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Abstract

Introduction: Kirsten rat sarcoma virus (KRAS) mutations (KRASms) are detected in
approximately 25% of non-small cell lung cancer (NSCLC) patients with adenocarcinoma.
Next-generation sequencing (NGS) has enabled the identification of diverse KRASm
subtypes with distinct prognoses, co-mutation patterns and clinical characteristics. This
study aimed to investigate the clinical and pathological characteristics of KRASm patients
across all stages of NSCLC.

Methods: We analysed NSCLC patients from 2019 to 2021 using the lllumina Focus
52-gene targeted NGS panel, which detects DNA and RNA alterations. PD-L1 expression
was assessed using the SP263 antibody. We examined the clinical and pathological char-
acteristics of KRASm patients, including KRASm subtypes and co-mutations.

Results: Of the 123 patients, 62 (50.4%) had KRASm, with a median age of 67 years
(range 49-92). Of these, 79% were male, 87.1% had adenocarcinomas and only 8.1%
were non-smokers. NGS alone was sufficient for molecular characterisation in 19.4%
of cases; in 75.8%, an additional single molecular test was required. KRASm subtypes
were distributed as follows: G12C (33.8%), G12V (25.8%), G12D (21%) and Q61H (6.5%).
G12V was more prevalent in non-smokers (60%). Co-mutations were detected in 24.2%
of patients, with PIK3CA being the most frequent. PD-L1 expression >50% was observed
in 19.4% of patients. No significant associations were identified between KRAS subtypes
and PD-L1 expression levels or co-mutations.

Significant differences in the clinical stage were noted across KRASm subtypes. Early-
stage disease accounted for 24.19% of KRASm cases, with G12D observed in 40% of
these patients. However, G12C and G12V subtypes were more frequently associated
with metastatic disease (p = 0.004). While differences in median overall survival were
observed across KRASm subtypes, they were not statistically significant (p = 0.5). The
presence of co-mutations and high PD-L1 expression was suggested to be associated
with a worse prognosis, without reaching statistical significance (p = 0.4 and p = 0.06,
respectively).
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Conclusion: This study underscores the importance of assessing KRAS status and subtypes in NSCLC, particularly in early-stage disease, due
to their association with metastatic risk. This could have relevance in treatment strategies and subsequent monitoring, which could necessar-
ily be closer in higher risk patients. Moreover, while PD-L1 status shows potential as a prognostic factor in KRASm patients, further research
is needed to confirm this relationship.
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Introduction

Rat sarcoma virus (RAS) is a well-known oncogene encoding small G proteins with intrinsic GTPase activity. This activity inactivates the pro-
tein and activates downstream effectors involved in multiple pathways, playing a critical role in cellular processes such as survival, division
and differentiation. The RAS family includes three GTPase isoforms: Kirsten rat sarcoma virus (KRAS), neuroblastoma RAS viral oncogene
homolog (NRAS) and Harvey rat sarcoma virus (HRAS). All three operate within the RAS-RAF-MEK-ERK (MAPK) pathway, which is activated
by growth factors, cytokines, immunological receptors, integrins and chemokine receptors [1, 2].

Deregulation of the RAS oncogene disrupts survival, division and proliferation processes, leading to carcinogenesis. These disruptions may
involve impaired receptor signalling, imbalances in BCL-2 family proteins regulating apoptosis, increased expression of inhibitors of apoptosis
proteins, reduced caspase expression and mutations in tumour suppressor genes [2, 3]. Alterations in RAS oncogenes, particularly at codons
12,13 or 61, are implicated in the development of various tumours. These mutations are present in up to 20% of cancers, with RAS mutation
or amplification being the most common genetic alteration in human tumours [4-8].

Within the RAS family, KRAS is the most frequently mutated isoform, observed in approximately 17% of solid tumours, including 90% of
pancreatic cancers, 50% of colorectal cancers and 25% of lung cancers. In non-small cell lung cancer (NSCLC), KRAS mutations are found
in about 80% of lung adenocarcinomas [9, 10]. Alterations in HRAS and NRAS are less common and are mainly associated with melanoma,
thyroid cancer (NRAS), bladder cancer, non-melanoma skin cancers and head and neck cancers (HRAS) [11].

Recent studies have identified distinct KRAS mutation subtypes, with KRAS G12C being the most prevalent in NSCLC, followed by G12V
and G12D [12-15]. These subtypes have unique roles in carcinogenesis and drug response. For example, KRAS G12C and G12V increase
RAS-related protein signalling but reduce PI3K/AKT signalling compared to other KRAS mutations or wild-type cell lines, while KRAS G12D
preferentially activates the PI3K/AKT pathway [14, 16-20].

KRAS mutations are generally exclusive of other actionable driver mutations, such as EGFR, ROS1, ALK, MET, RET, BRAF, HER2 and NTRK.
However, co-mutations in tumour suppressor genes such as STK11, TP53 or CDKN2A/CDKN2B are frequently observed in lung cancer. The
presence of KRAS is significant not only for ruling out other targeted mutations but also for its potential as a therapeutic target. Recently,
drugs targeting KRAS G12C, such as Sotorasib and Adagrasib, have been developed. These irreversible and selective inhibitors have shown
clinical benefits in previously treated NSCLC patients. Sotorasib is European Medicines Agency and Food and Drug Administration approved
as a second-line treatment, with ongoing studies evaluating its role in first-line therapy [21, 22].

