed promising anti-tumor activity in KRAS non-p.G12C mutant patients with 
solid tumors (including NSCLC) and multiple myeloma. Three out of the 10 NSCLC pa-
tients had a partial response, and all these responses were maintained for at least 6 
months. Of note, 2 of these patients had KRAS exon 2 p.G12V mutation. Notably, KRAS 
exon 2 p.G12V mainly exploits the RAF/MEK cascade, in contrast to other variants—such 
as p.G12D—whose signal is preferentially mediated by PI3K/AKT [89]. More specifically, 
KRAS exon 2 p.G12V models are especially dependent on CRAF, suggesting the role of 
VS-6766 in this molecularly defined disease [86–89]. Anyway, a stronger inhibitor of tu-
mor growth requires more complex strategies. The combination of VS-6766 and the FAK 
inhibitor defactinib was shown to overcome FAK phosphorylation induced by MEK inhi-
bition in in vivo models [90,91]. An open label phase I dose escalation with an expansion 
study (FRAME trial—NCT03875820) is recruiting patients with advanced, KRAS+, solid 
tumors to evaluate this combination. Data about the NSCLC patient subgroup were re-
cently presented at the 2021 American Association for Cancer Research Annual Meeting 
[92]. The median prior lines of treatment were 3, and all patients had previously received 
ICIs. Seventeen out of 19 patients were evaluable for a response. Of them, 2 (12%) had a 
partial response and 10 (59%) had a stable disease. Notably, 11 patients (65%) achieved 
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some degree of tumor size reduction and 5 (29%) remained on treatment for at least 6 
months. Interestingly, 2/2 (100%) of the KRAS NSCLC patients achieved a partial re-
sponse. This combination has so far showed a favourable tolerability profile with the in-
termittent dosing regimen investigated in the FRAME trial. The incidence of adverse 
events of Grade ≥ 3 was 5%. Based on these promising results, a phase Ib/II study evalu-
ating VS-6766 with or without defactinib for the treatment of KRAS (especially G12V sub-
type) +, advanced, NSCLC (NCT04620330) was initiated in December 2020 and is cur-
rently recruiting patients. 

Because of the PI3K/AKT/mTOR pathway involvement in KRAS downstream signal-
ling, and given the synergy of this association in cancer cell lines harbouring various sub-
types of KRAS mutations, VS-6766 is also being evaluated in combination with the mTOR 
complex1 (mTORC1) inhibitor everolimus in a phase I study (NCT02407509). 

Unfortunately, results coming from clinical studies about PI3K/AKT/mTOR inhibi-
tors as monotherapy have so far been disappointing. Ridaforolimus, a selective mTOR 
inhibitor, showed an objective response rate (ORR) of only 1% with high toxicity rate [93]. 
The phase II BASALT-1 trial explored a potential role of buparlisib (BKM120, a pan-PI3K 
inhibitor) in advanced, pre-treated, NSCLC patients with an activated PI3K pathway. The 
study was closed early in stage 1 for futility. However, a longer PFS was observed in a 
subgroup of 12 patients also harbouring a KRAS mutation [94]. 

Another potential therapeutic approach relies on Src Homology region 2 (SH2)-con-
taining protein tyrosine phosphatase 2 (SHP2) inhibition. RMC-4630 and TNO155 are two 
SHP2 inhibitors in clinical development alone or in combination with other drugs 
(NCT04000529; NCT04916236; NCT03114319; NCT03989115) (Table 3). Preliminary re-
sults of the phase I trial of RMC 4630 showed a disease control rate (DCR) of 67% among 
the 19 KRAS+ NSCLC patients. A higher response rate was observed in 7 patients with 
KRAS G12C mutation (71%) [95]. 

In conclusion, inducing KRAS degradation could be an alternative way of controlling 
tumor growth. With this intent, Bery et al. established an in vitro and in vivo murine 
model, in order to evaluate KRAS degradation activity of two types of macromolecules 
[96]. The first one, ankyrin repeat proteins (DARPins) K13 and K19 engineered with E3-
ligase, can interfere with KRAS, causing its degradation, while the second one, an engi-
neered pan-RAS binding intracellular single domain antibody (iDAbs), is active against 
all RAS forms. This study showed that both molecules cause RAS degradation, but K19 
DARPins inhibit cell proliferation without interfering with wild-type KRAS cells. Moreo-
ver, Shin et al. evaluated a novel RAS inhibitor, KY7749, that is able to degradate KRAS 
G12V in a beta-catenin-independent manner in in vitro colorectal cancer models [97]. 

6.4. Targeting Co-Dependent Vulnerabilities or Synthetic Lethal Partners 
Co-dependent vulnerabilities and synthetic lethal partners are necessary for KRAS 

oncogenesis and tumour growth [98]. Bortezomib, a proteasome inhibitor, was investi-
gated in a phase II clinical trial including only patients with KRAS exon 2 p.G12D + ad-
vanced NSCLC. The disease control rate (DCR) was 40%, while the mPFS and OS were 1 
month and 13 months, respectively [99]. 

Cyclin-dependent kinase (CDK) inhibition has also been considered as a potential 
therapeutic approach. Abemaciclib, a CDK4/6 inhibitor, showed promising data in the 
multicentre, randomized, phase III, JUNIPER trial. This trial randomized advanced, pre-
treated, NSCLC patients harbouring KRAS codon 12 or 13 mutations to receive abema-
ciclib with best supportive care (BSC) or erlotinib with BSC. The study primary end-point 
was not met as mOS was 7.4 months with abemaciclib and 7.8 months with erlotinib (p = 
0.77). However, both mPFS and ORR were higher with abemaciclib. [100,101]. Other CDK 
inhibitors are currently under investigation in combination with other agents in KRAS+ 
NSCLC (NCT03170206, NCT02022982NCT02974725) (Table 3). 

Inactivating LKB1/STK11 mutations generally cause poor response to anti-PD-1 mon-
oclonal antibodies, even if they correlate with an elevated tumor mutational burden 
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(TMB) and an increased number of neoantigens [102]. LKB1 is frequently co-mutated with 
KRAS and it leads to an objective response rate to immunotherapy of less than 10%. LKB1 
deficiency suppresses antigen processing and presentation because it compromises im-
munoproteasome activity, thus enhancing the autophagic flux, mediated by the autoph-
agy-lysosomal pathway [103]. The combination of a Unc-51 Like Autophagy Activating 
Kinase 1 (ULK1) inhibitor, MRT68921, with an anti-PD-1 monoclonal antibody can in-
crease antigen presentation and therefore restore anti-tumor immunity, by compensating 
for LKB1 loss, leading to KRAS/LKB1 co-mutant tumor regression [102]. This seems to be 
due to the immunoproteasome activity enhancement obtained by ULK1 inhibition. Based 
on these preliminary results, this combination deserves clinical evaluation in patients 
whose tumors harbour both KRAS and LKB1 mutations. 

6.5. Targeting KRAS Activity Regulators 
Interaction with guanine nucleotide exchange factors (GEFs) is necessary for RAS 

activation. SOS, which catalyses the release of GDP and the binding of GTP, is one of such 
factors. BI1701963 is a small molecule that binds and inhibits SOS1, leading to a KRAS 
blockade regardless of the mutation subtype [104–106]. Early data about BI1701963, pre-
sented at the 2019 AACR-NCI-EORTC International Conference on Molecular Targets and 
Cancer Therapeutics, led to an ongoing phase I clinical trial that is exploring this drug 
both as monotherapy and in combination with trametinib in patients with advanced, 
KRAS+, solid tumors (NCT04111458). 

