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ABSTRACT
◥

KRAS is the most commonly mutated oncogene in NSCLC and
development of direct KRAS inhibitors has renewed interest in
this molecular variant. Different KRAS mutations may represent
a unique biologic context with different prognostic and thera-
peutic impact. We sought to characterize genomic landscapes of
advanced, KRAS-mutated non–small cell lung cancer (NSCLC)
in a large national cohort to help guide future therapeutic
development.

Molecular profiles of 17,095 NSCLC specimens were obtained
using DNA next-generation sequencing of 592 genes (Caris
Life Sciences) and classified on the basis of presence and subtype
of KRAS mutations. Co-occurring genomic alterations, tumor
mutational burden (TMB), and PD-L1 expression [22C3,
tumor proportion score (TPS) score] were analyzed by KRAS
mutation type.

Across the cohort, 4,706 (27.5%) samples harbored a KRAS
mutation. The most common subtype was G12C (40%), followed
by G12V (19%) and G12D (15%). The prevalence of KRAS muta-
tions was 37.2% among adenocarcinomas and 4.4% in squamous
cell carcinomas. Rates of highTMB (≥10mutations/Mb) andPD-L1
expression varied acrossKRASmutation subtypes.KRASG12Cwas
the most likely to be PD-L1 positive (65.5% TPS ≥ 1%) and PD-L1
high (41.3%TPS ≥ 50%). STK11wasmutated in 8.6% ofKRASwild-
type NSCLC but more frequent in KRAS-mutant NSCLC, with the
highest rate in G13 (36.2%). TP53mutations were more frequent in
KRAS wild-type NSCLC (73.6%).

KRAS mutation subtypes have different co-occurring mutations
and a distinct genomic landscape. The clinical relevance of these
differences in the context of specific therapeutic interventions
warrants investigation.

Introduction
KRAS is the most common oncogenic driver in non–small cell lung

cancer (NSCLC) identified in up to 25%of adenocarcinomas and 3%of
squamous cell carcinomas (1, 2). KRAS activation results in down-
stream signaling to several pathways, including the RAF-MEK-ERK
pathway. The prognostic value of KRAS mutations in patients with
NSCLC remains unclear. Some studies have suggestedworse outcomes
with chemotherapy (3) while others have not (4, 5). There is similar
discordance with KRAS co-mutation status and immunotherapy. A
large retrospective study reported shorter progression-free survival

(PFS) and overall survival (OS) with use of immunotherapy in patients
with KRAS-mutant NSCLC harboring co-mutations in STK11/LKB1
genes (6). An analysis of the KEYNOTE-189 study failed to confirm
these findings, with similar benefit observed from the addition of
pembrolizumab to chemotherapy, independent of STK11 or KEAP1
mutation status (7).

One contributing factor to these discordant results is the het-
erogeneity within KRAS. There is growing recognition of vast
genetic and phenotypic heterogeneity of patients with KRAS-mutat-
ed NSCLC (8–10). Most frequently, KRAS mutations (chromosome
12p12.1) involve codons 12 and 13 and less frequently codon 61.

1Department of Hematology-Oncology, Fox Chase Cancer Center, Temple
University Health System, Philadelphia, Pennsylvania. 2Department of
Hematology-Oncology, Augusta University-Medical College of Georgia, Georgia
Cancer Center, Augusta, Georgia. 3Department of Hematology-Oncology, The
Warren Alpert Medical School, Brown University, Providence, Rhode Isand.
4Division of Cancer Treatment and Diagnosis, National Cancer Institute,
Bethesda, Maryland. 5Medical Oncology/TSET Phase 1 Program, Stephenson
Cancer Center, University of Oklahoma, Oklahoma City, Oklahoma. 6Caris Life
Sciences, Phoenix, Arizona. 7Department of Medical Oncology, West Cancer
Center and Research Institute, Memphis, Tennessee. 8Department of Oncology,
Karmanos Cancer Institute/Wayne State University, Detroit, Michigan.
9Department of Hematology-Oncology, Memorial Cancer Institute/Memorial
Health Care System/Florida International University, Hollywood, Florida.
10Department ofMedical Oncology, Mitchell Cancer Institute, University of South
Alabama, Mobile, Alabama. 11Department of Medical Oncology, AdventHealth
Cancer Institute, Orlando, Florida. 12Department of Medical Oncology, Norris
Comprehensive Cancer Center, University of Southern California, Los Angeles,
California. 13Department of Hematology-Oncology, Lombardi Comprehensive
Cancer Center, Georgetown University, Washington, DC. 14Department of
Medical Oncology, University of Pittsburgh Medical Center, Hillman Cancer