The impact on the prognosis of the different pathological and clinical characteristics that accompany the KRAS mutation and their influ-
ence on it remains controversial. Different KRAS subtypes, co-mutations and PD-L1 expression levels may influence prognosis, treatment
response and outcomes [23-35]. Most studies on KRAS mutations focus on metastatic disease, with limited data on the localised disease.
Thus, information on KRAS is, in many cases, incomplete, since it is not clear whether these characteristics have an impact on the stage and
aggressiveness of the disease. This document aims to evaluate the predictive role of KRAS subtypes by examining their relationship with
clinical characteristics, disease stage and the impact of co-mutations and PD-L1 expression on patient survival.
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Methods

This study included 123 patients with various stages of lung cancer treated at our institution between January 2019 and December 2021.
All patients underwent molecular analysis using next generation sequencing (NGS) with the AmpliSeq for lllumina Focus Panel. This targeted
resequencing assay analyses 52 genes associated with carcinogenesis and tumour development, including ABL1, AKT1, AKT3, ALK, AR,
AXL, BRAF, CCND1, CDK4, CDK6, CTNNB1, DDR2, EGFR, ERBB2, ERBB3, ERBB4, ERG, ESR1, ETV1, ETV4, ETV5, FGFR1, FGFR2, FGFR3,
FGFR4, GNA11, GNAQ, HRAS, IDH1, IDH2, JAK1, JAK2, JAKS, KIT, KRAS, MAP2K1, MAP2K2, MET, MTOR, MYC, MYCN, NRAS, NTRK1,
NTRK2, NTRK3, PDGFRA, PIK3CA, PPARG, RAF1, RET, ROS1 and SMO. The gene selection was based on published literature, established
clinical guidelines such as those from the Association for Molecular Pathology, College of American Pathologists and European Society for
Medical Oncology, as well as ongoing clinical trials.

The NGS platform analysed DNA and RNA simultaneously, detecting single nucleotide polymorphisms, gene fusions, somatic variants, inser-
tions-deletions (indels) and copy number variants. In cases where NGS analysis was insufficient or defective, additional testing methods such
as immunohistochemistry, fluorescence in situ hybridisation or real-time polymerase chain reaction were utilised. PD-L1 expression was
assessed for all patients using the SP263 antibody.

Out of the initial cohort of 123 patients, 62 were identified as having KRAS mutations and formed the final study group (Figure 1). Data
collected for these patients encompassed molecular characteristics, including the specific KRAS mutation subtype, the presence of co-muta-
tions and the percentage of PD-L1 expression. Clinical characteristics, such as sex, ethnicity, age at diagnosis, Performance Status (ECOG)
and smoking history, were also recorded, along with disease-specific features such as histology type and stage.

To assess the relationship between KRAS subtypes and various molecular, clinical and disease characteristics, chi-square and logistic regres-
sion tests were performed to compare mean differences among patient groups. Statistical significance was defined as a p value of less than
0.05, using a two-sided type | error. All statistical analyses were conducted using the SPSS Package version 25.

123 patients

All stages of lung
cancer with

molecular study
performed

61 patients
did not have KRAS
mutation

62 patients

had KRAS mutation

Figure 1. Patients flowchart. Of the 123 patients, 62 had mutations in the KRAS oncogene and were selected as the final cohort.
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Additionally, the study evaluated the influence of KRAS subtypes, co-mutations and PD-L1 expression on patient survival. Kaplan-Meier
analysis was employed to assess survival outcomes, exploring the potential prognostic significance of these factors.

Results

The study population comprised 62 patients with KRAS mutations, selected from an initial cohort of 123 lung cancer patients treated at the
institution between January 2019 and December 2021. The median age of the patients was 67 years, ranging from 49 to 92 years. The major-
ity were male, accounting for 79% of the cohort and nearly all were Caucasian (98.4%). Most patients had an ECOG Performance Status score
of 0 (24.2%) or 1 (50%) at the time of diagnosis. A significant proportion were current or former smokers, representing 91.9% of the group.

Histologically, 87.1% of the tumours were adenocarcinomas. Regarding disease stage at diagnosis, the cohort included patients across all
clinical stages: 24.2% were in stages | or ll, 11.3% in stage Ill and 64.5% in stage IV. Molecular analysis was performed using NGS alone in
24.2% of cases, while 75.8% required a combination of NGS and an additional single test. PD-L1 status was determined for nearly all patients,
with data missing for only one individual (Table 1).

KRAS subtypes and clinical-molecular characterisation

In this cohort of 62 lung cancer patients with KRAS mutations, the most common subtype was KRAS G12C, detected in 33.8% of cases. This
was followed by KRAS G12V (25.8%), KRAS G12D (21%) and KRAS Q61H (6.5%), while 12.8% of patients had other less frequent KRAS
mutation subtypes (Figure 2).

Among patients with the KRAS G12C mutation, all were smokers, and adenocarcinoma histology was observed in 95.2% of cases. Most of
these patients (76.2%) were diagnosed at stage |V, with 76.2% showing negative PD-L1 expression. The most frequent co-mutation in this
subtype was a RET rearrangement.

12.90%

33.90%

® KRAS G12C @ KRAS G12V @ KRAS G12D e Others ® KRAS Q61H

Figure 2. KRAS subtypes. In our cohort of 62 lung cancer patients with KRAS mutations, the most frequent subtype was G12C (33.8%), followed by G12V
(25.8%), G12D (21%) and Q61H (6.5%). Eight patients (12.8%) had other KRAS mutation subtypes.
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Table 1. Baseline characteristics of patients

Age (years) 67 (49-92)
Sex
°Men 49 (79%)
°Women 13 (21%)
Ethnic origin
°Caucasian 61 (98.4%)
°Afrodescendants 1(1.6%)
ECOG
°0 15 (24.2%)
°1 31 (50%)
°2 9 (14.5%)
°3 7 (11.3%)

Smoking habit

°Former/Current 57 (91.9%)

°Never 5(8.1%)

Histological subtype

°Adenocarcinoma 54 (87.1%)
°Squamous 1(1.6%)
°Others 7 (11.3%)

Clinical stage

o] 15 (24.2%)
i 7 (11.3%)
v 40 (64.5%)

Molecular evaluation

°NGS

12 (19.4%)
°NGS + Single test 47 (75.8%)
°Single test 3 (4.8%)
Evaluation PD-L1 expression
“Yes 61(98.5%)
°No 1(1.6%)
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The KRAS G12V subtype, the second most frequent, showed a higher percentage of non-smokers (18%) compared to KRAS G12C. While
adenocarcinoma histology remained predominant (75%), 81.3% of these patients were diagnosed at stage IV. PD-L1 positivity was seen in
43% of cases. Co-mutations were detected in this group, but none showed a notably higher prevalence (Table 2).