6.6. Targeting Immune System 
There is a strong rationale that led to the evaluation of ICIs in KRAS+ NSCLC. Indeed, 

RAS pathway has several immunomodulating effects, including regulation of CD8+ lym-
phocytes infiltrate, myeloid derived stem cells (MDSCs) density and PD-L1 expression 
[107]. Although data regarding the role of immunotherapy in this subgroup of patients 
are still controversial, as previously discussed [48,50], several studies are currently evalu-
ating combinations of ICIs with small molecules. A phase Ib/II trial evaluating the anti 
PD-L1 monoclonal antibody avelumab combined with the MEK1/2 inhibitor binimetinib, 
with or without the PARP inhibitor talazoparib (NCT03637491), including patients with 
advanced, KRAS + NSCLC, showed limited anti-tumor activity with a high toxicity. The 
phase II BATTLE-2 trial is evaluating an association between pembrolizumab and tramet-
inib in advanced, pre-treated, NSCLC patients, unselected for KRAS mutational status 
(NCT03225664). 

The combination of FAK inhibitors with ICIs would also be intriguing, as FAK is also 
involved in the immune system regulation. Indeed, its inhibition reduces stromal density, 
enhancing the cytotoxic T cell entry and reducing immunosuppressive Tregs, M2 macro-
phages and MDSCs [108]. As of today, no clinical trials are evaluating such combinations. 
The high immunogenicity of KRAS suggests a possible role of adaptive immunity ap-
proaches too. Early interesting data suggest the in vitro efficacy of p.G12V-reactive T cells 
against this subtype of KRAS mutation [21,109]. 

Cancer vaccines may be another approach for pan-RAS targeting. Following the pre-
clinical evidence that lymph node-targeted vaccines could stimulate a robust immune re-
sponse against the mutant KRAS protein in mice [110], a phase I/II trial (NCT04853017) 
evaluating the safety and preliminary efficacy of ELI-002 has been recently activated. This 
drug is an investigational, subcutaneous, amphiphile (AMP) KRAS therapeutic vaccine 
made of seven AMP-modified mutant KRAS peptide antigens and ELI-004, an AMP-mod-
ified immune-stimulatory oligonucleotide adjuvant. ELI-002 can therefore target all seven 
position 12 and 13 KRAS mutations. The property AMP platform has been specifically 
designed to deliver investigational immunotherapeutics directly to the lymph nodes. ELI-
002 latches on to the protein albumin, found in the bloodstream, as it travels to lymphatic 
tissue. Different to other vaccines, this enables a precise targeting and delivery of immu-
nogens and cell-therapy activators directly to the “control unit” of the immune system, to 
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significantly amplify its activity. Once the AMP mKRAS peptides and AMP CpG have 
reached the lymph node, amphiphile immunotherapies are taken up by antigen-present-
ing cells (APCs) and can generate RAS-specific killer T cells directed against tumor cells. 
In this trial, ELI-002 will be administered to patients with KRAS+ solid tumors, including 
NSCLC, and minimal residual disease (MRD) after surgical resection. Circulating tumour 
DNA (ctDNA) will be assessed to monitor the presence of MRD and the vaccine activity. 
Although this vaccine may be extremely precise and active, based on preclinical data, one 
major concern is the duration of the immunity. Clinical studies will be crucial to assess 
the benefits and limitations of this novel promising treatment approach. 

6.7. Epigenetic Approaches 
RAS/MEK pathway activation can increase telomerase activity and telomeres length 

[111]. Clinical data with epigenetic drugs are available for unselected NSCLC cohorts 
only, possibly diluting effects based on KRAS mutational status, if any. 

A phase II study explored a potential role for the telomerase inhibitor imetelstat as 
maintenance therapy. The study enrolled patients with non-progressive, advanced 
NSCLC after first-line, platinum-based chemotherapy, with or without bevacizumab and 
randomized them 2:1 to imetelstat or observation. No differences in terms of PFS nor OS 
were observed in the overall population, while a trend towards improved survival was 
seen in patients with a short telomere length [112]. 

Chromatin-modifying agents, such as the hystone deacetylase inhibitor (HDACi) 
panobinostat, have also been investigated based on preclinical study results [113]. Vori-
nostat, another HDACi, was evaluated in a phase II trial [114] in association with car-
boplatin and paclitaxel. The experimental combination showed a significantly higher RR 
(34% vs. 12%; p = 0.02), while no statistically significant differences in terms of PFS and 
OS were observed. 

7. Discussion 
Despite recent progress made on targeting KRAS exon 2 p.G12C mutations in ad-

vanced NSCLC, effective treatments for other KRAS subtypes are still lacking. While the 
road towards direct inhibitors in “non-p.G12C” KRAS + NSCLC seems still long and 
winding, combination therapies against downstream pathways hold promise. On the 
other hand, even novel immunotherapy approaches are entering the clinical research 
arena, enlarging the investigational agent portfolio. As each KRAS mutation subgroup 
behaves differently, only a thorough study of both biological and clinical characteristics 
of different KRAS+ populations would speed up research leading to novel and active tar-
geted approaches, even in such hard-to-treat diseases. 

In this complex scenario, there is an urgent need for collaborative efforts between 
different institutions to develop knowledge-based databases. These may help the different 
healthcare figures involved in the adequate management of NSCLC patients, avoiding 
any delay or misunderstanding. Regarding RAS mutations, in a recent experience, Mala-
pelle et al. collected real world practice data, obtained by 12 referral Italian institutions 
related to lung and colon cancer biomarker testing [1]. In particular, the total volume of 
tested samples, mutations identified, and assays adopted for molecular analysis were re-
trieved by each center. As a matter of fact, all these data were compared with those re-
ported in the COSMIC database in order to develop a user-friendly knowledge-based da-
tabase (www.rasatlas.com (accessed on 9 December, 2021)) that was useful to permit the 
best treatment option and management for RAS gene-mutated patients. 

8. Conclusions 
In recent years, many approaches have been attempted to find effective treatment 

options for NSCLC with KRAS mutation, a disease that has remained without effective 
options for years. After many disappointments and some promising results that have shed 
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light on potential therapeutic targets, the greatest certainty is that only a better under-
standing of these extremely complex mechanisms, together with an increased knowledge 
of the structural features of the diverse mutation subtypes and co-mutation profiles, will 
hopefully guide us to the overcoming of resistance and thus to a true therapeutic efficacy. 

Author Contributions: Each author has made substantial contributions to the design of the work, 
the analysis and interpretation of data and the revision of it and has approved the submitted ver-
sion. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Conflicts of Interest: Umberto Malapelle has received personal fees (as consultant and/or speaker 
bureau) from Boehringer Ingelheim, Roche, MSD, Amgen, ThermoFisher Scientifics, Diaceutics, 
GSK, Merck and AstraZeneca, unrelated to the current work. Paolo Bironzo reports receiving grants 
from Roche and personal fees from Roche, Bristol-Myers Squibb, Merck Sharp and Dohme, Astra-
Zeneca, Takeda, and BeiGene, unrelated to the current work. Silvia Novello declared speaker bu-
reau/advisor’s fee from Eli Lilly, MSD, Roche, BMS, Takeda, Pfizer, Astra Zeneca and Boehringer 
Ingelheim, unrelated to the current work. Francesca Jacobs, Massimiliano Cani and Valerio Maria 
Napoli have no conflicts of interest to declare. 

