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Abstract

generation sequencing of KRAS, NRAS, EGFR, and BRAF.

independently of clinical or demographic characteristics.

Background: KRAS is the most frequently mutated oncogene in cancer, however efforts to develop targeted
therapies have been largely unsuccessful. Recently, two small-molecule inhibitors, AMG 510 and MRTX849, have
shown promising activity in KRAS G12C-mutant solid tumors. The current study aims to assess the molecular profile
of KRAS G12C in colorectal (CRC) and non-small-cell lung cancer (NSCLC) tested in a clinical certified laboratory.

Methods: CRC and NSCLC samples submitted for KRAS testing between 2017 and 2019 were reviewed. CRC
samples were tested for KRAS and NRAS by pyrosequencing, while NSCLC samples were submitted to next

Results: The dataset comprised 4897 CRC and 4686 NSCLC samples. Among CRC samples, KRAS was mutated in
2354 (48.1%). Most frequent codon 12 mutations were G12D in 731 samples (14.9%) and G12V in 522 (10.7%),
followed by G12C in 167 (3.4%). KRAS mutations were more frequent in females than males (p = 0.003), however
this difference was exclusive of non-G12C mutants (p < 0.001). KRAS mutation frequency was lower in the South
and North regions (p =0.003), but again KRAS G12C did not differ significantly (p =0.80). In NSCLC, KRAS mutations
were found in 1004 samples (21.4%). As opposed to CRC samples, G12C was the most common mutation in KRAS,
in 346 cases (7.4%). The frequency of KRAS G12C was higher in the South and Southeast regions (p =0.012), and
lower in patients younger than 50 years (p < 0.001). KRAS G12C mutations were largely mutually exclusive with other
driver mutations; only 11 NSCLC (3.2%) and 1 CRC (0.6%) cases had relevant co-mutations.

Conclusions: KRAS G12C presents in frequencies higher than several other driver mutations, and may represent a
large volume of patients in absolute numbers. KRAS testing should be considered in all CRC and NSCLC patients,
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Introduction

The field of precision oncology has revolutionized the way
cancer is approached in the past two decades [1-3].
Throughout the years, numerous compounds have been
developed targeting proteins responsible for the develop-
ment and maintenance of cancer cells, with relevant
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implications in the clinic. In parallel, a better understand-
ing of cancer biology and genetics enabled researchers to
define predictive biomarkers that help oncologists select
the most suitable targeted therapies for patients [4].

RAS genes were identified as the first oncogenes in
1982; specifically a single missense mutation in HRAS
codon 12 was found in a bladder carcinoma cell line [5,
6]. Subsequently, the somatic origin of RAS mutations
was confirmed, three isoforms were described and hot-
spots were found at codons 12, 13, and 61. KRAS is the
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most frequently mutated oncogene in cancers, with mu-
tation rates of up to 96% in pancreatic cancers [7, 8],
54% in colorectal cancers (CRC) [9, 10], and 39% in lung
adenocarcinomas [11]. RAS proteins belong to a super-
family of small GTPases that regulate fundamental intra-
cellular signaling pathways involved in cell growth and
survival [12, 13]. RAS missense mutations stabilize the
protein in its active, GTP-bound state, which leads to
sustained transduction of pathways including the MAPK
[14-16].

In CRC, it has been demonstrated that RAS mutations
are associated with lack of response to monoclonal anti-
bodies against the epidermal growth factor receptor
(EGFR), an upstream target related to RAS [17]. RAS
testing is currently required in metastatic CRC in order
to rule out the presence of missense mutations, and se-
lect patients for anti-EGFR antibodies [17]. In non-small
cell lung cancer (NSCLC), RAS mutations have also been
related to limited benefit from EGFR tyrosine kinase in-
hibitors [18]. Subsequently, EGFR mutations per se were
shown to determine sensitivity to these inhibitors, and
are mostly mutually exclusive with RAS [2]. Several
other genomic alterations have been shown to determine
sensitivity to specific targeted therapies in NSCLC [19].
Routine testing of gene mutations or fusions involving
EGFR, ALK, RET, ROS1, MET, BRAF, ERBB2, and NTRK
are recommended to select patients for targeted therapy
[20].