Table 2. Patient characteristics.

G12C Gi12v G12D Q61H Others
(n=21) (n=16) (n=13) (n=4) (n=28)
Age (years) 66.5 69.8 63.6 71.7 65.6
Sex
°Men 17 (81%) 12 (75%) 11 (84.6%) 3(75%) 6 (75%)
°Women 4 (19%) 4 (25%) 2 (15.4%) 1(25%) 2 (25%)
Ethnic origin
°White 20 (95.2%) 16 (100%) 13 (100%) 4 (100%) 8 (100%)
°Black 1(4.8%) - - - -
ECOG
°0 4 (19%) 2 (12.5%) 6 (46.2%) - 3(37.5%)
°1 11 (52.4%) 11 (68.8%) 4 (30.8%) 2 (50%) 3(37.5%)
°2 1(4.8%) 2(12.5%) 3(23.1%) 1(25%) 2 (25%)
°3 5(23.8%) 1(6.3%) 0 1(25%) -
Smoking habit
°Yes 21 (100%) 13 (81.3%) 11 (84.6%) 4 (100%) 8 (100%)
°No - 3(18%) 2 (15.4%) - -
Histological subtype
°Adenocarcinoma 20 (95.2%) 12 (75%) 11 (84.6%) 3(75%) 8 (100%)
°Squamous - 1(6.3%) - - -
°Others 1(4.8%) 3(18.8%) 2 (15.4%) 1(25%) -
Clinical stage
°l-l 3(14.3%) 2(12.6%) 6 (46.2%) 2 (50%) 2 (25%)
Nl 2(9.5%) 1(6.3%) 1(7.7%) 1(25%) 2 (25%)
°lv 16 (76.2%) 13 (81.3%) 6(46.2%) 1(25%) 4 (50%)
PD-L1 expression 21
°Yes 5(23.8%) 7 (43.8%) 5(38.5%) 2 (50%) 4 (50%)
°No 16 (76.2%) 9 (56.3%) 7 (53.8%) 2 (50%) 4 (50%)
Co-mutation
°Yes 5(23.8%) 6 (37.5%) 1(7.7%) 2 (50%) 2 (25%)
°No 16 (76.2%) 10 (62.5%) 12 (92.3%) 2 (50%) 6 (75%)
1 BRAF mutation 1 EGFR mutation 1 KRAS co-mutation | 1 ERBB2 + MAP2KI
not V60OE 1 PDGFRA mutation co-mutation
2 RET re arrangements | 1 PIK3CA mutation 1 mTOR mutation
1 FGFR2 mutation 1 JAK2 mutation
1 PIBKCA mutation 1 C-KIT mutation
1 NRAS mutation

ecancer 2025, 19:1914; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2025.1914



http://www.ecancer.org
https://doi.org/10.3332/ecancer.2025.1914

Patients with the KRAS G12D subtype, like those with KRAS G12V, included a larger proportion of non-smokers. Interestingly, this subtype
was associated with earlier disease stages, with 53.9% of patients diagnosed at stages |, Il or Ill, compared to KRAS G12C (23.8%) and KRAS
G12V (18.9%). A majority (53.8%) of KRAS G12D patients exhibited negative PD-L1 expression. This subtype also demonstrated the lowest
rate of co-mutations, with only one patient presenting a co-mutation involving KRAS itself (Table 2).

KRAS Q61H was the least frequent subtype, identified in only four patients. Half of these cases were diagnosed at early stages, and PD-L1
expression was observed in 50% (Table 2).

Statistical analysis did not reveal significant differences in sex (p = 0.9), ethnic origin (p = 0.7), smoking habit (p = 0.4) or histology (p = 0.6)
among the various KRAS mutation subtypes. However, a statistically significant relationship was observed between the clinical stage and
KRAS subtypes. KRAS G12D was more common in early-stage disease (p = 0.04), while KRAS G12C and KRAS G12V were associated with
higher rates of metastatic disease (p = 0.004). There was no significant association between the KRAS subtype and PD-L1 expression levels
(p = 0.16) or the presence of co-mutations (p = 0.26) (Figure 3a-d).

KRAS subtypes and overall survival

The analysis revealed no significant differences in overall survival among patients based on the subtype of KRAS mutation (p = 0.6). Similarly,
survival outcomes did not differ significantly between patients with or without co-mutations, with median survival times of 11 and 8 months,
respectively (p = 0.6).

Regarding PD-L1 expression, although statistical significance was not achieved, a trend was observed suggesting that patients with negative
PD-L1 expression may have better survival outcomes compared to those with higher levels of PD-L1 expression. Specifically, median survival
was 19 months for patients with PD-L1 <1%, 11 months for those with PD-L1 expression between 1%-49% and 8 months for patients with
PD-L1 >50% (p = 0.068) (Figure 4a-c).

50%

®PD-L1< 1% ®mPD-L11-49% ® PD-L1=50%

40%

30%

20%

10%

Cases per PD-L1 Expression (%)

S

G12C G12v G12D Others Q61H
KRAS Subtype

0%

Figure 3. (a-d): Relationship between KRAS mutation subtype and clinical stage, presence of metastasis, PD-L1 expression and presence of co-mutations.
A statistically significant relationship was identified between the different clinical stages and the KRAS subtyes, with the KRAS G12D subtype being more
frequent in patients with early-stage disease (p = 0.04) (a). In the same way, the KRAS subtype was related to the presence of metastasis, presenting a
higher incidence of metastasis in those patients with KRAS G12C and G12V subtype mutations (p = 0.004) (b). On the contrary, the KRAS subtype was not
significantly related to the percentage of PD-L1 expression (p = 0.16) (c) nor to the presence or absence of co-mutations (p = 0.26) (d).
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Fig. 4a: Relationship between KRAS subtype and overall Survival
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Figure 4. (a-c): Relationship between KRAS mutation subtype, PD-L1 expression or presence of co-mutations and overall survival. There were no
significant differences in overall survival based on the KRAS mutation subtype (p = 0.6) (a) and co-mutations (p = 0.6) (b). In terms of PD-L1 expression,
although statistical significance was not reached, patients with negative PD-L1 expression tended to have greater survival than those with PD-L1
expression >50% (p = 0.068) (c).