References 
1. Malapelle, U.; Passiglia, F.; Cremolini, C.; Reale, M.L.; Pepe, F.; Pisapia, P.; Avallone, A.; Cortinovis, D.; De Stefano, A.; Fassan, 

M.; et al. RAS as a positive predictive biomarker: focus on lung and colorectal cancer patients. Eur. J. Cancer 2021, 146, 74–83.  
2. Cox, A.D.; Fesik, S.W.; Kimmelman, A.C.; Luo, J.; Der, C.J. Drugging the undruggable RAS: Mission Possible? Nat. Rev. Drug 

Discov. 2014, 13, 828–851. 
3. Reck, M.; Spira, A.; Besse, B.; Wolf, J.; Skoulidis, F.; Borghaei, H.; Goto, K.; Park, K.; Griesinger, F.; Felip, E.; et al. 1416TiP 

CodeBreak 200: A phase III multicenter study of sotorasib (AMG 510), a KRAS(G12C) inhibitor, versus docetaxel in patients 
with previously treated advanced non-small cell lung cancer (NSCLC) harboring KRAS p.G12C mutation. Ann Oncol. 2020, 31, 
S894–S895. 

4. Passiglia, F.; Malapelle, U.; Del Re, M.; Righi, L.; Pagni, F.; Furlan, D.; Danesi, R.; Troncone, G.; Novello, S. KRAS inhibition in 
non–small cell lung cancer: Past failures, new findings and upcoming challenges. Eur. J. Cancer 2020, 137, 57–68. 

5. Gimple, R.C.; Wang, X. RAS: Striking at the Core of the Oncogenic Circuitry. Front. Oncol. 2019, 9, 1–16.  
6. Spencer-Smith, R.; O’Bryan, J.P. Direct inhibition of RAS: Quest for the Holy Grail? Semin. Cancer Biol. 2019, 54, 138–148.  
7. Downward, J. Targeting RAS signalling pathways in cancer therapy. Nat. Rev. Cancer 2003, 3, 11–22.  
8. Simanshu, D.K.; Nissley, D.V.; McCormick, F. RAS Proteins and Their Regulators in Human Disease. Cell 2017, 170, 17–33.  
9. Khan, I.; Rhett, J.M.; O’Bryan, J.P. Therapeutic targeting of RAS: New hope for drugging the “undruggable”. Biochim. Biophys. 

Acta Mol. Cell Res. 2020, 1867, 118570. 
10. Ferrer, I.; Zugazagoitia, J.; Herbertz, S.; John, W.; Paz-Ares, L.; Schmid-Bindert, G. KRAS-Mutant non-small cell lung cancer: 

From biology to therapy. Lung Cancer 2018, 124, 53–64. 
11. Fruman, D.A.; Chiu, H.; Hopkins, B.D.; Bagrodia, S.; Cantley, L.C.; Abraham, R.T. The PI3K Pathway in Human Disease. Cell 

2017, 170, 605–635.  
12. Bodemann, B.O.; White, M.A. Ral GTPases and cancer: Linchpin support of the tumorigenic platform. Nat. Rev. Cancer 2008, 8, 

133–140.  
13. Kashatus, D.F. Ral GTPases in tumorigenesis: Emerging from the shadows. Exp. Cell Res. 2013, 319, 2337–2342.  
14. Mukhopadhyay, S.; Vander Heiden, M.G.; McCormick, F. The Metabolic Landscape of RAS-Driven Cancers from biology to 

therapy. Nat. Cancer 2021, 2, 271–283. 
15. Bellahcène, A.; Nokin, M.J.; Castronovo, V.; Schalkwijk, C. Methylglyoxal-derived stress: An emerging biological factor in-

volved in the onset and progression of cancer. Semin. Cancer Biol. 2018, 49, 64–74. 
16. Yoo, H.C.; Yu, Y.C.; Sung, Y.; Han, J.M. Glutamine reliance in cell metabolism. Exp. Mol. Med. 2020, 52, 1496–1516. 
17. Forbes, S.A.; Bindal, N.; Bamford, S.; Cole, C.; Kok, C.Y.; Beare, D.; Jia, M.; Shepherd, R.; Leung, K.; Menzies, A.; et al. COSMIC: 

Mining complete cancer genomes in the catalogue of somatic mutations in cancer. Nucleic Acids Res. 2011, 39, 945–950.  
18. Timar, J.; Kashofer, K. Molecular epidemiology and diagnostics of KRAS mutations in human cancer. Cancer Metastasis Rev. 

2020, 39, 1029–1038.  
19. El Osta, B.; Hu, F.; Sadek, R.; Chintalapally, R.; Tang, S.C. Not all immune-checkpoint inhibitors are created equal: Meta-analysis 

and systematic review of immune-related adverse events in cancer trials. Crit. Rev. Oncol. Hematol. 2017, 119, 1–12.  
20. Veluswamy, R.; Mack, P.C.; Houldsworth, J.; Elkhouly, E.; Hirsch, F.R. KRAS G12C–Mutant Non–Small Cell Lung Cancer: 

Biology, Developmental Therapeutics, and Molecular Testing. J. Mol. Diagn. 2021, 23, 507–520.  
21. Friedlaender, A.; Drilon, A.; Weiss, G.J.; Banna, G.L.; Addeo, A. KRAS as a druggable target in NSCLC: Rising like a phoenix 

after decades of development failures. Cancer Treat. Rev. 2020, 85, 101978.  
22. Lee, B.; Lee, T.; Lee, S.H.; Choi YLa Han, J. Clinicopathologic characteristics of EGFR, KRAS, and ALK alterations in 6595 lung 

cancers. Oncotarget 2016, 7, 23874–23884.  



Cancers 2021, 13, 6332 15 of 19 
 

 

23. Skoulidis, F.; Heymach, J.V. Co-occurring genomic alterations in non-small-cell lung cancer biology and therapy. Nat. Rev. Can-
cer 2019, 19, 495–509. 

24. Dong, Z.Y.; Zhong, W.Z.; Zhang, X.C.; Su, J.; Xie, Z.; Liu, S.Y.; Tu, H.Y.; Chen, H.J.; Sun, Y.L.; Zhou, Q.; et al. Potential predictive 
value of TP53 and KRAS mutation status for response to PD-1 blockade immunotherapy in lung adenocarcinoma. Clin. Cancer 
Res. 2017, 23, 3012–3024.  

25. Skoulidis, F.; Byers, L.A.; Diao, L.; Papadimitrakopoulou, V.A.; Tong, P.; Izzo, J.; Behrens, C.; Kadara, H.; Parra, E.R.; Canales, 
J.R.; et al. Co-occurring genomic alterations define major subsets of KRAS-mutant lung adenocarcinoma with distinct biology, 
immune profiles, and therapeutic vulnerabilities. Cancer Discov. 2015, 5, 860–877. 