Center, University of Pittsburgh, Pittsburgh, Pennsylvania. 15Department of
Medical Oncology, Sylvester Comprehensive Cancer Center, University of Miami
and the Miller School of Medicine, Miami, Florida. 16Department of Medical
Oncology, Virginia Cancer Specialists, US Oncology Research, Fairfax, Virginia.
17Department of Medical Oncology, City of Hope, Los Angeles, California.

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

CorrespondingAuthor:Hossein Borghaei, Medical Oncology, Fox Chase Cancer
Center, 333 Cottman Ave, Philadelphia, PA 19111. Phone: 215-214-4297; Fax: 215-
728-3639; E-mail: hossein.borghaei@fccc.edu

Mol Cancer Ther 2021;20:2577–84

doi: 10.1158/1535-7163.MCT-21-0201

This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 International (CC BY-NC-ND).

�2021 TheAuthors; Published by the American Association for Cancer Research

AACRJournals.org | 2577

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/20/12/2577/3194409/2577.pdf by guest on 22 August 2022

http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-21-0201&domain=pdf&date_stamp=2021-11-10
http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-21-0201&domain=pdf&date_stamp=2021-11-10


Transversion mutations, including purine to pyrimidine (i.e., G>C)
or pyrimidine to purine, are more common in current or former
smokers, compared with transition mutations, either purine to
purine (i.e., G>A) or pyrimidine to pyrimidine (i.e., T>C) which
are more common in never or light smokers (11–13). Distinct KRAS
mutations can influence the specific biology and the genomic
landscape of a given cancer. This in turn can have notable ther-
apeutic implications. With the recent development of direct KRAS
inhibitors, these genomic contexts are increasingly relevant. Here,
we characterize a large cohort of KRAS-mutant NSCLC, describing
co-mutations, tumor mutational burden (TMB), and PD-L1 expres-
sion for each KRAS mutation subtype to help frame future treat-
ment strategies.

Materials and Methods
Patient samples

A total of 17,095 NSCLC tumors were submitted to Caris Life
Sciences for next-generation sequencing (NGS) molecular profiling
between February 2015 and January 2020.

NGS
NGSwas performed on genomic DNA isolated from formalin-fixed

paraffin-embedded (FFPE) tumor samples using theNextSeq platform
(Illumina). Matched normal tissue was not sequenced. A custom-
designed SureSelect XT assay was used to enrich 592 whole-gene
targets (Agilent Technologies). The 592-gene list was custom designed
to include cancer-related genes across all solid tumors that have been
the best characterized for their functions and clinical relevance,
including prognostic effects and targetability. All variants were
detectedwith>99%confidence based on allele frequency and amplicon
coverage, with an average sequencing depth of coverage of > 500� and
an analytic sensitivity of 5%. Prior to molecular testing, tumor
enrichment was achieved by harvesting targeted tissue using manual
microdissection techniques. Variants detected were mapped to refer-
ence genome (hg19) and well-established bioinformatics tools such as
BWA, SamTools, GATK, and snpFF were incorporated to perform
variant calling functions; germline variants were filtered with
various germline databases including 1000 genome and dbSNP
genetic variants identified were interpreted by board-certified
molecular geneticists and categorized as “pathogenic,” “presumed
pathogenic,” “variant of unknown significance,” “presumed
benign,” or “benign,” according to the American College of Medical
Genetics and Genomics standards. When assessing mutation fre-
quencies of individual genes, “pathogenic” and “presumed patho-
genic” were counted as mutations.

TMB calculation
TMB was measured by counting all non-synonymous missense,

nonsense, in-frame insertions/deletions, and frameshift mutations
found per tumor that had not been previously described as germline
alterations in dbSNP151, Genome Aggregation Database (gno-
mAD) or benign variants identified by Caris geneticists. A cut-
off point of ≥10 mutations (mt) per MB was used (14). Caris Life
Sciences is a participant in the Friends of Cancer Research TMB
Harmonization Project (15).