Discussion

Lung cancer remains the most common cancer globally and the leading cause of cancer-related deaths.

Tobacco is a major carcinogen linked to lung cancer, but other genetic triggers, particularly mutations in KRAS, EGFR, ALK, BRAF, RET, MET
and ROS1, are also central to its development. Among these, KRAS mutations are the most frequent, present in 80% of lung cancer cases,
particularly in adenocarcinoma subtypes and are largely related to smoking. The most common KRAS mutations are G12C, G12V and G12D,
with emerging evidence indicating that KRAS mutations negatively impact prognosis, contributing to poorer outcomes and shorter survival
following first-line treatment. With the availability of new therapies like Sotorasib, which targets KRAS G12C mutations in NSCLC, identify-
ing factors that help pinpoint patients more likely to harbour these mutations is crucial [36, 56].

Our epidemiological data support previous research, showing strong associations between KRAS mutations, smoking and adenocarcinoma
histology, with 91.9% of patients being smokers and 87.1% having adenocarcinoma. The study also found a predominance of male patients
(79%). The most common KRAS mutation was G12C, followed by G12V and G12D, which is consistent with earlier studies. However, no
statistically significant links were found between KRAS subtype mutations and factors such as sex, histology or smoking habits.

At the time of diagnosis, most patients were diagnosed at advanced stages, with 64.5% presenting with stage |V disease. This mirrors findings
in other studies showing a higher frequency of advanced disease among patients with KRAS mutations. The study also identified significant
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differences in the frequency of metastasis and clinical stages across KRAS subtypes. KRAS G12C and G12V mutations were associated with
higher rates of metastasis (76.2% and 81.3%, respectively) compared to the G12D subtype, which had a higher frequency of localised stages
at diagnosis (53.9%). These findings suggest that different KRAS mutation subtypes may exhibit distinct behaviour, leading to varied out-
comes. Patients with the KRAS G12D mutation, in particular, appeared to have better survival outcomes, with their survival not yet reached
at the time of analysis.

Regarding PD-L1 expression, the study found that 19.4% of patients had a PD-L1 expression greater than 50%. Interestingly, the expression
levels of PD-L1 varied by KRAS mutation subtype. Although not statistically significant, the data suggested that patients with KRAS G12V
mutations had higher PD-L1 expression, whereas those with KRAS G12C mutations had higher rates of PD-L1 negativity. Previous studies
suggest that KRAS mutations may create an immunologically active tumour microenvironment, potentially enhancing the effectiveness of
immunotherapies. KRAS-mutant NSCLC patients tend to respond better to immunotherapy compared to KRAS wild-type patients, particu-
larly when PD-L1 expression is elevated. Despite this, our study found that patients with PD-L1 expression above 50% had worse survival
outcomes. This could be due to the fact that many of these patients had more aggressive KRAS subtypes like G12V, which are more often
associated with advanced disease.

Although KRAS mutations are generally mutually exclusive with other oncogenic mutations, co-mutations in tumour suppressor genes such
as STK11, TP53 or KEAP1 are frequently seen in KRAS-mutant tumours. These co-mutations are associated with treatment resistance in pre-
clinical models and may contribute to a poor prognosis. STK11 mutations are particularly problematic, as they are linked to resistance to both
immunotherapy and chemotherapy. TP53 mutations, which are among the most common genetic alterations in lung cancer, can promote
resistance to chemotherapy agents and may also alter the tumour’s immune environment, reducing the effectiveness of immune checkpoint
inhibitors. Furthermore, co-mutations in KEAP1, a gene involved in regulating the antioxidant response, are also commonly seen in KRAS-
mutant tumours. KEAP1 mutations often result in the activation of the Nrf2 pathway, which can lead to the development of resistance to
chemotherapeutic agents, particularly those that generate oxidative stress as a mode of action.

While it is interesting to use our panel to explore the frequency of mutations in lesser known genes or those closely related to KRAS, the
study of KEAP1, STK11 and TP53 is noteworthy for their already-known role in these tumours. Identifying and understanding these co-
mutations is essential for improving patient prognosis, as they could inform the development of combination therapies that target both the
KRAS mutation and the associated tumour suppressor gene alterations.

The small sample size of our study restricts the generalisability of our findings and limits statistical power, especially when assessing the
significance of KRAS mutation subtypes or co-mutations. Although trends were observed suggesting differences in aggressiveness and
metastatic potential between KRAS G12C, G12V and G12D subtypes, the small sample size may have impacted our ability to detect truly
significant differences between these subtypes.

Moreover, the heterogeneity of the patient population and the diversity of genetic and clinical subtypes make it even more challenging to
detect precise patterns when the sample size is limited. Studies with larger sample sizes allow for greater precision in effect estimation, which
is essential for establishing reliable relationships between KRAS mutations and survival outcomes. In this regard, larger studies are neces-
sary not only to confirm the preliminary observations made but also to help identify mutation patterns and their clinical implications more
robustly.

Conclusion

In conclusion, our study underscores the importance of personalised treatment approaches in NSCLC, particularly for patients with KRAS
mutations. The differing behaviours of KRAS mutation subtypes suggest that treatment strategies should be tailored based on the specific
subtype of KRAS mutation, with the potential for more targeted therapies or immunotherapy. Moreover, these findings could have relevance
in treatment strategies and subsequent monitoring, which could necessarily be closer in higher risk patients.