26. Singh, A.; Daemen, A.; Nickles, D.; Jeon, S.M.; Foreman, O.; Sudini, K.; Gnad, F.; Lajoie, S.; Gour, N.; Mitzner, W.; et al. NRF2 
Activation Promotes Aggressive Lung Cancer and Associates with Poor Clinical Outcomes. Clin. Cancer Res. 2021, 27, 877–888. 

27. Best, S.A.; Ding, S.; Kersbergen, A.; Dong, X.; Song, J.Y.; Xie, Y.; Reljic, B.; Li, K.; Vince, J.E.; Rathi, V.; et al. Distinct initiating 
events underpin the immune and metabolic heterogeneity of KRAS-mutant lung adenocarcinoma. Nat Commun. 2019, 13, 4190. 

28. Jaramillo, M.C.; Zhang, D.D. The emerging role of the Nrf2-Keap1 signaling pathway in cancer. Genes Dev. 2013, 27, 2179–2191.  
29. Sayin, V.I.; LeBoeuf, S.E.; Singh, S.X.; Davidson, S.M.; Biancur, D.; Guzelhan, B.S.; Alvarez, S.W.; Wu, W.L.; Karakousi, T.R.; 

Zavitsanou, A.M.; et al. Activation of the NRF2 antioxidant program generates an imbalance in central carbon metabolism in 
cancer. Elife 2017, 6, e28083 

30. Mukhopadhyay, S.; Goswami, D.; Adiseshaiah, P.P.; Burgan, W.; Yi, M.; Guerin, T.M.; Kozlov, S.V.; Nissley, D.V.; McCormick, 
F. Undermining Glutaminolysis Bolsters Chemotherapy While NRF2 Promotes Chemoresistance in KRAS-Driven Pancreatic 
Cancers. Cancer Res. 2020, 80, 1630–1643. 

31. Skoulidis, F.; Goldberg, M.E.; Greenawalt, D.M.; Hellmann, M.D.; Awad, M.M.; Gainor, J.F.; Schrock, A.B.; Hartmaier, R.J.; 
Trabucco, S.E.; Gay, L.; et al. STK11/LKB1 Mutations and PD-1 Inhibitor Resistance in KRAS-Mutant Lung Adenocarcinoma. 
Cancer Discov. 2018, 8, 822–835. 

32. Pavan, A.; Bragadin, A.B.; Calvetti, L.; Ferro, A.; Zulato, E.; Attili, I.; Nardo, G.; Dal Maso, A.; Frega, S.; Menin, A.G.; et al. Role 
of next generation sequencing-based liquid biopsy in advanced non-small cell lung cancer patients treated with immune check-
point inhibitors: impact of STK11, KRAS and TP53 mutations and co-mutations on outcome. Transl. Lung Cancer Res. 2021, 10, 
202–220. 

33. Arbour, K.C.; Jordan, E.; Kim, H.R.; Dienstag, J.; Yu, H.A.; Sanchez-Vega, F.; Lito, P.; Berger, M.; Solit, D.B.; Hellmann, M.; et al. 
Effects of Co-occurring Genomic Alterations on Outcomes in Patients with KRAS-Mutant Non-Small Cell Lung Cancer. Clin. 
Cancer Res. 2018, 24, 334–340. 

34. Schuster, K.; Venkateswaran, N.; Rabellino, A.; Girard, L.; Peña-Llopis, S.; Scaglioni, P.P. Nullifying the CDKN2AB locus pro-
motes mutant K-ras lung tumorigenesis. Mol. Cancer Res. 2014, 12, 912–923. 

35. Garrido, P.; Olmedo, M.E.; Gómez, A.; Paz Ares, L.; López-Ríos, F.; Rosa-Rosa, J.M.; Palacios, J. Treating KRAS -mutant NSCLC: 
Latest evidence and clinical consequences. Ther. Adv. Med. Oncol. 2017, 9, 589–597.  

36. Dogan, S.; Shen, R.; Ang, D.C.; Johnson, M.L.; D’Angelo, S.P.; Paik, P.K.; Brzostowski, E.B.; Riely, G.J.; Kris, M.G.; Zakowski, 
M.F.; Ladanyi, M. Molecular epidemiology of EGFR and KRAS mutations in 3026 lung adenocarcinomas: higher susceptibility 
of women to smoking-related KRAS-mutant cancers. Clin. Cancer Res. 2012, 18, 6169–6177.  

37. Planchard, D.; Popat, S.; Kerr, K.; Novello, S.; Smit, E.F.; Faivre-Finn, C.; Mok, T.S.; Reck, M.; Van Schil, P.E.; Hellmann, M.D.; 
et al. Metastatic non-small cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. 
Oncol. 2018, 29, iv192–iv237, doi:10.1093/annonc/mdy275. 

38. NCCN. NCCN Guidelines for Patients® Non-Small Cell Lung Cancer-Metastatic. 2021. Available online: 
http://www.nccn.org/patients (accessed on 15 July, 2021). 

39. Nadal, E.; Chen, G.; Prensner, J.R.; Shiratsuchi, H.; Sam, C.; Zhao, L.; Kalemkerian, G.P.; Brenner, D.; Lin, J.; Reddy, R.M.; et al. 
KRAS-G12C mutation is associated with poor outcome in surgically resected lung adenocarcinoma. J. Thorac. Oncol. 2014, 9, 
1513–1522, doi:10.1097/JTO.0000000000000305 

40. Rodenhuis, S.; Boerrigter, L.; Top, B.; Slebos, R.J.; Mooi, W.J.; van’t Veer, L.; van Zandwijk, N. Mutational activation of the K-
ras oncogene and the effect of chemotherapy in advanced adenocarcinoma of the lung: A prospective study. J. Clin. Oncol. 1997, 
15, 285–291.  

41. Schiller, J.H.; Adak, S.; Feins, R.H.; Keller, S.M.; Fry, W.A.; Livingston, R.B.; Hammond, M.E.; Wolf, B.; Sabatini, L.; Jett, J.; et al. 
Lack of prognostic significance of p53 and K-ras mutations in primary resected non-small-cell lung cancer on E4592: A labora-
tory ancillary study on an eastern cooperative oncology group prospective randomized trial of postoperative adjuvant therapy. 
J. Clin. Oncol. 2001, 19, 448–457. 

42. Eberhard, D.A.; Johnson, B.E.; Amler, L.C.; Goddard, A.D.; Heldens, S.L.; Herbst, R.S.; Ince, W.L.; Jänne, P.A.; Januario, T.; 
Johnson, D.H.; et al. Mutations in the epidermal growth factor receptor and in KRAS are predictive and prognostic indicators 
in patients with non-small-cell lung cancer treated with chemotherapy alone and in combination with erlotinib. J. Clin. Oncol. 
2005, 23, 5900–5909. 

43. Hames, M.L.; Chen, H.; Iams, W.; Aston, J.; Lovly, C.M.; Horn, L. Correlation between KRAS mutation status and response to 
chemotherapy in patients with advanced non-small cell lung cancer☆. Lung Cancer 2016, 92, 29–34. 

44. Marabese, M.; Ganzinelli, M.; Garassino, M.C.; Shepherd, F.A.; Piva, S.; Caiola, E.; Macerelli, M.; Bettini, A.; Lauricella, C.; 
Floriani, I.; et al. KRAS mutations affect prognosis of non-small-cell lung cancer patients treated with first-line platinum con-
taining chemotherapy. Oncotarget 2015, 6, 34014–34022.  