PD-L1 expression
IHC was performed on FFPE sections of glass slides. Slides were

stained using automated staining techniques, per the manufacturer’s
instructions, and were optimized and validated per CLIA/CAO and

ISO requirements. A board-certified pathologist evaluated all IHC
results independently. The primary PD-L1 antibody clone was 22c3
(Dako). Tumor proportion score (TPS) was defined as the percentage
of viable tumor cells showing partial or completemembrane staining at
any intensity. The tumor was considered positive if TPS ≥ 1% and high
PD-L1 expression was defined as TPS ≥ 50%.

Microsatellite instability/mismatch repair determination
A combination of multiple test platforms was used to determine the

microsatellite stability (MSI) or mismatch repair (MMR) status of the
tumors profiled, including fragment analysis (Promega), IHC [MLH1,
M1 antibody; MSH2, G2191129 antibody; MSH6, 44 antibody; and
PMS2, EPR3947 antibody (16)], and NGS (for tumors tested with
NextSeq platform, 7,000 target microsatellite loci were examined and
compared with the reference genome hg19 from the University of
California, Berkeley, CA).

Statistical plan
Molecular alterations among various KRAS-mutated groups were

compared using Chi-square or Fisher exact tests [KRAS wild-type
(WT) groups excluded from the comparative analyses] and a P value of
<0.05was considered a trending difference. Because of the large sample
size of this study, P values were further corrected for multiple
comparison using the Benjamini–Hochberg method and an adjusted
P value (i.e., q value) of <0.05 was considered a significant difference.
This study was conducted in accordance with guidelines of the
Declaration of Helsinki, Belmont report, and U.S. Common rule. In
keeping with 45 CFR 46.101(b)(4), this study was performed utilizing
retrospective, deidentified clinical data and received Institutional
Review Board exemption from patient consent.

Results
Clinical characteristics

Across 17,095 NSCLC samples analyzed, 4,706 (27.5%) samples
harbored a KRAS mutation (Table 1). The most common was G12C
(40%), followed by G12V (19%) and G12D (15%; Fig. 1). KRAS
mutations were more prevalent in female than male patients (31.35 vs.
23.7%, P < 0.0001) and there was no significant difference in age
betweenKRAS subtypes (Table 1). The prevalence ofKRASmutations
was 37.2% (3,889) among adenocarcinoma and only 4.4% (191) in
squamous cell carcinoma samples; however, KRAS mutational distri-
bution was similar in both histologies (Fig. 1). The smoking status of
1,841 patients were retrieved and categorized as never smoker, light
smoker (designated as less than 15 packs per year), and current smoker
(Fig. 2; Supplementary Table S1). The findings were not completely
consistent with the known biology of KRAS subtypes. In our limited
sample, 43% of patients with G12C mutations, 7% of patients with
G12A mutations, and 8% of patients with G12D mutations were
current smokers. 16% of patients with G12D mutations but only
6% of patients with G12A mutations were never or light smokers.
Among KRAS subgroups, G12C mutations had the highest rate of
current smokers, 43%.

Immunotherapy biomarkers
TMB varied significantly across the different KRASmutation types

(P < 0.001). High TMBwasmost common in G13 (50.0%) followed by
G12 (43.7%) and least common in G12D mutations (19.1%; Fig. 3;
Supplementary Table S2A). However, the distribution ofmedian TMB
values between different KRAS mutation types was narrow: 6.0 to
9.5 mt/Mb (Fig. 4). PD-L1 expression was also significantly different
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among KRAS mutations across major cutoffs, PD-L1 positive (TPS ≥
1%), PD-L1 TPS ≥ 10%, and PD-L1 high (TPS ≥ 50%; Fig. 3A;
Supplementary Table S2A). Of note, the KRAS WT population had
lower PD-L1 expression than allKRASmutations.KRASG12Cwas the
most likely to be PD-L1 positive, with 65.5% TPS ≥ 1%, and the most
likely to be PD-L1 high, with 41.3% TPS ≥ 50% (Fig. 3A; Supple-
mentary Table S2A). Immunotherapy biomarkers were compared in
patients with KRAS G12C mutations and any other KRAS mutation
subtype (Fig. 3B; Supplementary Table S2B). TMB and PD-L1 expres-
sion acrossmajor cutoffs were significantly higher in theG12C subtype
compared with any other KRAS subtype. An additional analysis was
performed to compare these biomarkers in patients with KRASG12A,
G12C, and G13D mutation subtypes due to different preferentially
activated signaling pathways (Supplementary Table S2C; refs. 17, 18).