Future research should focus on larger cohort studies with increased statistical power and the inclusion of critical co-mutations such as
STK11, TP53 and KEAP1, to better understand their role in treatment resistance and prognosis. Expanding molecular analyses to include a
wider array of genetic alterations could significantly improve the management and outcomes of KRAS-mutant NSCLC.

ecancer 2025, 19:1914; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2025.1914 9


http://www.ecancer.org
https://doi.org/10.3332/ecancer.2025.1914

Statements of ethics

The study was carried out following Good Clinical Practices, in accordance with the Declaration of Helsinki (Fortaleza, Brazil, October 2013),
and with the biomedical research law 14/2007, of July 3. This study included no clinical trials or animal experiments. All patients with this
pathology have a molecular study within the healthcare practice, so this study did not involve extra procedures beyond the usual healthcare
process. Therefore, the study has been granted an exemption from requiring written informed consent. The ethical approval was conceded
by the CEIm committee (Research Ethics Committee of the Parc Tauli Hospital Center).

Conflicts of interest

The authors have no conflicts of interest to declare.

Funding

The authors declare that no funds, grants or other support were received during the preparation of this manuscript.

Author contributions

Study conceptualisation and design: Carla Climent, Julia Giner, Laia Vila.

Acquisition, analysis or interpretation of data: Carla Climent, Sandra Soriano, Julia Giner, M Carmen Blazquez, Ruben Carrera, Natalia Lopez,
Marina Sierra, Pablo Cobo, Monica Fragio, Mireia Busquets, Ona Cano | Cano, Alicia Carrasco, Laia Vila.

Drafting of the manuscript: Carla Climent, Sandra Soriano, Julia Giner, Natalia Lopez, Marina Sierra, Pablo Cobo, Monica Fragio, Mireia Bus-
quets, Ona Cano | Cano, Alicia Carrasco, Laia Vila.

Critical revision and final approval of the manuscript: Carla Climent, Julia Giner, Laia Vila.

Administrative, technical or material support: Carla Climent, Julia Giner, M Carmen Blazquez, Ruben Carrera, M Angel Segui, Laia Vila.

Data availability statement

We were allowed to access the ONQOS database after registration on the official website. All data in this study are from the ONQOS data-
base. Further inquiries can be directed to the corresponding author.

References

1. Cargnello M and Roux PP (2011) Activation and function of the MAPKSs and their substrates, the MAPK-activated protein kinases Micro-
biol Mol Biol Rev 75 50-83 https://doi.org/10.1128/MMBR.00031-10 PMID: 21372320 PMCID: 3063353

2. Hymowitz SG and Malek S (2018) Targeting the MAPK pathway in RAS mutant cancers Cold Spring Harb Perspect Med 8 a031492
https://doi.org/10.1101/cshperspect.a031492 PMID: 29440321 PMCID: 6211377

3. Barbacid M (1987) Ras genes Annu Rev Biochem 56 779-827 https://doi.org/10.1146/annurev.bi.56.070187.004023 PMID: 3304147

4. Gimple RC and Wang X (2019) RAS: striking at the core of the oncogenic circuitry Front Oncol 9 965 https:/doi.org/10.3389/
fonc.2019.00965 PMID: 31681559 PMCID: 6798062

ecancer 2025, 19:1914; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2025.1914 10


http://www.ecancer.org
https://doi.org/10.3332/ecancer.2025.1914
https://doi.org/10.1128/MMBR.00031-10
http://www.ncbi.nlm.nih.gov/pubmed/21372320
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3063353
https://doi.org/10.1101/cshperspect.a031492
http://www.ncbi.nlm.nih.gov/pubmed/29440321
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6211377
https://doi.org/10.1146/annurev.bi.56.070187.004023
http://www.ncbi.nlm.nih.gov/pubmed/3304147
https://doi.org/10.3389/fonc.2019.00965
https://doi.org/10.3389/fonc.2019.00965
http://www.ncbi.nlm.nih.gov/pubmed/31681559
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6798062

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Simanshu DK, Nissley DV, and McCormick F (2017) RAS proteins and their regulators in human disease Cell 170 17-33 https://doi.
org/10.1016/j.cell.2017.06.009 PMID: 28666118 PMCID: 5555610

Soh J, Okumura N, and Lockwood WW, et al (2009) Oncogene mutations, copy number gains and mutant allele specific imbalance
(MASI) frequently occur together in tumor cells PLoS One 4(10) e7464 https://doi.org/10.1371/journal.pone.0007464 PMID: 19826477
PMCID: 2757721

Bos JL (1989) Ras oncogenes in human cancer: a review Cancer Res 49 4682-4689 PMID: 2547513

Hobbs GA, Der CJ, and Rossman KL (2016) RAS isoforms and mutations in cancer at a glance J Cell Sci 129 1287-1292 https:/doi.
org/10.1242/jcs.182873 PMID: 26985062 PMCID: 4869631

Consortium APG (2017) AACR project GENIE: powering precision medicine through an international consortium Cancer Discov 7 818-
831 https://doi.org/10.1158/2159-8290.CD-17-0151

Cerami E, Gao J, and Dogrusoz U, et al (2012) The cBio cancer genomics portal: an open platform for exploring multidimensional cancer
genomics data Cancer Discov 2 401-404 https://doi.org/10.1158/2159-8290.CD-12-0095 PMID: 22588877 PMCID: 3956037

Punekar SR, Velcheti V, and Neel BG, et al (2022) The current state of the art and future trends in RAS-targeted cancer therapies Nat
Rev Clin Oncol 19(10) 637-655 https:/doi.org/10.1038/s41571-022-00671-9 PMID: 36028717 PMCID: 9412785

Garassino MC, Marabese M, and Rusconi P, et al (2011) Different types of K-Ras mutations could affect drug sensitivity and tumour
behaviour in non-small-cell lung cancer Ann Oncol 22 235-237 https://doi.org/10.1093/annonc/mdq680

Janakiraman M, Vakiani E, and Zeng Z, et al (2010) Genomic and biological characterization of exon 4 KRAS mutations in human cancer
Cancer Res 70 5901-5911 https://doi.org/10.1158/0008-5472.CAN-10-0192 PMID: 20570890 PMCID: 2943514

Ihle NT, Byers LA, and Kim ES, et al (2012) Effect of KRAS oncogene substitutions on protein behavior: implications for signaling and
clinical outcome J Natl Cancer Inst 104 228-239 https://doi.org/10.1093/jnci/djr523 PMID: 22247021 PMCID: 3274509

