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A B S T R A C T   

Introduction: KRAS G12C is an oncogenic driver mutation, accounting for approximately 14% of Caucasian pa-
tients with non-small cell lung cancer (NSCLC). Recently, several KRAS G12C-targeted drugs have been devel-
oped; however, the clinico-genomic characteristics of NSCLC patients with KRAS G12C remain unclear. 
Materials and Methods: Based on the large-scale prospective lung cancer genomic screening project (LC-SCRUM- 
Asia) database, the clinico-genomic characteristics and therapeutic outcomes of NSCLC patients with KRAS G12C 
were evaluated. 
Results: From March 2015 to March 2021, 10,023 NSCLC patients were enrolled in LC-SCRUM-Asia. KRAS 
mutations were detected in 1258 patients (14 %), including G12C in 376 (4.0 %), G12D in 289 (3.1 %) and G12V 
in 251 (2.7 %). The proportions of males and smokers were higher in patients with KRAS G12C than in those with 
KRAS non-G12C mutations (males: 73 % vs 63 %, p < 0.001; smokers: 89 % vs 76 %, p < 0.001). KRAS G12C- 
positive tumors showed a higher tumor mutation burden (TMB) (mean, 8.1 mut/Mb, p < 0.001) and a higher 
percentage of tumors with programmed cell death ligand-1 (PD-L1) expression ≥50 % (52 %, p = 0.08). The 
overall survival in patients with KRAS G12C (median, 24.6 months) was not different between patients with 
other mutation subtypes (G12V: 18.2 months, p = 0.23; G12D: 20.6 months, p = 0.65; other KRAS mutations: 
18.3 months, p = 0.20). Among KRAS-mutated patients who received immune checkpoint inhibitors (ICIs), the 
progression-free survival in G12C-positive patients (median, 3.4 months) was similar to that in G12V-positive 
patients (4.2 months, p = 0.90), but significantly longer than that in G12D- (2.0 months, p = 0.02) and other 
KRAS mutation-positive patients (2.5 months, p = 0.02). 
Conclusions: The frequencies of KRAS G12C were lower in Asian than in Caucasian NSCLC patients. Among the 
KRAS-mutated NSCLC patients, G12C-positive tumors showed increased immunogenicity, such as high TMB and 
high PD-L1 expression, and potential sensitivity to ICIs.  

Abbreviations: CI, confidence intervals; CLIA, Clinical Laboratory Improvement Amendments; ECOG, Eastern Cooperative Oncology Group; EDC, electronic data 
capture; FDA, Food and Drug Administration; ICI, immune checkpoint inhibitor; KRAS, Kristen rat sarcoma viral oncogene homolog; NSCLC, non-small cell lung 
cancer; NGS, next-generation sequencing; OCA, Oncomine Comprehensive Assay; OPA, Oncomine Precision Assay; OMLA, Oncomine Tumor Mutation Load Assay; 
OS, overall survival; PD-L1, programmed cell death ligand-1; PFS, progression-free survival; TMB, tumor mutation burden. 
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1. Introduction 

Mutations of the Kristen rat sarcoma viral oncogene homolog (KRAS) 
gene are one of the most common oncogene drivers in non-small cell 
lung cancer (NSCLC). KRAS mutations are reported to be present in 20 
%–30 % of Caucasian patients with NSCLC [1–3], and KRAS G12C, one 
of the major subtypes of KRAS mutations, has been identified in 
approximately 14 % [4]. For nearly four decades since the discovery of 
KRAS mutations, no effective targeted therapies for KRAS-mutated 
NSCLC had emerged despite various approaches for the drug develop-
ment. Since many subtypes of KRAS mutations have been identified in 
NSCLC, one of the reasons for the difficulty in drug development could 
be the differences in the mechanisms of oncogenesis or biological fea-
tures of the tumors depending on the KRAS mutation subtypes. Recently, 
a covalent small-molecule inhibitor, sotorasib (AMG510), was the first 
drug to be approved for NSCLC patients with KRAS G12C by the Food 
and Drug Administration (FDA), based on the favorable results of a 
phase 2 study [5]. Another KRAS G12C-targted drug, adagrasib 
(MRTX849), has also been reported to show promising efficacy KRAS 
G12C-positive NSCLC [6,7]. However, the therapeutic efficacies of 
currently available chemotherapies and immune-checkpoint inhibitor 
(ICI) monotherapy in KRAS G12C-positive NSCLC patients still remain 
unclear. 