Cancers 2021, 13, 6332 16 of 19 
 

 

45. Dingemans, A.-M.C.; Ernst, S.; Mellema, W.; Burgers, S.; Staal-van den Brekel, J.; Hendriks, L.E.L.; Hiltermann, T.J.N.; van 
Walree, N.; Maas, K.; Youssef-ElSoud, M.; et al. LBA50 A randomized phase III study comparing cisplatin-pemetrexed (cis-
pem) with carboplatin (C)-paclitaxel (P)-bevacizumab (B) in chemotherapy naïve patients (pts) with advanced KRAS mutated 
non-small cell lung cancer (NSCLC): NVALT22. Ann. Oncol. 2021, 32, S1327. 

46. Shepherd, F.A.; Lacas, B.; Le Teuff, G.; Hainaut, P.; Jänne, P.A.; Pignon, J.P.; Le Chevalier, T.; Seymour, L.; Douillard, J.Y.; 
Graziano, S.; et al. Pooled analysis of the prognostic and predictive effects of TP53 comutation status combined with KRAS or 
EGFR mutation in early-stage resected non-small-cell lung cancer in four trials of adjuvant chemotherapy. J. Clin. Oncol. 2017, 
35, 2018–2027 

47. Borghaei, H.; Paz-Ares, L.; Horn, L.; Spigel, D.R.; Steins, M.; Ready, N.E.; Chow, L.Q.; Vokes, E.E.; Felip, E.; Holgado, E.; et al. 
Nivolumab versus Docetaxel in Advanced Nonsquamous Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2015, 373, 1627–1639, 
Available online: http://www.nejm.org/doi/10.1056/NEJMoa1507643 (accessed on). 

48. Lee, C.K.; Man, J.; Lord, S.; Cooper, W.; Links, M.; Gebski, V.; Herbst, R.S.; Gralla, R.J.; Mok, T.; Yang, J.C. Clinical and molecular 
characteristics associated with survival among patients treated with checkpoint inhibitors for advanced non-small cell lung 
carcinoma: A systematic review and meta-analysis. JAMA Oncol. 2018, 4, 210–216. 

49. Kim, J.H.; Kim, H.S.; Kim, B.J. Prognostic value of KRAS mutation in advanced non-small-cell lung cancer treated with immune 
checkpoint inhibitors: A metaanalysis and review. Oncotarget 2017, 8, 48248–48252. 

50. Passiglia, F.; Cappuzzo, F.; Alabiso, O.; Bettini, A.C.; Bidoli, P.; Chiari, R.; Defferrari, C.; Delmonte, A.; Finocchiaro, G.; Francini, 
G.; et al. Efficacy of nivolumab in pre-treated non-small-cell lung cancer patients harbouring KRAS mutations. Br. J. Cancer 
2019, 120, 57–62. 

51. Nagasaka, M.; Li, Y.; Sukari, A.; Ou, S.H.I.; Al-Hallak, M.N.; Azmi, A.S. KRAS G12C Game of Thrones, which direct KRAS 
inhibitor will claim the iron throne? Cancer Treat. Rev. 2020, 84, 101974. 

52. Lindsay, C.R.; Jamal-Hanjani, M.; Forster, M.; Blackhall, F. KRAS: Reasons for optimism in lung cancer. Eur. J. Cancer 2018, 99, 
20–27. 

53. Hunter, J.C.; Gurbani, D.; Ficarro, S.B.; Carrasco, M.A.; Lim, S.M.; Choi, H.G.; Xie, T.; Marto, J.A.; Chen, Z.; Gray, N.S.; et al. In 
situ selectivity profiling and crystal structure of SML-8-73-1, an active site inhibitor of oncogenic K-Ras G12C. Proc. Natl. Acad. 
Sci. USA 2014, doi:10.1073/pnas.1404639111. 

54. Lito, P.; Solomon, M.; Li, L.S.; Hansen, R.; Rosen, N. Cancer therapeutics: Allele-specific inhibitors inactivate mutant KRAS 
G12C by a trapping mechanism. Science (80- ) 2016, 351, 604–608. 

55. Patricelli, M.P.; Janes, M.R.; Li, L.S.; Hansen, R.; Peters, U.; Kessler, L.V.; Chen, Y.; Kucharski, J.M.; Feng, J.; Ely, T.; et al. Selective 
inhibition of oncogenic KRAS output with small molecules targeting the inactive state. Cancer Discov. 2016, 6, 316–329. 

56. Lim, S.M.; Westover, K.D.; Ficarro, S.B.; Harrison, R.A.; Choi, H.G.; Pacold, M.E.; Carrasco, M.; Hunter, J.; Kim, N.D.; Xie, T.; et 
al. Therapeutic targeting of oncogenic K-ras by a covalent catalytic site inhibitor. Angew. Chemie. Int. Ed. 2014, 53, 199–204.  

57. Ostrem, J.M.; Peters, U.; Sos, M.L.; Wells, J.A.; Shokat, K.M. K-Ras(G12C) inhibitors allosterically control GTP affinity and ef-
fector interactions. Nature 2013, 503, 548–551.  

58. Janes, M.R.; Zhang, J.; Li, L.S.; Hansen, R.; Peters, U.; Guo, X.; Chen, Y.; Babbar, A.; Firdaus, S.J.; Darjania, L.; et al. Targeting 
KRAS Mutant Cancers with a Covalent G12C-Specific Inhibitor. Cell 2018, 127, 578–589.e17. 

59. Therapeutics, M. Mirati Therapeutics Reports Investigational Adagrasib (MRTX849) Preliminary Data Demonstrating Tolera-
bility and Durable Anti-Tumor Activity as Well as Initial MRTX1133 Preclinical Data. 2020. Available online: 
https://ir.mirati.com/news-releases/news-details/2020/Mirati-Therapeutics-Reports-Investigational-Adagrasib-MRTX849-Pre-
liminary-Data-Demonstrating-Tolerability-and-Durable-Anti-Tumor-Activity-aswell-as-Initial-MRTX1133-Preclinical-
Data/default.aspx (accessed on 3 December 2021). 

60. https://www.revmed.com/pipeline/rason-inhibitors (accessed on 7 December, 2021). 
61. End, D.W.; Smets, G.; Todd, A.V.; Applegate, T.L.; Fuery, C.J.; Angibaud, P.; Venet, M.; Sanz, G.; Poignet, H.; Skrzat, S.; et al. 

Characterization of the antitumor effects of the selective farnesyl protein transferase inhibitor R115777 in vivo and in vitro. 
Cancer Res. 2001, 61, 131–137.  

62. Gunning, W.T.; Kramer, P.M.; Lubet, R.A.; Steele, V.E.; End, D.W.; Wouters, W.; Pereira, M.A. Chemoprevention of benzo(a)py-
rene-induced lung tumors in mice by the farnesyltransferase inhibitor R115777. Clin. Cancer Res. 2003, 9, 1927–1930.  