Miller MS and Miller LD (2012) RAS mutations and oncogenesis: not all RAS mutations are created equally Front Genet 2 100 https:/
doi.org/10.3389/fgene.2011.00100 PMID: 22303394 PMCID: 3262225

Nadal E, Chen G, and Prensner JR, et al (2014) KRAS- G12C mutation is associated with poor outcome in surgically resected lung adeno-
carcinoma J Thorac Oncol 9 1513-1522 https://doi.org/10.1097/JTO.0000000000000305 PMID: 25170638

Zeng M, Lu J, and Li L, et al (2017) Potent and selective covalent quinazoline inhibitors of KRAS G12C Cell Chem Biol 24 1005-1016.
e3 https://doi.org/10.1016/j.chembiol.2017.06.017 PMID: 28781124

Xu S, Long BN, and Boris GH, et al (2017) Structural insight into the rearrangement of the switch | region in GTP-bound G12A K-Ras
Acta Crystallogr D Struct Biol 73 970-984 https://doi.org/10.1107/52059798317015418 PMID: 29199977

Cruz-Migoni A, Canning P, and Quevedo CE, et al (2019) Structure-based development of new RAS-effector inhibitors from a combina-
tion of active and inactive RAS-binding compounds Proc Natl Acad Sci USA 116 2545-2550 https://doi.org/10.1073/pnas.1811360116
PMID: 30683716 PMCID: 6377466

Pettersen EF, Goddard TD, and Huang CC, et al (2004) UCSF chimera-a visualization system for exploratory research and analysis J
Comput Chem 25 1605-1612 https://doi.org/10.1002/jcc.20084 PMID: 15264254

Janne PA, Riely GJ, and Gadgeel SM, et al (2022) Adagrasib in non-small-cell lung cancer harboring a KRASG12C mutation N Engl J Med
387(2) 120-131 https:/doi.org/10.1056/NEJM0a2204619 PMID: 35658005

Skoulidis F, Li BT, and Dy GK, et al (2021) Sotorasib for lung cancers with KRAS p.G12C mutation N Engl J Med 384(25) 2371-2381
https://doi.org/10.1056/NEJM0a2103695 PMID: 34096690 PMCID: 9116274

ecancer 2025, 19:1914; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2025.1914 11


http://www.ecancer.org
https://doi.org/10.3332/ecancer.2025.1914
https://doi.org/10.1016/j.cell.2017.06.009
https://doi.org/10.1016/j.cell.2017.06.009
http://www.ncbi.nlm.nih.gov/pubmed/28666118
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5555610
https://doi.org/10.1371/journal.pone.0007464
http://www.ncbi.nlm.nih.gov/pubmed/19826477
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2757721
http://www.ncbi.nlm.nih.gov/pubmed/2547513
https://doi.org/10.1242/jcs.182873
https://doi.org/10.1242/jcs.182873
http://www.ncbi.nlm.nih.gov/pubmed/26985062
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4869631
https://doi.org/10.1158/2159-8290.CD-17-0151
https://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3956037
https://doi.org/10.1038/s41571-022-00671-9
http://www.ncbi.nlm.nih.gov/pubmed/36028717
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9412785
https://doi.org/10.1093/annonc/mdq680
https://doi.org/10.1158/0008-5472.CAN-10-0192
http://www.ncbi.nlm.nih.gov/pubmed/20570890
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2943514
https://doi.org/10.1093/jnci/djr523
http://www.ncbi.nlm.nih.gov/pubmed/22247021
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3274509
https://doi.org/10.3389/fgene.2011.00100
https://doi.org/10.3389/fgene.2011.00100
http://www.ncbi.nlm.nih.gov/pubmed/22303394
https://doi.org/10.1097/JTO.0000000000000305
http://www.ncbi.nlm.nih.gov/pubmed/25170638
https://doi.org/10.1016/j.chembiol.2017.06.017
http://www.ncbi.nlm.nih.gov/pubmed/28781124
https://doi.org/10.1107/S2059798317015418
http://www.ncbi.nlm.nih.gov/pubmed/29199977
http://www.ncbi.nlm.nih.gov/pubmed/30683716
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6377466
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1056/NEJMoa2204619
http://www.ncbi.nlm.nih.gov/pubmed/35658005
https://doi.org/10.1056/NEJMoa2103695
http://www.ncbi.nlm.nih.gov/pubmed/34096690
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9116274

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Rodenhuis S, van de Wetering ML, and Mooi WJ, et al (1987) Mutational activation of the K-ras oncogene. A possible pathogenetic fac-
tor in adenocarcinoma of the lung N Engl J Med 317(15) 929-935 https://doi.org/10.1056/NEJM198710083171504 PMID: 3041218

Mascaux C, lannino N, and Martin B, et al (2005) The role of RAS oncogene in survival of patients with lung cancer: a systematic review
of the literature with meta-analysis Br J Cancer 92(1) 131-139 https:/doi.org/10.1038/sj.bjc.6602258

Villaruz LC, Socinski MA, and Cunningham DE, et al (2013) The prognostic and predictive value of KRAS oncogene substitutions in lung
adenocarcinoma Cancer 119(12) 2268-2274 https://doi.org/10.1002/cncr.28039 PMID: 23526491 PMCID: 3674175

Goulding RE, Chenoweth M, and Carter GC, et al (2020) KRAS mutation as aprognostic factor and predictive factor in advanced/meta-
static non-small cell lung cancer: a systematic literature review and meta-analysis Cancer Treat Res Commun 24 100200 https:/doi.
org/10.1016/j.ctarc.2020.100200

Helena AY, Sima CS, and Shen R, et al (2015) Prognostic impact of KRAS mutation subtypes in 677 patients with metastatic lung adeno-
carcinomas J Thorac Oncol 10 431-437 https://doi.org/10.1097/JTO.0000000000000432

Kuang S, Lau SC, and Sharma K, et al (2021) Impact of KRAS mutational variant on response to immunotherapy in metastatic NSCLC J
Clin Oncol 39 €21127 https://doi.org/10.1200/JC0.2021.39.15_suppl.e21127