We analyzed a large number of NSCLC using the integrated clinical 
and genomic data of a large-scale prospective lung cancer genomic 
screening project (LC-SCRUM-Asia), to evaluate the clinico-genomic 
characteristics and treatment outcomes of NSCLC patients with KRAS 
G12C. We consider these data are highly informative for the develop-
ment of therapeutic strategies for KRAS G12C-positive NSCLC. 

2. Material and methods 

2.1. LC-SCRUM-Asia 

The large-scale, prospective, multi-institutional lung cancer genomic 
screening project, LC-SCRUM-Asia, was initiated in February 2013, to 
identify lung cancer patients with targetable gene alterations and 
establish lung cancer precision medicine (UMIN000010234). The 
eligibility criteria for inclusion in this project are patients with stage II to 
IV or postoperative recurrence of lung cancer aged ≥16 years old, with 
an Eastern Cooperative Oncology Group (ECOG) performance-status 
score of 0–2 and adequate organ functions. The protocol for this study 
was approved by the institutional review board of each of the participant 
institutions. To date, more than 14,000 patients are already enrolled in 
the LC-SCRUM-Asia. 

2.2. Molecular analyses in LC-SCRUM-Asia 

Fresh frozen tumor samples or malignant pleural fluid specimens are 
submitted and all molecular analyses are performed at the Clinical 
Laboratory Improvement Amendments (CLIA)-certified clinical labora-
tory, SRL, Inc., Japan. From March 2015, targeted next-generation 
sequencing (NGS) systems (Oncomine Comprehensive Assay [OCA] 
ver.1 or 3 between March 2015 and January 2021, and Oncomine 
Precision Assay [OPA] [Thermo Fisher Scientific, MA, USA] between 
January 2021 to March 2021) has been used for the genomic screening. 
In addition, between June 2019 and January 2021, a multi-gene quan-
titative PCR assay (Pan Lung Cancer PCR Panel [Amoy Diagnostics Co., 
Xiamen, China]) was also implemented as a rapid multi-gene testing 
tool, and another NGS assay, Oncomine Tumor Mutation Load Assay 
(OMLA) (Thermo Fisher Scientific), was performed to detect the tumor 
mutation burden (TMB). Tumor programmed cell death ligand-1 (PD- 
L1) expression was also evaluated using anti-PD-L1 antibody, 22C3 
(Dako Agilent, Santa Clara, CA, USA) between February 2017 and March 
2018. 

2.3. Clinical data collection from the LC-SCRUM-Asia database 

Clinical data, including the baseline patient characteristics, treat-
ment regimens used, therapeutic efficacies and survivals, are collected 
using an electronic data capture (EDC) system of the LC-SCRUM-Asia 
and updated each year. Based on these clinical and genomic screening 
data, a large-scale clinico-genomic database of lung cancer has been 
developed. 

2.4. Patients 

In this study, the data of NSCLC patients enrolled in the LC-SCRUM- 
Asia from March 2015 to March 2021 were analyzed. Patients whose 
samples were not available were excluded. The treatment outcomes of 
platinum-based chemotherapy at 1st line, pembrolizumab at 1st line and 
ICI monotherapy (pembrolizumab, nivolumab and atezolizumab) at any 
line during 2nd to 4th line were collected. The patient characteristics 
were analyzed in all the patients enrolled until March 31, 2021. Survival 
analyses were performed in patients with advanced NSCLC who received 
systemic chemotherapy and enrolled until January 7, 2020, and the 
cutoff date was July 2, 2020. 

2.5. Statistical analyses 

To summarize and compare the frequencies, Fisher’s exact test was 
used. For continuous variables, Wilcoxon’s rank sum test or Kruskal- 
Wallis test was used. Overall survival (OS) was defined as the period 
from the start of first-line systemic treatment to death from any cause or 
until censoring at the last follow-up. Progression-free survival (PFS) was 
defined as the period from the start of each treatment to disease pro-
gression or death from any cause, whichever occurred first. PFS was 
censored at the earliest date of any of the following: date of confirmation 
without disease progression, date of treatment completion, or the last 
recorded date of survival for patients who discontinued treatment, or the 
earliest date of confirmation without disease progression or the last 
recorded date of survival for those who continued treatment. Survival 
curves were estimated by the Kaplan-Meier method and compared using 
the log-rank test. The hazard ratios and 95 % confidence intervals (CI) 
for the OS and PFS were estimated using the Cox regression model. All 
statistical tests were 2-sided, and p < 0.05 was considered as being 
indicative of statistical significance. 