However, additional analysis demonstrated that there were no signif-
icant differences in comparison of immune checkpoint inhibitor
response markers, including PD-L1 expression, TMB, and MSI/MMR
deficiency, between KRAS G12A and G12C mutations. In addition,
after correction for multiple comparison, there were no significant
differences forKRASG13D compared with G12A andG12C subtypes.

Co-occurring mutations
Significant differences in STK11 (LKB1), KEAP1, TP53, BRAF,

U2AF1, NF1, and GNAS co-mutations were observed across KRAS
mutational subtypes (P < 0.0001; Fig. 5; Supplementary Table S3).
STK11wasmutated in 8.6% ofKRASWTNSCLC but more frequently
noted in every KRAS subtype, with the highest rate in G13 mutations
(36.2%) and the lowest in G12D (14.2%). KEAP1 was mutated most

Figure 1.

KRAS mutational distribution in all NSCLC (A) and adenocarcinoma (B) and squamous cell (C) NSCLC histologies. The prevalence of KRAS mutations was 37.2%
among adenocarcinoma and only 4.4% in squamous cell samples, however KRAS mutational distribution was similar in both histologies.

Table 1. Patient characteristics of the NSCLC cohort studied. 4,706 (27.5%) samples of the entire cohort (17,095) had a KRASmutation.
Each KRASmutation subtype is listed alongwith the frequency of patients harboring each subtype, the female versusmale distribution,
as well as the age range and median age.

Total N (%) Female N (%) Male N (%) Median age Age range

KRAS WT 12,389 (72.5) 5,862 (47) 6,527 (53) 68.0 20–97
All KRAS mutation 4,706 (27.5) 2,677 (57) 2,029 (43) 68.0 22–97
G12C 1,882 (40) 1,102 (59) 780 (41) 68.0 27–95
G12V 915 (19) 504 (55) 411 (45) 68.0 37–92
G12D 684 (15) 386 (56) 298 (44) 69.0 22–97
G13 327 (7) 184 (56) 143 (44) 67.0 41–90
Q61 313 (7) 175 (56) 138 (44) 69.0 40–90
G12A 298 (6) 160 (54) 138 (46) 70.0 37–90
G12 Other 210 (4) 130 (62) 80 (38) 68.0 35–91
Other 77 (2) 36 (47) 41 (53) 68.0 37–89
Total 17,095 8,539 (50) 8,556 (50) 68.0 20–97
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frequently with KRAS G13 (13.10%), which was more than twice the
frequency in any otherKRASmutation subtype (3.70%–6.30%) orWT
(4.20%) cases. TP53 mutations were more frequent in KRAS WT
NSCLC (73.6%), with the highest rate among KRASmutants at 55.4%
(G12other) and the lowest at 36.8% (Q61 mutations). BRAF and
U2AF1 mutations were much less common overall. BRAF mutations
weremost frequent in G13-mutated cases (5.20%), compared with any
other KRASmutation subtype (0.70%–0.260%), followed byWT cases
(4.80%).U2AF1wasmutatedmost frequently inKRASG12other cases
(7.70%), which was more than twice the frequency in any other KRAS
mutation subtype (1.30%–3.70%) orWT (0.60%) cases.NF1was noted

to be mutated in 21.4% of KRAS G13 cases, while all other KRAS
mutations had a lower frequency of NF1mutations (2.8%–5.1%) than
KRASWT(11.5%).GNASmutations were observedmost frequently in
G12D cases (3.4%) and less frequently in other KRAS mutations and
WT cases (0.3%).

Significant differences in STK11 (P < 0.0001), KEAP1 (P < 0.0001),
TP53 (P ¼ 0.0002), and BRAF (P ¼ 0.0002) persisted across
KRAS mutational subtypes in adenocarcinoma patients alone
(Supplementary Fig. S1; Supplementary Table S4A). STK11 was
mutated most frequently in KRAS G13 cases (37.3%) and least
frequently in G12D (15.8%). KEAP1 mutations were more frequent

Figure 2.