Yang H, Liang SQ, and Schmid RA, et al (2019) New horizons in KRAS-mutant lung cancer: dawn after darkness Front Oncol 9 953
https://doi.org/10.3389/fonc.2019.00953 PMID: 31612108 PMCID: 6773824

Skoulidis F, Goldberg ME, and Greeenwalt DM, et al (2018) STK11/LKB1 mutations and PD-1 inhibitor resistance in KRAS-mutant lung
adenocarcinoma Cancer Discov 8 822-835 https://doi.org/10.1158/2159-8290.CD-18-0099 PMID: 29773717 PMCID: 6030433

Bange E, Marmarelis ME, and Hwang WT, et al (2019) Impact of KRAS and TP53 co-mutations on outcomes after first-line systemic ther-
apy among patients with STK11-mutated advanced non-small-cell lung cancer JCO Precis Oncol 3 PMID: 31428721 PMCID: 6699781

Romero R, Sayin VI, and Davidson SM, et al (2017) Keap1 loss promotes Kras-driven lung cancer and results in dependence on glutami-
nolysis Nat Med 23 1362-1368 https://doi.org/10.1038/nm.4407 PMID: 28967920 PMCID: 5677540

Krall EB, Wang B, and Munoz DM, et al (2017) KEAP1 loss modulates sensitivity to kinase targeted therapy in lung cancer ELife 6
€18970 https://doi.org/10.7554/eLife.18970 PMID: 28145866 PMCID: 5305212

Ricciuti B, Arbour KC, and Lin JJ, et al (2022) Diminished efficacy of programmed death-(ligand)1 inhibition in STK11- and KEAP1-mutant
lung adenocarcinoma is affected by KRAS mutation status J Thorac Oncol 17 399-410 https://doi.org/10.1016/j.jtho.2021.10.013

Arbour KC, Jordan E, and Kim HR, et al (2018) Effects of co-occurring genomic alterations on outcomes in patients with KRAS-mutant
non-small cell lung cancer Clin Cancer Res 24 334-340 https://doi.org/10.1158/1078-0432.CCR-17-1841

Sung H, Ferlay J, and Siegel RL, et al (2021) Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries CA Cancer J Clin 71 209-249 https://doi.org/10.3322/caac.21660 PMID: 33538338

Brady AK, McNeill JD, and Judy B, et al (2015) Survival outcome according to KRAS mutation status in newly diagnosed patients with
stage IV non-small cell lung cancer treated with platinum doublet chemotherapy Oncotarget 6 30287-30294 https://doi.org/10.18632/
oncotarget.4711 PMID: 26471290 PMCID: 4745798

Hames ML, Chen H, and lams W, et al (2016) Correlation between KRAS mutation status and response to chemotherapy in patients with
advanced non-small cell lung cancer Lung Cancer 92 29-34 https:/doi.org/10.1016/j.lungcan.2015.11.004 PMID: 26775593 PMCID:
4874190

Marabese M, Ganzinelli M, and Garassino MC, et al (2015) KRAS mutations affect prognosis of non-small-cell lung cancer patients
treated with first-line platinum containing chemotherapy Oncotarget 6 34014-34022 https://doi.org/10.18632/oncotarget.5607
PMID: 26416458 PMCID: 4741822

ecancer 2025, 19:1914; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2025.1914 12


http://www.ecancer.org
https://doi.org/10.3332/ecancer.2025.1914
https://doi.org/10.1056/NEJM198710083171504
http://www.ncbi.nlm.nih.gov/pubmed/3041218
https://doi.org/10.1038/sj.bjc.6602258
http://www.ncbi.nlm.nih.gov/pubmed/23526491
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3674175
https://doi.org/10.1016/j.ctarc.2020.100200
https://doi.org/10.1016/j.ctarc.2020.100200
https://doi.org/10.1097/JTO.0000000000000432
https://doi.org/10.1200/JCO.2021.39.15_suppl.e21127
https://doi.org/10.3389/fonc.2019.00953
http://www.ncbi.nlm.nih.gov/pubmed/31612108
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6773824
https://doi.org/10.1158/2159-8290.CD-18-0099
http://www.ncbi.nlm.nih.gov/pubmed/29773717
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6030433
http://www.ncbi.nlm.nih.gov/pubmed/31428721
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6699781
https://doi.org/10.1038/nm.4407
http://www.ncbi.nlm.nih.gov/pubmed/28967920
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5677540
https://doi.org/10.7554/eLife.18970
http://www.ncbi.nlm.nih.gov/pubmed/28145866
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5305212
https://doi.org/10.1016/j.jtho.2021.10.013
https://doi.org/10.1158/1078-0432.CCR-17-1841
https://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.18632/oncotarget.4711
https://doi.org/10.18632/oncotarget.4711
http://www.ncbi.nlm.nih.gov/pubmed/26471290
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4745798
https://doi.org/10.1016/j.lungcan.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26775593
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4874190
https://doi.org/10.18632/oncotarget.5607
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4741822

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Mellema WW, Dingemans AM, and Thunnissen E, et al (2013) KRAS mutations in advanced nonsquamous non-small-cell lung can-
cer patients treated with first-line platinum-based chemotherapy have no predictive value J Thorac Oncol 8 1190-1195 https:/doi.
org/10.1097/JT0.0b013e318298764e PMID: 23787801

Rodenhuis S, Boerrigter L, and Top B, et al (1997) Mutational activation of the K-ras oncogene and the effect of chemotherapy in advanced
adenocarcinoma of the lung: a prospective study J Clin Oncol 15 285-291 https://doi.org/10.1200/JC0.1997.15.1.285 PMID: 8996154

Addeo A, Banna GL, and Friedlaender A (2021) KRAS G12C mutations in NSCLC: from target to resistance Cancers 13 2541 https:/doi.
org/10.3390/cancers13112541 PMID: 34064232 PMCID: 8196854

Burns TF, Borghaei H, and Ramalingam SS, et al (2020) Targeting KRAS-mutant non-small-cell lung cancer: one mutation at a time, with a
focus on KRAS G12C mutations J Clin Oncol 38 4208-4218 https:/doi.org/10.1200/JC0O.20.00744 PMID: 33104438 PMCID: 7723684