Statistical analyses were performed using SAS version 9.4 and JMP 
version 14.0.0 (SAS Institute, Cary, NC, USA). 

3. Results 

3.1. Prevalence of KRAS mutation subtypes 

A total of 10,023 NSCLC patients from 253 institutions in Japan were 
enrolled in LC-SCRUM-Asia between March 2015 and March 2021. Of 
the 10,023 NSCLC patients, tumor specimens from 9205 patients (92 %) 
were successfully analyzed by targeted NGS. KRAS mutations were 
detected in 1258 of the 9205 patients (14 %) (Fig. 1A). Among the 7947 
KRAS wild-type NSCLC patients, 2775 patients (30 %) with other 
oncogene drivers (mutations of EGFR, HER2, MET, NRAS, HRAS, BRAF, 
RAF1, MAP2K1 or AKT1, or fusions of ALK, ROS1, RET, NTRK1-3) were 
excluded, and the remaining 5172 patients (56 %) were defined as the 
“Non-Driver” group for this study. Among the 1258 KRAS-mutated 
NSCLC patients, the most frequent mutation subtype was G12C (n =
376, 30 %), accounting for 4.0 % of all NSCLC patients. The other KRAS 
mutation types detected were G12D (n = 289, 23 %), G12V (n = 251, 20 
%), G12A (n = 100, 8 %), mutations in codon 13 (G13X) (n = 87, 7 %), 
Q61H (n = 67, 5 %), and others (n = 88, 7 %) (Fig. 1B). 
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3.2. Clinico-genomic characteristics 

The patient characteristics are summarized in Table 1. The median 
age of the 1258 KRAS-mutated NSCLC patients was 69 years (range 
25–91 years), and the majority of patients were males (66 %) and 
smokers (80 %), and were histologically diagnosed as adenocarcinoma 
(89 %). Among the KRAS-mutated NSCLC patients, the proportions of 
males and smokers were higher in patients with KRAS G12C than in 
those with KRAS non-G12C mutations (males: 73 % vs 63 %, p < 0.001: 
smokers: 89 % vs 76 %, p < 0.001), and lower in patients with KRAS 
G12D than in those with KRAS non-G12D mutations (males: 55 % vs 69 
%, p < 0.001: smokers, 67 % vs 83 %, p < 0.001). 

Frequently mutated genes concomitantly with KRAS G12C were 
TP53 (32 %), STK11 (6 %) and KEAP1 (6 %). There were no differences 
in the frequencies of these mutations between tumors with KRAS G12C 
and those with KRAS non-G12C mutations (TP53: p = 0.89; STK11: p =
0.26; KEAP1: p = 0.84). The patient characteristics of all KRAS-mutated 

patients and KRAS G12C-positive patients according to the TP53, STK11 
and KEAP1 mutation statuses are summarized in Supplementary Table 1 
and Table 2, respectively. There were no differences in the clinical and 
pathological characteristics of the patients with KRAS G12C-positive 
tumors depending on the concomitant mutation status of TP53, STK11 
and KEAP1. 

3.3. Analysis of the TMB 

Evaluation of the TMB was conducted in 465 KRAS-mutated tumors 
and 1937 Non-Driver tumors. KRAS-mutated tumors were associated 
with a lower TMB than Non-Driver tumors (mean TMB: 6.6 vs 8.5 mut/ 
Mb, p < 0.01) (Fig. 2A). Comparison of KRAS-mutated tumors among 
mutation subtypes revealed that KRAS G12C-positive tumors had a 
higher TMB than tumors with KRAS non-G12C mutations (mean TMB, 
8.1 vs 5.9 mut/Mb, p < 0.01), as well as tumors with KRAS G12V, G12D 
and “others” (G12V 5.8 mut/Mb, G12D 5.1 mut/Mb, “others” 6.9 mut/ 

Fig. 1. (A) Consort diagram, (B) Distribution of KRAS mutation subtypes, NSCLC, non-small cell lung cancer; NGS, next-generation sequencing.  
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Table 1 
Patient characteristics.   