Frequency ofKRASmutation subtypes in never smokers/light smokers (<15 packs/year) and current smokers. Smoking statusdatawas only available in 1,841 of 4,706
patients with KRAS mutations in this cohort.

Figure 3.

Immune checkpoint therapy associatedmarkers amongKRAS-mutated tumors (A) and comparison of thesemarkers between KRASG12Cmutated (G12Cmt) and all
other subtypes (nonG12Cmt;B). Prevalence of patientswithNSCLCwith highTMB (definedby≥ 10mt/Mb),MSI-H/MMR, andPD-L1 TPS (IHC22c3) expression across
major cut offs (TPS≥ 1%,≥ 10% and≥ 50%) among eachKRASmutation subtype.B, The prevalence of patientwithNSCLCwith G12Cmutationswhohad tumorswith a
high TMB (P ¼ 0.01; q ¼ 0.013), PD-L1 TPS ≥1% (P < 0.001; q < 0.001), and PD-L1 TPS ≥ 50% (P < 0.001; q < 0.001) was significantly greater than any other KRAS
subtype. �� represents q < 0.05 (statistically significant).
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in G13 (12.6%) which was more than twice the frequency in any other
KRAS mutation subtype (3.4%–6.2%). TP53 mutations were most
frequent in G12other (51.8) followed closely by G13 (51.1%) and least
frequent in Q61 mutations (36.0%). BRAF was mutated most fre-
quently in G13 cases (4.9%) and least frequently in G12D cases (0.9%).

There were no significant differences in co-mutation frequency
observed across KRAS subtypes in squamous NSCLC, only 4.4% of
KRAS mutations (Supplementary Fig. S1; Supplementary Table S4B).
Co-mutations that approached statistical significance included STK11,
TP53, and CDKN2A. In the squamous cell carcinoma cohort, STK11
was mutated most frequently in G12other (37.5%) while no STK11
mutations were seen in G12D or Q61 cases. TP53 co-mutation was

seen in all G12 other mutated cases (100%) and least frequently in Q61
(40.0%). CDKN2A was most frequently mutated in G13 (41.7%) but
was not seen at all in G12 or Q61 cases. BRAF was mutated most
frequently inG12A (11.1%) followed byG13 (7.7%) butwas not seen at
all in the other KRAS subtypes.

Further analysis of ATM and U2AF1 co-mutations was performed.
Significantly different genomic alterations were found in patients with
KRAS-mutated NSCLC with concomitant ATM mutations compared
to ATM WT (Supplementary Fig. S2A). Mutations more frequently
observed in KRAS-mutated/ATM-mutated patients include CCND1
(3.8% vs. 0.8%), FGF3 (4.2% vs. 0.8%), FGF4 (3.5% vs. 0.7%), and
TP53 (18.4% vs. 49.7%) among others (P < 0.0001). There was a trend

Figure 4.

TMBdistribution amongKRASmutations. TMBdistributionvalueswith beeswarmplot displaying all patient data points.MedianTMBdisplayed forKRASWTandeach
KRAS mutation subtype.

Figure 5.

Mutation rates of key biomarkers in KRAS-mutated NSCLC cohorts. Frequency of the 10 most common co-occurring mutations including TP53, STK11, NF1, KEAP1,
CDKN2A, ATM, BRAF, U2AF1, GNAS, and EGFR are displayed for each KRAS mutation subtype as well as KRAS WT group.
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toward increased PTCH1 mutations in co-mutated ATM (2.4% vs.
0.4%; P ¼ 0.003, Q ¼ 0.063), conversely CDKN2A co-mutations
trended higher in ATM WT compared with patients with ATM-
mutant NSCLC (7.5% vs. 2.9%; P ¼ 0.002, Q ¼ 0.042). STK11
mutations were significantly increased in patients with KRASmutated
but U2AF1 WT NSCLC compared with KRAS- and U2AF1-mutant
(23.6% vs. 9.9%,P< 0.001; Supplementary Fig. S2B).However, PD-L1–
positive expression had a more frequent trend in those patients with
concomitant KRAS andU2AF1mutations compared withU2AF1WT
(72.3% vs. 60.3%; P ¼ 0.006, Q ¼ 0.227).