63. Kim, E.S.; Kies, M.S.; Fossella, F.V.; Glisson, B.S.; Zaknoen, S.; Statkevich, P.; Munden, R.F.; Summey, C.; Pisters, K.M.; Papadi-
mitrakopoulou, V.; et al. Phase II study of the farnesyltransferase inhibitor lonafarnib with paclitaxel in patients with taxane-
refractory/resistant nonsmall cell lung carcinoma. Cancer 2005, 104, 561–569. 

64. Wong, N.S.; Meadows, K.L.; Rosen, L.S.; Adjei, A.A.; Kaufmann, S.H.; Morse, M.A.; Petros, W.P.; Zhu, Y.; Statkevich, P.; Cutler, 
D.L.; et al. A phase I multicenter study of continuous oral administration of lonafarnib (SCH 66336) and intravenous gemcita-
bine in patients with advanced cancer. Cancer Investig. 2011, 29, 617–625. 

65. Adjei, A.A.; Mauer, A.; Bruzek, L.; Marks, R.S.; Hillman, S.; Geyer, S.; Hanson, L.J.; Wright, J.J.; Erlichman, C.; Kaufmann, S.H.; 
et al. Phase II study of the farnesyl transferase inhibitor R115777 in patients with advanced non-small-cell lung cancer. J. Clin. 
Oncol. 2003, 21, 1760–1766. 

66. Tanaka, A.; Radwan, M.O.; Hamasaki, A.; Ejima, A.; Obata, E.; Koga, R.; Tateishi, H.; Okamoto, Y.; Fujita, M.; Nakao, M.; et al. 
A novel inhibitor of farnesyltransferase with a zinc site recognition moiety and a farnesyl group. Bioorganic Med. Chem. Lett. 
2017, 27, 3862–3866. 



Cancers 2021, 13, 6332 17 of 19 
 

 

67. Kazi, A.; Xiang, S.; Yang, H.; Chen, L.; Kennedy, P.; Ayaz, M.; Fletcher, S.; Cummings, C.; Lawrence, H.R.; Beato, F.; et al. Dual 
farnesyl and geranylgeranyl transferase inhibitor thwarts mutant KRAS-driven patient-derived pancreatic tumors. Clin. Cancer 
Res. 2019, 25, 5984–5996. 

68. Zundelevich, A.; Elad-Sfadia, G.; Haklai, R.; Kloog, Y. Suppression of lung cancer tumor growth in a nude mouse model by the 
Ras inhibitor salirasib (farnesylthiosalicylic acid). Mol. Cancer Ther. 2007, 6, 1765–1773. 

69. Riely, G.J.; Johnson, M.L.; Medina, C.; Rizvi, N.A.; Miller, V.A.; Kris, M.G.; Pietanza, M.C.; Azzoli, C.G.; Krug, L.M.; Pao, W.; et 
al. A phase II trial of salirasib in patients with lung adenocarcinomas with KRAS mutations. J. Thorac. Oncol. 2011, 6, 1435–1437. 

70. Kenessey, I.; Kói, K.; Horváth, O.; Cserepes, M.; Molnár, D.; Izsák, V.; Dobos, J.; Hegedűs, B.; Tóvári, J.; Tímár, J. KRAS-mutation 
status dependent effect of zoledronic acid in human non-small cell cancer preclinical models. Oncotarget 2016, 7, 79503–79514. 

71. Cox, A.D.; Der, C.J.; Philips, M.R. Targeting RAS membrane association: Back to the future for anti-RAS drug discovery? Clin. 
Cancer Res. 2015, 21, 1819–1827. 

72. Takezawa, K.; Okamoto, I.; Yonesaka, K.; Hatashita, E.; Yamada, Y.; Fukuoka, M.; Nakagawa, K. Sorafenib inhibits non-small 
cell lung cancer cell growth by targeting B-RAF in KRAS wild-type cells and C-RAF in KRAS mutant cells. Cancer Res. 2009, 69, 
6515–6521. 

73. Dingemans, A.M.C.; Mellema, W.W.; Groen, H.J.M.; Van Wijk, A.; Burgers, S.A.; Kunst, P.W.A.; Thunnissen, E.; Heideman, 
D.A.; Smit, E.F. A phase II study of sorafenib in patients with platinum-pretreated, advanced (stage IIIb or IV) non-small cell 
lung cancer with a KRAS mutation. Clin. Cancer Res. 2013, 19, 743–751. 

74. Paz-Ares, L.; Hirsh, V.; Zhang, L.; De Marinis, F.; Yang, J.C.H.; Wakelee, H.A.; Seto, T.; Wu, Y.L.; Novello, S.; Juhász, E.; et al. 
Monotherapy Administration of Sorafenib in Patients with Non-Small Cell Lung Cancer (MISSION) Trial: A Phase III, Multi-
center, Placebo-Controlled Trial of Sorafenib in Patients with Relapsed or Refractory Predominantly Nonsquamous Non-Small-
Cell Lung Cancer. J. Thorac. Oncol. 2015, 10, 1745–1753. 

75. Jänne, P.A.; Shaw, A.T.; Pereira, J.R.; Jeannin, G.; Vansteenkiste, J.; Barrios, C.; Franke, F.A.; Grinsted, L.; Zazulina, V.; Smith, 
P.; et al. Selumetinib plus docetaxel for KRAS-mutant advanced non-small-cell lung cancer: A randomised, multicentre, pla-
cebo-controlled, phase 2 study. Lancet Oncol. 2013, 14, 38–47.  

76. Jänne, P.A.; Van Den Heuvel, M.M.; Barlesi, F.; Cobo, M.; Mazieres, J.; Crinò, L.; Orlov, S.; Blackhall, F.; Wolf, J.; Garrido, P.; et 
al. Selumetinib plus docetaxel compared with docetaxel alone and progression-free survival in patients with KRAS-mutant 
advanced non-small cell lung cancer: The SELECT-1 randomized clinical trial. JAMA J. Am. Med. Assoc. 2017, 317, 1844–1853. 

77. Carter, C.A.; Rajan, A.; Keen, C.; Szabo, E.; Khozin, S.; Thomas, A.; Brzezniak, C.; Guha, U.; Doyle, L.A.; Steinberg, S.M.; et al. 
Selumetinib with and without erlotinib in KRAS mutant and KRAS wild-type advanced nonsmall-cell lung cancer. Ann. Oncol. 
2016, 24, 693–699. 

78. Blumenschein, G.R.; Smit, E.F.; Planchard, D.; Kim, D.W.; Cadranel, J.; De Pas, T.; Dunphy, F.; Udud, K.; Ahn, M.J.; Hanna, 
N.H.; et al. A randomized phase II study of the MEK1/MEK2 inhibitor trametinib (GSK1120212) compared with docetaxel in 
KRAS-mutant advanced non-small-cell lung cancer (NSCLC). Ann. Oncol. 2015, 26, 894–901. 

79. Gadgeel, S.M.; Miao, J.; Riess, J.W.; Mack, P.C.; Gerstner, G.J.; Burns, T.F.; Taj, A.; Akerley, W.L.; Dragnev, K.H.; Moon, J.; et al. 
S1507: Phase II study of docetaxel and trametinib in patients with G12C or non-G12C KRAS mutation positive (+) recurrent 
non-small cell lung cancer (NSCLC). J. Clin. Oncol. 2019, 37, 9021–9021. 