KRAS mutations, n = 1258 Non-Driver * 
n = 5172 (%) 

Total 
n = 1258 
(%) 

G12C 
n = 376 (%) 

G12D 
n = 289 (%) 

G12V 
n = 251 (%) 

G12A 
n = 100 (%) 

G13X 
n = 87 
(%) 

Q61H 
n = 67 
(%) 

Others 
n = 88 
(%) 

Age, years          
Median (range) 69 

(25–91) 
69 
(36–91) 

69 
(25–86) 

69 
(29–89) 

69 
(43–88) 

68 
(44–89) 

69 
(45–86) 

69 
(45–86) 

68 
(16–94) 

Sex           
Male 826 (66) 273 (73) † 160 (55) ‡ 156 (62) 69 (69) 64 (74) 46 (69) 58 (66) 4004 (77)  
Female 432 (34) 103 (27) 129 (45) 95 (38) 31 (31) 23 (26) 21 (31) 30 (34) 1168 (23) 

Smoking status           
Ever 1003 (80) 336 (89) † 195 (67) ‡ 196 (78) 81 (81) 76 (87) 52 (78) 67 (76) 4371 (84)  
Never 245 (19) 31 (8) 94 (33) 54 (22) 19 (19) 11 (13) 15 (22) 21 (24) 762 (15)  
Unknown 10 (1) 9 (2) 0 (0) 1 (0.4) 0 (0) 0 (0) 0 (0) 0 (0) 39 (1) 

Histology           
ADC 1114 (89) 324 (86) 263 (91) 221 (88) 91 (91) 79 (91) 59 (88) 72 (88) 3226 (62)  
SCC 51 (4) 16 (4) 8 (4) 14 (5) 3 (3) 3 (3) 1 (1) 5 (6) 1387 (27)  
Pleom 24 (2) 13 (3) 4 (1) 3 (1) 1 (1) 1 (1) 2 (3) 0 (0) 52 (1)  
LCC 14 (1) 5 (1) 5 (2) 1 (0.4) 0 (0) 2 (2) 0 (0) 1 (1) 92 (2)  
Others 55 (4) 18 (5) 9 (3) 12 (5) 5 (5) 2 (2) 5 (7) 4 (5) 415 (8) 

Stage           
II 48 (4) 11 (3) 3 (3) 14 (5) 4 (4) 3 (3) 2 (3) 5 (6) 197 (4)  
III 185 (15) 63 (17) 40 (14) 39 (16) 11 (11) 14 (16) 6 (9) 12 (13) 1186 (23)  
IV 858 (68) 256 (68) 195 (67) 165 (66) 71 (71) 61 (70) 51 (76) 59 (67) 3287 (63)  
Recurrence 167 (13) 46 (12) 45 (16) 33 (13) 14 (14) 9 (10) 8 (12) 12 (14) 502 (10) 

Brain metastasis           
Positive 229 (18) 75 (20) 45 (16) 47 (19) 17 (17) 20 (23) 12 (18) 13 (15) 800 (15)  
Negative 1029 (82) 301 (80) 244 (84) 204 (81) 83 (83) 67 (77) 55 (82) 75 (85) 4372 (85) 

Concomitant mutation          
TP53 336/1159 (29) 108/344 (32) 69/269 (21) 68/233 (29) 21/92 

(23) 
21/77 
(27) 

18/62 (29) 31/82 
(38) 

NA  

KEAP1 31/465 
(7) 

9/146 
(6) 

9/125 
(7) 

7/83 
(8) 

1/35 
(3) 

2/25 
(8) 

1/24 
(4) 

2/27 
(7) 

NA  

STK11 72/1159 (6) 22/344 
(6) 

11/269 
(4) 

15/233 
(6) 

8/92 
(9) 

7/77 
(9) 

3/62 
(5) 

6/82 
(7) 

NA  

TP53/KEAP1/  

STK11 

166/465 (36) 63/146 (43) † 42/125 (34) 26/83 
(31) 

8/35 
(23) 

8/25 
(32) 

9/24 
(38) 

10/27 
(37) 

NA 

ADC, adenocarcinoma; SCC, squamous cell carcinoma; Pleom, pleomorphic carcinoma; LCC, large cell carcinoma; NA, not available. 
* . Negative for oncogene drivers: mutations of KRAS, EGFR, HER2, NRAS, HRAS, BRAF, RAF1, MAP2K1 and AKT1; fusions of ALK, ROS1, RET, NTRK1-3 and MET 

exon14 skipping. 
† . G12C vs G12D / G12V / G12A / G13X / Q61H / Others; p < 0.01. 
‡ . G12D vs G12C / G12V / G12A / G13X / Q61H / Others; p < 0.01. 