Discussion
While the role ofKRASmutations in tumorigenesis has been known

for decades, no anti-cancer therapies targeting KRAS mutations have
been successfully developed, until recently (19). Previous efforts to
targetMEK 1/2 or CDK 4/6 were ineffective (20).MEK inhibition lead
to only modest efficacy with response rates of 11% and 12%, which
were notably transient (21, 22). Recently, exciting phase I results have
been reportedwith sotorasib, formerlyAMG510, a smallmolecule that
irreversible inhibits KRAS G12C-mutant protein, demonstrating a
32.2% response rate and 88.1% disease control, in patients with KRAS
G12C-mutated NSCLC (23, 24). Encouraging preclinical and clinical
data has also been demonstrated using another KRAS G12C inhibitor,
adagrasib, formerly MRTX849, with a recently reported response rate
of 45% and disease control rate of 96.1% (25, 26). While these data are
very promising for patients with KRAS-mutated NSCLC, there is
significant variability in outcomes, duration of response, and mechan-
isms of resistance, all of which may be influenced by specific co-
mutations present at diagnosis. Our study highlights the mutational
heterogeneity that may explain prior inconsistent KRAS-targeted
trial results and may influence future outcomes with subtype
specific KRAS inhibitors and potentially with use of PD-1/PD-L1
inhibitors.

In KRAS-mutated NSCLC, there has been conflicting data on
whether co-mutations influence outcomes with immunotherapy. In
2015, Skoulidis and colleagues described three major subsets ofKRAS-
mutant lung adenocarcinoma with distinct biology, immune profiles,
and therapeutic vulnerabilities by analysis of gene expression profiles
and co-occurring genomic alterations (8). The three major KRAS-
mutant subsets were defined by co-mutations in STK11/LKB1 (KL
subgroup), TP53 (KP subgroup), and CDKN2A/B inactivation as well
as low expression of NKX2–1 (TTF1) transcription factor (KC sub-
group). The KC subgroup had biallelic deletions of CDKN2A (encod-
ing for the p16 tumor suppressor) and CDKN2B (encoding for the p15
tumor suppressor), both significantly enriched in this cohort. The
other two subgroups had distinct immune profiles. The KP subgroup
of patients with a co-mutation in TP53 had a higher tumor mutational
load and characteristics of inflammatory response with increased
expression of co-stimulatory (i.e., CD28) and co-inhibitory signals,
including PD-L1. Therapeutic strategies using immune checkpoint
inhibitors were appealing in this patient population given the reliance
on PD-L/PD-L1 signaling and the increased immunogenicity with a
large range of neoantigens. However, patients in the KL subgroup
with a co-mutation in STK11/LKB1 were found to have more altera-
tions in KEAP1 and ATM and had a “cold” immune microenviron-
ment (relatively immune inert) with a lower rate of somatic mutations
and anti-inflammatory signaling. Other studies have supported
these immunogenic differences and response to immunotherapy in
patients with KRAS-mutant NSCLC with TP53 or STK11 co-
mutations (27, 28). In 2018, Skoulidis and colleagues showed that

STK11/LKB1 co-mutations were associated with a shorter PFS and OS
when treated with immune checkpoint inhibitors (6). Recently, their
group demonstrated that STK11/LKB1 and/orKEAP1 alterations drive
primary resistance to immune checkpoint inhibitors with a lack of
benefit from the addition of pembrolizumab to chemotherapy and an
inferior OS in patients with non-squamous NSCLC (29). Importantly,
resistance persisted in PD-L1–positive patients which emphasizes the
potential significance of STK11/LKB1 and/or KEAP1 co-mutations
and also demonstrates the challenges with the PD-L1 biomarker. Of
note, there was no consistent association between common mutant
KRAS alleles (G12C, G12V, G12D) and the three expression clusters
that were originally described previously (8).