80. Zhang, X.; Zhang, R.; Chen, H.; Wang, L.; Ren, C.; Pataer, A.; Wu, S.; Meng, Q.H.; Ha, M.J.; Morris, J.; et al. KRT-232 and navi-
toclax enhance trametinib’s anti-Cancer activity in non-small cell lung cancer patient-derived xenografts with KRAS mutations. 
Am. J. Cancer Res. 2020, 10, 4464–4475. 

81. Corcoran, R.B.; Do, K.T.; Cleary, J.M.; Parikh, A.R.; Yeku, O.O.; Weekes, C.D.; Veneris, J.; Ahronian, L.G.; Mauri, G.; Van 
Seventer, E.E.; et al. Phase I/II study of combined BCL-XL and MEK inhibition with navitoclax (N) and trametinib (T) in KRAS 
or NRAS mutant advanced solid tumours. Ann. Oncol. 2019, 30, v164.  

82. Tolcher, A.W.; Patnaik, A.; Papadopoulos, K.P.; Rasco, D.W.; Becerra, C.R.; Allred, A.J.; Orford, K.; Aktan, G.; Ferron-Brady, G.; 
Ibrahim, N.; et al. Phase I study of the MEK inhibitor trametinib in combination with the AKT inhibitor afuresertib in patients 
with solid tumors and multiple myeloma. Cancer Chemother Pharmacol. 2015, 75, 183–189. 

83. Mita, M.; Fu, S.; Piha-Paul, S.A.; Janku, F.; Mita, A.; Natale, R.; Guo, W.; Zhao, C.; Kurzrock, R.; Naing, A. Phase I trial of MEK 
1/2 inhibitor pimasertib combined with mTOR inhibitor temsirolimus in patients with advanced solid tumors. Investig. New 
Drugs 2017, 35, 616–626. 

84. Schram, A.M.; Gandhi, L.; Mita, M.M.; Damstrup, L.; Campana, F.; Hidalgo, M.; Grande, E.; Hyman, D.M.; Heist, R.S. A phase 
Ib dose-escalation and expansion study of the oral MEK inhibitor pimasertib and PI3K/MTOR inhibitor voxtalisib in patients 
with advanced solid tumours. Br. J. Cancer 2018, 119, 1471–1476. 

85. Dual RAF-MEK Inhibitor Assessed. Cancer Discov. 2021, 11, 5-6.  
86. Ishii, N.; Harada, N.; Joseph, E.W.; Ohara, K.; Miura, T.; Sakamoto, H.; Matsuda, Y.; Tomii, Y.; Tachibana-Kondo, Y.; Iikura, H.; 

et al. Enhanced inhibition of ERK signaling by a novel allosteric MEK inhibitor, CH5126766, that suppresses feedback reactiva-
tion of raf activity. Cancer Res. 2013, 73, 4050–4060. 

87. Lito, P.; Saborowski, A.; Yue, J.; Solomon, M.; Joseph, E.; Gadal, S.; Saborowski, M.; Kastenhuber, E.; Fellmann, C.; Ohara, K.; et 
al. Disruption of CRAF-Mediated MEK activation is required for effective mek inhibition in KRAS mutant tumors. Cancer Cell 
2014, 25, 697–710. 

88. Guo, C.; Chénard-Poirier, M.; Roda, D.; de Miguel, M.; Harris, S.J.; Candilejo, I.M.; Sriskandarajah, P.; Xu, W.; Scaranti, M.; 
Constantinidou, A.; et al. Intermittent schedules of the oral RAF–MEK inhibitor CH5126766/VS-6766 in patients with RAS/RAF-



Cancers 2021, 13, 6332 18 of 19 
 

 

mutant solid tumours and multiple myeloma: a single-centre, open-label, phase 1 dose-escalation and basket dose-expansion 
study. Lancet Oncol. 2020, 21, 1478–1488.  

89. Sanclemente, M.; Francoz, S.; Esteban-Burgos, L.; Bousquet-Mur, E.; Djurec, M.; Lopez-Casas, P.P.; Hidalgo, M.; Guerra, C.; 
Drosten, M.; Musteanu, M.; et al. c-RAF Ablation Induces Regression of Advanced Kras/Trp53 Mutant Lung Adenocarcinomas 
by a Mechanism Independent of MAPK Signaling. Cancer Cell 2018, 33, 217–228.e4. 

90. Coma, S.; Chowdhury, S.; Pachter, J.A. Abstract 1263: Dual RAF/MEK Inhibitor VS-6766 Enhances Antitumor Efficacy of KRAS-
G12C Inhibitors through A Vertical Pathway Inhibition Strategy; 2021.  

91. Shinde, R.; Terbuch, A.; Little, M.; Caldwell, R.; Kurup, R.; Riisnaes, R.; Crespo, M.; Ruddle, R.; Gurel, B.; Stewart, A.; et al. 
Abstract CT143: Phase I Study of the Combination of A RAF-MEK Inhibitor CH5126766 and FAK Inhibitor Defactinib in an Intermittent 
Dosing Schedule with Expansions in KRAS Mutant Cancers; 2020.  

92. Krebs, M.G.; Shinde, R.; Rahman, R.A.; Grochot, R.; Little, M.; King, J.; Kitchin, J.; Parmar, M.; Turner, A.; Mahmud, M.; et al. 
Abstract CT019: A Phase I Trial of the Combination of the Dual RAF-MEK Inhibitor VS-6766 and the FAK Inhibitor Defactinib: Evaluation 
of Efficacy in KRAS Mutated NSCLC; 2021.  

93. Riely, G.J.; Brahmer, J.R.; Planchard, D.; Crinò, L.; Doebele, R.C.; Mas Lopez, L.A.; Gettinger, S.N.; Schumann, C.; Li, X.; Atkins, 
B.; et al. A randomized discontinuation phase II trial of ridaforolimus in non-small cell lung cancer (NSCLC) patients with 
KRAS mutations. J. Clin. Oncol. 2012, 40, 7531–7531. 

94. Vansteenkiste, J.F.; Canon, J.L.; Braud FDe Grossi, F.; De Pas, T.; Gray, J.E.; Su, W.C.; Felip, E.; Yoshioka, H.; Gridelli, C.; et al. 
Safety and Efficacy of Buparlisib (BKM120) in Patients with PI3K Pathway-Activated Non-Small Cell Lung Cancer: Results from 
the Phase II BASALT-1 Study. J. Thorac. Oncol. 2015, 10, 1319–1327. 

95. Ou, S.I.; Koczywas, M.; Ulahannan, S.; Janne, P.; Pacheco, J.; Burris, H.; McCoach, C.; Wang, J.S.; Gordon, M.; Haura, E.; et al. 
A12 The SHP2 Inhibitor RMC-4630 in Patients with KRAS-Mutant Non-Small Cell Lung Cancer: Preliminary Evaluation of a 
First-in-Man Phase 1 Clinical Trial. J. Thorac. Oncol. 2020, 10, 1319–1327. 

96. Bery, N.; Miller, A.; Rabbitts, T. A potent KRAS macromolecule degrader specifically targeting tumours with mutant KRAS. 
Nat Commun. 2020, 11, 3233. 

97. Shin, W.; Lee, S.K.; Hwang, J.H.; Park, J.C.; Cho, Y.H.; Ro, E.J.; Song, Y.; Seo, H.R.; Choi, K.Y. Identification of Ras-degrading 
small molecules that inhibit the transformation of colorectal cancer cells independent of β-catenin signaling. Exp. Mol. Med. 
2018, 50, 1–10. 