Table 2 
Clinicopathological characteristics of KRAS G12C-positive non-small cell lung cancer (NSCLC) patients according to the TP53, STK11 and KEAP1 status.   

TP53 STK11 KEAP1 

mt 
n = 108 (%) 

WT 
n = 236 (%) 

p mt 
n = 22 (%) 

WT 
n = 322 (%) 

p mt 
n = 9 
(%) 

WT 
n = 137 (%) 

p 

Age, years           
Median (range) 68 

(41–91) 
68 
(36–83)  

0.49 68 
(57–81) 

68 
(36–91)  

0.46 65 
(49–75) 

69 
(39–91)  

0.21 

Sex           
Male 78 (72) 171 (72)  1.00 18 (82) 231 (72)  0.46 7 (78) 102 (74)  1.00  
Female 30 (28) 65 (28)  4 (18) 91 (28)  2 (22) 35 (26)  

Smoking status          
Ever 99 (92) 210 (89)  0.74 21 (95) 288 (89)  0.47 8 (89) 126 (92)  0.62  
Never 7 (6) 20 (8)  1 (5) 26 (8)  1 (11) 7 (5)   
Unknown 2 (2) 6 (3)  0 8 (2)  0 4 (3)  

Histology           
ADC 88 (82) 211 (89)  0.21 21 (95) 278 (86)  0.40 8 (89) 116 (85)  0.74  
SCC 6 (6) 6 (3)  0 12 (4)  0 5 (4)   
Pleom 6 (6) 6 (3)  0 12 (4)  0 5 (4)   
LCC 3 (3) 2 (1)  0 5 (2)  0 3 (2)   
Others 5 (5) 11 (5)  1 (5) 15 (5)  1 (11) 8 (6)  

Brain metastasis          
Positive 25 (23) 45 (19)  0.39 6 (27) 64 (20)  0.41 3 (33) 29 (21)  0.41  
Negative 83 (77) 191 (81)  16 (73) 258 (80)  6 (67) 108 (79)  

mt, mutation; WT, wild type; ADC, adenocarcinoma; SCC, squamous cell carcinoma; Pleom, pleomorphic carcinoma; LCC, large cell carcinoma. 
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Mb, respectively, p < 0.01) (Fig. 2B). 
In the evaluation according to the concomitant mutation status of 

STK11 (Fig. 2C), TP53 (Fig. 2D) and KEAP1 (Fig. 2E) in the KRAS- 
mutated tumors, concomitant presence of TP53 mutations or KEAP1-
mutations, as compared to their wild-type, was associated with a higher 
TMB (TP53, 9.6 vs 5.4 mut/Mb, p < 0.01; KEAP1, 9.7 vs 6.4 mut/Mb, p 
< 0.01); no such this association with a higher TMB was observed for the 
concomitant presence of STK11 mutations (7.0 vs 6.6 mut/Mb, p =
0.13). Similar results were observed when high and low TMB were 
analyzed with a cutoff value of 10 mut/Mb (Supplementary Fig. 1). 

3.4. Analysis of PD-L1 expression 

The PD-L1 expression status was evaluated in 95 KRAS-mutated tu-
mors and 453 Non-Driver tumors. The frequency of PD-L1-high 
expression (≥50 %) tended to be higher in KRAS mutated tumors than 
in Non-Driver tumors (39 % vs 30 %, p = 0.09) (Fig. 3A). When the PD- 
L1 expression was evaluated according to the KRAS mutation subtypes, 
KRAS G12C-positive tumors showed the highest frequency of PD-L1- 

high expression (52 %), followed by KRAS G12V (43 %), G12D (28 
%), and “others” (26 %) (Fig. 3B). The frequency of PD-L1-high 
expression in the KRAS G12C-positive tumors tended to be higher 
than that in KRAS non-G12C tumors (52 % vs 32 %, p = 0.08). 