Other studies have not shown a consistent relationship between
KRAS co-mutations in NSCLC and outcomes with immunotherapy;
PD-L1 expression has not been well characterized in this particular
patient subset. Arbour and colleagues found co-occurring KEAP1 or
NFE2L2 mutations were associated with shorter OS; however, STK11
and TP53 were not associated with an OS difference (9). In addition,
exploratory analysis of patients withNSCLC, not necessarily harboring
a KRAS mutation, enrolled in KEYNOTE-042 and KEYNOTE-189
demonstrated better outcomes with pembrolizumab (alone or with
chemotherapy, respectively) independent of STK11 or KEAP1 muta-
tion status (7, 30). Thus, while STK11 andKEAP1mutations alonemay
have prognostic value, a KRAS co-mutation may also predict immune
checkpoint inhibitor resistance. In this article, we describe the molec-
ular heterogeneity of each specific KRAS mutation subtype. Interest-
ingly, we found patients with G13 mutations had the highest rate of
STK11 and KEAP1 co-mutations (Fig. 5; Supplementary Table S3). It
will be important to explore treatment outcomes with immunotherapy
and chemoimmunotherapy in patients with KRAS G13-mutated
NSCLC, as this subset may be a primary driver of the lack of benefit
observed in some studies with PD-1 axis blockade (16, 31–36).

While several preclinical and clinical studies have described patients
with KRAS-mutated NSCLC and TP53, STK11, KEAP1 or CDKN2A
co-mutations (6, 8, 9, 29, 37), there has been little priorwork describing
the potential clinical relevance of other predominant co-mutations
demonstrated in our study, including ATM and U2AF1 (38). There is
evidence that ATM-deficient lung adenocarcinoma is sensitive to
PARP1 and ATR inhibitors (39). Here we have shown several muta-
tions which aremore frequent in patients withKRAS-mutated NSCLC
with anATMmutation (7.5% ofKRAS-mutant cohort) comparedwith
ATMWT (Supplementary Fig. S2A). Further exploration is needed to
determine any therapeutic implications of these co-mutations. The
functional role of U2AF1 in NSCLC has not been completely eluci-
dated (40). We have demonstrated an interesting trend in PD-L1, a
biomarker of immunotherapy response, which was higher in patients
with KRAS-mutant/U2AF1-mutant NSCLC (3% of KRAS-mutant
cohort) compared with KRAS-mutant/U2AF1 WT. In contrast,
STK11, a potential marker of immunotherapy resistance, was signif-
icantly higher in patients with KRAS-mutant/U2AF1 WT NSCLC
(Supplementary Fig. S2B). Further studies are needed to determine the
response to immune checkpoint inhibitors in these patient groups.

In terms of characterization of PD-L1 expression inKRASmutation
subtypes, we found that any KRAS mutation subtype had a greater
likelihood of PD-L1 expression, across all major cutoffs, than the WT
subgroup (Fig. 3A; Supplementary Table S2A). Specifically, G12C was
the most likely to be PD-L1 positive, with 65.5% TPS > 1%, and the
most likely to be PD-L1 high, with 41.3% TPS ≥ 50% (Fig. 3B;
Supplementary Table S2B). Unfortunately, we have limited data on
the patient’s smoking status which is known to be associated with
higher TMB and PD-L1 expression, as well as response to
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immunotherapy (Fig. 2; Supplementary Table S1; refs. 42, 43). In
addition, “light smokers” categorized as less than 15 packs per year
does not accurately capture this patient population due to the loose
definition. Prior studies which have included a “light smokers”
category have used up to 10 pack years (13, 41). Thus, heavy
smokers may also be captured in this category. While the propor-
tions of KRAS mutation subtypes in each smoking category resem-
bles some prior data, there are differences with the known biology of
these subtypes (11–13). Therefore, we are unable to draw any
conclusions regarding the influence of smoking status, or the KRAS
biology itself, based on this cohort. Our data did not show a
difference in immune checkpoint response markers (PD-L1, TMB,
or MSI/MMR) when comparing subtypes with varying RAF sig-
naling pathway dependence (Supplementary Table S2C). G12C and
G13D subtypes have a high intrinsic GTPase hydrolysis rate and are
less RAF signaling dependent compared with G12A, which has a
low GTPase hydrolysis rate and is dependent on RAF signal-
ing (17, 18). The observed difference, or lack thereof, will need to
be subsequently explored in terms of clinical treatment outcomes to
better understand their significance.

KRAS mutations are relatively common events in lung adenocar-
cinoma. Specific KRAS mutations exist in slightly different genomic
landscapes: the rates of co-mutation of various relevant genes varied by
specific KRASmutation type. PD-L1 expression was also significantly
different across specific KRAS mutations. These differences likely
reflect differences in the underlying biology of each KRAS subset.
Future therapeutic interventions must take note of these genomic
differences as we further personalize cancer care.
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