Indini A, Rijavec E, and Ghidini M, et al (2021) Targeting KRAS in solid tumors: current challenges and future opportunities of novel KRAS
inhibitors Pharmaceutics 13 653 https://doi.org/10.3390/pharmaceutics13050653 PMID: 34064352 PMCID: 8147792

Mathieu M, Steier V, and Fassy F, et al (2021) KRAS G12C fragment screening renders new binding pockets Small GTPases 13 1-14

SunY, Li Z, and Jian H, et al (2022) Impact of KRAS mutation subtypes and co-occurring mutations on response and outcome in advanced
NSCLC patients following first-line treatment J Clin Med 11(14) 4003 https:/doi.org/10.3390/jcm11144003 PMID: 35887766 PMCID:
9318500

Liu C, Zheng S, and Jin R, et al (2020) The superior efficacy of anti-PD-1/PD-L1 immunotherapy in KRAS-mutant non-small cell lung can-
cer that correlates with an inflammatory phenotype and increased immunogenicity Cancer Lett 470 95-105 https://doi.org/10.1016/].
canlet.2019.10.027

Cinausero M, Laprovitera N, and De Maglio G, et al (2019) KRAS and ERBB-family genetic alterations affect response to PD-1 inhibitors
in metastatic nonsquamous NSCLC Ther Adv Med Oncol 11 1758835919885540 https://doi.org/10.1177/1758835919885540 PMID:
31798692 PMCID: 6859675

Gianoncelli L, Spitaleri G, and Passaro A, et al (2020) Efficacy of anti-PD1/PD-L1 therapy (IO) in KRAS mutant non-small cell lung cancer
patients: a retrospective analysis Anticancer Res 40 427-433 https://doi.org/10.21873/anticanres.13970 PMID: 31892597

Karatrasoglou EA, Chatziandreou |, and Sakellariou S, et al (2020) Association between PD-L1 expression and driver gene mutations
in non-small cell lung cancer patients: correlation with clinical data Virchows Arch Int J Pathol 477 207-217 https://doi.org/10.1007/
s00428-020-02756-1

Torralvo J, Friedlaender A, and Achard V, et al (2019) The activity of immune checkpoint inhibition in KRAS mutated non-small cell lung
cancer: a single centre experience Cancer Genom Proteom 16 577-582 https://doi.org/10.21873/cgp.20160

Noordhof AL, Damhuis RAM, and Hendriks LEL, et al (2021) Prognostic impact of KRAS mutation status for patients with stage IV
adenocarcinoma of the lung treated with first-line pembrolizumab monotherapy Lung Cancer 155 163-169 https://doi.org/10.1016/].
lungcan.2021.04.001 PMID: 33838467

Herbst RS, Lopes G, and Kowalski DM, et al (2019) LBA4 Association of KRAS mutational status with response to pembrolizumab mono-
therapy given as first-line therapy for PD-L1-positive advanced non-squamous NSCLC in Keynote-042 Ann Oncol 30 xi63-xi6é4 https:/
doi.org/10.1093/annonc/mdz453.001

Landre T, Justeau G, and Assié JB, et al (2022) Anti-PD-(L)1 for KRAS-mutant advanced non-small-cell lung cancers: a meta-analysis of
randomized-controlled trials Cancer Immunol Immunother 71 719-726 https://doi.org/10.1007/s00262-021-03031-1

Jeanson A, Tomasini P, and Souquet-Bressand M, et al (2019) Efficacy of immune checkpoint inhibitors in KRAS-mutant non-small cell
lung cancer (NSCLC) J Thorac Oncol 14(6) 1095-1101 https:/doi.org/10.1016/j.jtho.2019.01.011 PMID: 30738221

Eklund EA, Wiel C, and Fagman H, et al (2022) KRAS mutations impact clinical outcome in metastatic non-small cell lung cancer Cancers
14(9) 2063

ecancer 2025, 19:1914; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2025.1914 13


http://www.ecancer.org
https://doi.org/10.3332/ecancer.2025.1914
https://doi.org/10.1097/JTO.0b013e318298764e
https://doi.org/10.1097/JTO.0b013e318298764e
http://www.ncbi.nlm.nih.gov/pubmed/23787801
https://doi.org/10.1200/JCO.1997.15.1.285
http://www.ncbi.nlm.nih.gov/pubmed/8996154
https://doi.org/10.3390/cancers13112541
https://doi.org/10.3390/cancers13112541
http://www.ncbi.nlm.nih.gov/pubmed/34064232
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8196854
https://doi.org/10.1200/JCO.20.00744
http://www.ncbi.nlm.nih.gov/pubmed/33104438
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7723684
https://doi.org/10.3390/pharmaceutics13050653
http://www.ncbi.nlm.nih.gov/pubmed/34064352
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8147792
https://doi.org/10.3390/jcm11144003
http://www.ncbi.nlm.nih.gov/pubmed/35887766
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9318500
https://doi.org/10.1016/j.canlet.2019.10.027
https://doi.org/10.1016/j.canlet.2019.10.027
https://doi.org/10.1177/1758835919885540
http://www.ncbi.nlm.nih.gov/pubmed/31798692
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6859675
https://doi.org/10.21873/anticanres.13970
http://www.ncbi.nlm.nih.gov/pubmed/31892597
https://doi.org/10.1007/s00428-020-02756-1
https://doi.org/10.1007/s00428-020-02756-1
https://doi.org/10.21873/cgp.20160
https://doi.org/10.1016/j.lungcan.2021.04.001
https://doi.org/10.1016/j.lungcan.2021.04.001
http://www.ncbi.nlm.nih.gov/pubmed/33838467
https://doi.org/10.1093/annonc/mdz453.001
https://doi.org/10.1093/annonc/mdz453.001
https://doi.org/10.1007/s00262-021-03031-1
https://doi.org/10.1016/j.jtho.2019.01.011
http://www.ncbi.nlm.nih.gov/pubmed/30738221