In the evaluation of KRAS-mutated tumors according to the 
concomitant gene mutation status, the PD-L1- high expression tended to 
be less frequent in patients with concomitant SKT11 mutations than in 
those with STK11 wild-type (16 % vs 42 %, p = 0.12) (Fig. 3C). In 
contrast, concomitant TP53 mutations were associated with a higher 
frequency of PD-L1-high expression than TP53 wild-type (51 % vs 24 %, 
p = 0.01) (Fig. 3D). 

3.5. Treatment outcomes 

We investigated the impact of the presence of KRAS mutations in the 
tumors on the survival and treatment outcomes of NSCLC patients. The 
median duration of follow-up was 16.9 months. There were no differ-
ences in the OS between KRAS-mutated NSCLC patients and Non-Driver 
patients (median OS [mOS]; 20.3 vs 21.0 months, p = 0.84) 

Fig. 2. (A) Tumor mutation burden (TMB) in non-small cell lung cancer (NSCLC) with KRAS mutations (n = 465) vs Non-Driver (n = 1937). (B) TMB in KRAS- 
mutated NSCLC according to the KRAS mutation subtype. (C, D, E) TMB in KRAS-mutated NSCLC according to the concomitant STK11, TP53 and KEAP1 mutation 
status. mut/Mb, mutations per megabase. 
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(Supplementary Fig. 2A). Similarly, there were also no differences in the 
PFS between KRAS-mutated NSCLC patients and Non-Driver patients 
who received 1st-line platinum-based chemotherapy (Supplementary 
Fig. 2B), 1st-line pembrolizumab therapy (Supplementary Fig. 2C), or 
2nd- to 4th-line ICI monotherapy (Supplementary Fig. 2D) (median PFS 
[mPFS], 1st-line platinum-based chemotherapy: 5.4 vs 5.3 months, p =
0.29; 1st-line pembrolizumab therapy: 7.2 vs 7.4 months, p = 0.87; 2nd- 
to 4th-line ICI monotherapy: 2.8 vs 3.2 months, p = 0.58). In regard to 
the influence of the KRAS mutation subtype, the OS in patients with 
KRAS G12C was similar to that in patients with KRAS non-G12C mu-
tations (mOS: 24.6 vs 19.3 months, p = 0.20) (Supplementary Fig. 3A), 
as well as in subgroups of patients with other mutation subtypes (G12V: 
18.2 months, p = 0.23; G12D: 20.6 months, p = 0.65; “others”: 18.3 
months, p = 0.18) (Fig. 4A). The PFS in NSCLC patients with KRAS G12C 
was also similar to that in NSCLC patients with KRAS non-G12C muta-
tions, among patients who received 1st-line platinum-based chemo-
therapy (Supplementary Fig. 3B) or pembrolizumab therapy 
(Supplementary Fig. 3C) (mPFS, 1st-line platinum-based chemotherapy: 
5.3 vs 5.6 months, p = 0.64; 1st-line pembrolizumab therapy; 5.8 vs 8.2 
months, p = 0.20), as well as in subgroups of patients with other mu-
tation subtypes (1st-line platinum-based chemotherapy: p = 0.35; 1st- 
line pembrolizumab therapy: p = 0.38) (Fig. 4B, C). We also analyzed 
patients who received ICI monotherapy as 2nd- to 4th-line treatment. 
The patients who received prior ICI therapy were excluded in this 
cohort. Patient characteristics of this cohort were not different from 
those of the entire cohort in this study, and numbers of patient according 
to treatment lines (2nd, 3rd or 4th) were well-balanced (Supplementary 
Table 2). The PFS in NSCLC patients with KRAS G12C tended to be 
longer than that in patients with KRAS non-G12C mutations (mPFS: 3.4 
vs 2.5 months, p = 0.06) (Supplementary Fig. 3D), and significantly 
longer than that in patients with KRAS G12D (2.0 months, p = 0.02) and 
“others” (2.5 months, p = 0.02) (Fig. 4D); however, not different from 
that in patients with KRAS G12V (4.2 months, p = 0.09). 

Furthermore, we assessed the impact of concomitant STK11 or TP53 
mutations on the PFS in KRAS-mutated NSCLC patients who received 
2nd- to 4th-line ICI monotherapy. The results revealed no differences in 
the PFS between KRAS-mutated NSCLC patients with and without 
STK11 mutations (mPFS, 1.7 vs 2.9 months, p = 0.16) (Supplementary 
Fig. 4A). On the other hand, in patients with KRAS G12C or KRAS G12V, 
concomitant presence of STK11 mutations, was associated with a shorter 
PFS (mPFS, 1.7 vs 3.6 months, p = 0.01) (Supplementary Fig. 4B). This 
association was not observed in patients with or without TP53 mutations 
(Supplementary Fig. 4C, 4D). 