98. Aguirre, A.J.; Hahn, W.C. Synthetic lethal vulnerabilities in kras-mutant cancers. Cold Spring Harb. Perspect. Med. 2018, 8, 
a031518. 

99. Litvak, A.M.; Drilon, A.E.; Rekhtman, N.; Pietanza, M.C.; Chaft, J.E.; Woo, K.; Paik, P.K.; Kris, M.G.; Riely, G.J. Phase II trial of 
bortezomib in KRAS G12D mutant lung cancers. J. Clin. Oncol. 2015, doi:10.1200/jco.2015.33.15_suppl.e19002. 

100. Goldman, J.W.; Shi, P.; Reck, M.; Paz-Ares, L.; Koustenis, A.; Hurt, K.C. Treatment Rationale and Study Design for the JUNIPER 
Study: A Randomized Phase III Study of Abemaciclib with Best Supportive Care Versus Erlotinib with Best Supportive Care in 
Patients with Stage IV Non-Small-Cell Lung Cancer with a Detectable KRAS Mutati. Clin. Lung Cancer 2016, 17, 80–4. 

101. Goldman, J.W.; Mazieres, J.; Barlesi, F.; Dragnev, K.H.; Koczywas, M.; Göskel, T.; Cortot, A.B.; Girard, N.; Wesseler, C.; Bischoff, 
H.; et al. A Randomized Phase III Study of Abemaciclib Versus Erlotinib in Patients with Stage IV Non-small Cell Lung Cancer 
With a Detectable KRAS Mutation Who Failed Prior Platinum-Based Therapy: JUNIPER. Front Oncol. 2020, 10, 578756. 

102. Deng, J.; Thennavan, A.; Dolgalev, I.; Chen, T.; Li, J.; Marzio, A.; Poirier, J.T.; Peng, D.; Bulatovic, M.; Mukhopadhyay, S.; et al. 
ULK1 inhibition overcomes compromised antigen presentation and restores antitumor immunity in LKB1 mutant lung cancer. 
Nat Cancer. 2021, 2, 503–514. 

103. Dikic, I. Proteasomal and Autophagic Degradation Systems. Annu. Rev. Biochem. 2017, 86, 193–224. 
104. Hillig, R.C.; Sautier, B.; Schroeder, J.; Moosmayer, D.; Hilpmann, A.; Stegmann, C.M.; Werbeck, N.D.; Briem, H.; Boemer, U.; 

Weiske, J.; et al. Discovery of potent SOS1 inhibitors that block RAS activation via disruption of the RAS–SOS1 interaction. Proc. 
Natl. Acad. Sci. USA 2019, 2019, 2551–2560. 

105. Sun, Q.; Burke, J.P.; Phan, J.; Burns, M.C.; Olejniczak, E.T.; Waterson, A.G.; Lee, T.; Rossanese, O.W.; Fesik, S.W. Discovery of 
small molecules that bind to K-Ras and inhibit Sos-mediated activation. Angew. Chemie. Int. Ed. 2012, 51, 6140–61403. 

106. Maurer, T.; Garrenton, L.S.; Oh, A.; Pitts, K.; Anderson, D.J.; Skelton, N.J.; Fauber, B.P.; Pan, B.; Malek, S.; Stokoe, D.; et al. Small-
molecule ligands bind to a distinct pocket in Ras and inhibit SOS-mediated nucleotide exchange activity. Proc. Natl. Acad. Sci. 
USA 2012, 109, 5299–5304. 

107. Carvalho, P.D.; Guimarães, C.F.; Cardoso, A.P.; Mendonça, S.; Costa, Â.M.; Oliveira, M.J.; Velho, S. KRAS oncogenic signaling 
extends beyond cancer cells to orchestrate the microenvironment. Cancer Res. 2018, 78, 7–14. 

108. Serrels, A.; Lund, T.; Serrels, B.; Byron, A.; McPherson, R.C.; Von Kriegsheim, A.; Gómez-Cuadrado, L.; Canel, M.; Muir, M.; 
Ring, J.E.; et al. Nuclear FAK Controls Chemokine Transcription, Tregs, and Evasion of Anti-tumor Immunity. Cell 2015, 163, 
160–173. 

109. Tran, E.; Ahmadzadeh, M.; Lu, Y.C.; Gros, A.; Turcotte, S.; Robbins, P.F.; Gartner, J.J.; Zheng, Z.; Li, Y.F.; Ray, S.; et al. Immu-
nogenicity of somatic mutations in human gastrointestinal cancers. Science (80- ) 2015, 350, 1387–1390. 

110. Steinbuck, M.; DeMuth, P.; Seenappa, L. 723 Lymph node-targeted AMP-vaccine enables tumor-directed mKRAS-specific im-
mune responses with potent polyfunctional and cytolytic activity. J. Immunother. Cancer 2020, doi:10.1136/jitc-2020-
SITC2020.0723. 



Cancers 2021, 13, 6332 19 of 19 
 

 

111. Liu, W.; Yin, Y.; Wang, J.; Shi, B.; Zhang, L.; Qian, D.; Li, C.; Zhang, H.; Wang, S.; Zhu, J.; et al. Kras mutations increase telomer-
ase activity and targeting telomerase is a promising therapeutic strategy for Kras-mutant NSCLC. Oncotarget 2017, 8, 179–190. 

112. Chiappori, A.A.; Kolevska, T.; Spigel, D.R.; Hager, S.; Rarick, M.; Gadgeel, S.; Blais, N.; Von Pawel, J.; Hart, L.; Reck, M.; et al. 
A randomized phase II study of the telomerase inhibitor imetelstat as maintenance therapy for advanced non-small-cell lung 
cancer. Ann. Oncol. 2015, 26, 354–362. 

113. Lane, A.A.; Chabner, B.A. Histone deacetylase inhibitors in cancer therapy. J. Clin. Oncol. 2009, 14, 1414. 
114. Ramalingam, S.S.; Maitland, M.L.; Frankel, P.; Argiris, A.E.; Koczywas, M.; Gitlitz, B.; Thomas, S.; Espinoza-Delgado, I.; Vokes, 

E.E.; Gandara, D.R.; et al. Carboplatin and paclitaxel in combination with either vorinostat or placebo for first-line therapy of 
advanced non-small-cell lung cancer. J. Clin. Oncol. 2010, 28, 56–62. 

 
 
 


	1. Introduction
	2. KRAS Structure and Signalling Pathway
	3. KRAS Mutation Subtypes
	4. KRAS Co-Mutations
	5. Clinical Characteristics and Standard Treatment of KRAS-Mutant NSCLC Patients
	6. Therapeutic Strategies: Recent Clinical Evidence
	6.1. Direct Targeting of Mutant “Non-p.G12C” KRAS
	6.2. Targeting KRAS Membrane Anchorage
	6.3. Targeting KRAS Downstream Pathways
	6.4. Targeting Co-Dependent Vulnerabilities or Synthetic Lethal Partners
	6.5. Targeting KRAS Activity Regulators
	6.6. Targeting Immune System
	6.7. Epigenetic Approaches

	7. Discussion
	8. Conclusions