4. Discussion 

This study is the largest scale study of the clinical and genomic 
characteristics and treatment outcomes of KRAS-mutated NSCLC pa-
tients, in which subgroup analyses were performed among patients with 
NSCLC harboring different KRAS mutation subtypes and other 
concomitant gene mutations. 

In this study, KRAS mutations were identified in 14 % of Asian 
NSCLC patients. This frequency was similar to that reported in East 
Asian patients [8,9], but lower than that reported in Caucasian patients 
(20–30 %) [1–3]. The frequency of KRAS G12C was also lower in Asian 
(4 %) than in Caucasian NSCLC patients (14 %) [4]. In addition, KRAS 
G12C was identified more frequently in male than in female patients, 
which was consistent with a previous report of KRAS G12C being found 
more frequently in males among Asian patients, but in females among 
Caucasian patients [4]. These results demonstrated the racial differences 
in the characteristics of KRAS-mutated and KRAS G12C-positive NSCLC 
patients. Genomic screening for this study was performed by a multi- 
gene quantitative PCR assay and targeted NGS. We previously per-
formed concordance study for oncogenic driver detection by these as-
says, and overall percent agreement (%)/positive percent agreement 
(%)/negative percent agreement (%) of the PCR assay compared with 

Fig. 3. Programmed cell death ligand-1 (PD-L1) expression in non-small cell lung cancer (NSCLC) with KRAS mutations (n = 95) vs Non-Driver (n = 453). PD-L1 
expression in KRAS-mutated NSCLC according to the KRAS mutation subtype. (C, D) PD-L1 expression in KRAS-mutated NSCLC according to the concomitant STK11 
and TP53 mutation status. 
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NGS were 99.6/98.9/99.7 for KRAS mutations and 99.8/99.1/99.8 for 
KRAS G12C [10]. These results showed a high concordance between 
these assays, suggesting that the possible bias due to the change in 
testing for KRAS subgroups is extremely limited. 

Our results indicated that the frequencies of concomitant mutations, 
such as STK11, TP53 and KEAP1, were lower in Asian patients than in 
Caucasian NSCLC patients, but not different between NSCLC patients 
harboring KRAS G12C and other KRAS non-G12C mutations [11]. 
KEAP1 is a negative regulator of transcription of the nuclear factor 
erythroid-2-related factor (NRF2) and dysregulate oxidative stress 
pathway [12,13]. Previous studies demonstrated that KEAP1 mutations 
were negative biomarker of ICI treatment [14,15]. In contrast, some 
studies suggested that KEAP1 mutations are associated with high TMB 
and high PD-L1 expression, and improve the response to ICI [16,17]. In 

our study, KEAP1 mutations in KRAS-mutated NSCLC were also asso-
ciated with high TMB. However, we were not able to evaluate the as-
sociation between KEAP1 mutations and treatment outcomes in KRAS 
G12C-positive NSCLC due to the small number of KEAP1 mutation- 
positive samples. Further studies are needed to clarify this association. 
It has been reported that concomitant STK11 mutations in KRAS- 
mutated NSCLC promote the production of inflammatory cytokines, 
contributing to neutrophil accumulation and decrease of T-cell infiltra-
tion [18]. In addition, tumors harboring STK11 mutations have been 
shown to be characterized by low PD-L1 expression levels and primary 
resistance to ICIs [18,19]. In our study also, STK11 mutations were 
negatively associated with the tumor PD-L1 expression level and with 
shorter PFS of patients with KRAS G12C or KRAS G12V who received 
2nd- to 4th-line ICI monotherapy. On the other hand, the PFS in all 

Fig. 4. (A) Overall survival (OS) in KRAS-mutated non-small cell lung cancer (NSCLC) patients according to the KRAS mutation subtype. (B) Progression-free 
survival (PFS) in KRAS-mutated NSCLC patients who received 1st-line platinum-based chemotherapy, according to the KRAS mutation subtype. (C) PFS in KRAS- 
mutated NSCLC patients who received 1st-line pembrolizumab therapy, according to the KRAS mutation subtype. (D) PFS in KRAS-mutated NSCLC patients who 
received 2nd- to 4th-line immune checkpoint inhibitor (ICI) therapy, according to the KRAS mutation subtype. 
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KRAS-mutated NSCLC patients who received 2nd- to 4th-line ICI mon-
otherapy did not statistically differ according to the STK11 mutation 
status. This could probably be explained by the higher proportion of 
patients with KRAS G12D-positive tumors in our study, as compared to 
previous studies in Caucasians (23 % vs 15 %) [11], with a negative 
impact on the treatment responses to 2nd- to 4th-line ICI monotherapy 
in our study. 

In this study, KRAS G12C was identified more frequently in smokers. 
According to previous reports, transversion mutations of KRAS, such as 
KRAS G12C and KRAS G12V, are more frequent in smokers than tran-
sition mutations, such as KRAS G12D [20,21]. Furthermore, KRAS 
G12C-positive tumors also showed a high TMB and high PD-L1 expres-
sion. These results are consistent with those of recent smaller studies 
[11,22] and might indicate the enhanced immunogenicity of KRAS 
G12C tumors. In our study, among KRAS-mutated NSCLC patients who 
received 1st-line pembrolizumab therapy, the PFS was not different 
between patients with KRAS G12C and those with non-G12C mutations, 
but the small sample size of this cohort (n = 76) could not be enough for 
the statistical analysis. On the other hand, in a larger cohort of patients 
who received 2nd- to 4th-line ICI monotherapy (n = 380), the PFS in 
patients with KRAS G12C tended to be longer than that in patients with 
KRAS non-G12C mutations, and was significantly longer than that in 
patients with KRAS G12D. These results might be explained by the high 
immunogenicity of KRAS G12C-positive tumors, as indicated by the high 
TMB and high PD-L1 expression in these tumors, and indicate that the 
KRAS G12C-positive NSCLCs could have potential sensitivity to ICIs. 

In recent years, KRAS G12C has become a “druggable” oncogene 
driver. The covalent KRAS G12C inhibitors, sotorasib and adagrasib, 
have been shown to block KRAS signaling, and their efficacy has been 
demonstrated in early-phase clinical trials [5–7,23]. In a phase 2 study, 
sotorasib showed objective response rate of 37.1 % and a median PFS of 
6.8 months in KRAS G12C-positive NSCLC patients [5]. However, these 
results are unfavorable as compared to other targeted therapies for 
NSCLC [24–27], and more effective regimens for the treatment of KRAS 
G12C-positive NSCLC are needed. Furthermore, NSCLC patients with 
KRAS non-G12C mutations also showed poor treatment outcomes, 
similar to those with KRAS G12C, and efforts to develop effective tar-
geted therapies for NSCLC tumors with other KRAS mutations than 
G12C are also ongoing. Our findings in regard to the clinico-genomic 
characteristics and treatment outcomes of KRAS-mutated NSCLC pa-
tients who received standard therapies (platinum-based chemotherapies 
and ICI monotherapy) according to the KRAS mutation subtypes might 
be helpful to develop new therapeutic strategies for patients with KRAS- 
mutated NSCLC. 

This study had several limitations. First, our study was a real-world 
observational study with no specifications in regard to the timing or 
frequency of radiological assessments of the treatment responses. Sec-
ond, we did not perform multiplicity adjustment. Due to an observa-
tional nature of the present study, a statistical significance based on p- 
value can lead to misinterpretation of the results because p-value gets 
smaller when sample size and/or the number of events increase. In 
addition, our primary interest was to assess an impact of KRAS mutation 
subtypes on the clinical and genomic characteristics and treatment 
outcomes in an exploratory manner. Third, although the PD-L1 expres-
sion status and TMB were evaluated in consecutive patients, they were 
assessed only in a limited number of patients. Finally, we did not eval-
uate the efficacies of combined ICI plus cytotoxic chemotherapy, which 
is one of the standards of care for NSCLC, regardless of the presence/ 
absence of KRAS mutations. 

In conclusion, KRAS mutations and KRAS G12C were less frequent in 
Asian patients than in Caucasian patients with NSCLC. Although among 
the KRAS-mutated NSCLC patients, KRAS G12C-positive NSCLC patients 
showed potentially improved sensitivity to ICI monotherapy, their re-
sponses to current standard therapies were poor. Development of more 
effective regimens is needed for the treatment of KRAS G12C-positive 
NSCLC. 
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