KRAS G12C mutant has been exploited as a potential
target for novel therapies. Indeed, the codon 12 cysteine
residue may serve as a binding pocket for covalent inhib-
itors, stabilizing KRAS in an inactive, GDP-bound form
[21]. Two novel compounds have been developed to act
against KRAS G12C and are under clinical development,
sotorasib (AMG 510) [21] and adagrasib (MRTX849)
[22]. Understanding the frequency of KRAS G12C and
co-occurring mutations is crucial to define strategies for
cancer control. Herein we present a large review of CRC
and NSCLC tumor samples submitted for KRAS testing
in a clinical certified laboratory.

Materials and methods

Study design

We retrospectively analyzed deidentified data from CRC
and NSCLC tumor samples submitted to KRAS testing
in a clinical certified laboratory (Progenética, Grupo Par-
dini — Brazil) between 2017 and 2019. Available clinical
data were reviewed and annotated. No patient had dupli-
cated tumor samples analyzed. Samples were previously
acquired for clinical purpose, included either biopsy or
resection, and were all preserved in formalin-fixed
paraffin-embedded (FFPE) tissue blocks. Following the
laboratory routine, tumor slides were examined to con-
firm sample diagnosis and adequacy for sequencing. At
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least two 4—6 micra tumor slides were required, with
tumor content of 5% or more. DNA was extracted using
an automated protocol (QIAsymphony DSP DNA Mini
Kit, Qiagen; Hilden, Germany), and quantified using the
Qubit 2.0 fluorometer (Thermo Fisher Scientific, Wal-
tham, Massachusetts, US). A minimum of 10 ng of gen-
omic DNA was required for targeted sequencing.

CRC samples were tested for KRAS and NRAS muta-
tions using pyrosequencing (Therascreen KRAS Pyro Kit
and Therascreen RAS Extension Pyro Kit, Qiagen; Hil-
den, Germany), while NSCLC samples were tested for
KRAS, NRAS, BRAF, and EGFR by next generation se-
quencing (NGS; Thermo Fisher Technology; Waltham,
Massachusetts, United States). Co-occurring mutations
were confirmed by an orthogonal method. The pyrose-
quencing was performed according to handbooks of Kits’
manufacturer (Therascreen KRAS Pyro® Handbook and
Therascreen RAS Extension Pyro® V2 Kit Handbook).
The following hotspot sites mutations were analyzed for
KRAS and NRAS: codons 12-13, 61, 117 and 146. Reac-
tions were run in the PyroMark Q24 instrument (Qia-
gen; Hilden, Germany) and analyzed using the software
v2.0.7 in default mode. The NGS panel was customized
to cover 17 amplicons of interest in hotspot regions at:
EGEFR exons 18 (codons 696—725), 19 (codons 729-761),
20 (codons 762-796 and 808-823) and 21 (codons 856—
875); KRAS exons 2 (codons 6-37), 3 (codons 38-65)
and 4 (codons 114—149); NRAS exons 2 (codons 4—30),
3 (codons 43-68) and 4 (codons 125-150); and BRAF
exons 11 (codons 439-472) and 15 (582-610).

For NGS analysis, raw sequence data were mapped to
the hgl9 human reference genome using Torrent Map-
ping Alignment Program aligner. Torrent Coverage Ana-
lysis Plugin implemented in v5.0 of the Torrent Suite
software (Thermo Fisher Scientific) was used to perform
initial quality control and used to assess amplicon cover-
age for regions of interest. Regions were obtained after
filtering of uniformity (>80%), on-target reads (>50%)
and minimum mapped reads of 25.000. Variant calling
was carried out using Ion Reporter v5.0 (Thermo Fisher
Scientific) with the default setting of somatic parameters
(minimum variant quality of 10, minimum coverage
of 5x, maximum strand bias of 0.95, and minimum
variant score of 6). The lowest limit of detection for
low-frequency variants was 5%. Variants were anno-
tated using the following databases: 5000Exomes V.1,
Canonical RefSeq Transcripts v63, ClinVar v.1, COS-
MICv.67, dbSNP v.138, DGV v.20130723, DrugBank
v.l, Gene Ontology, v. 1.218, OMIM v.03022014,
Pfam v.26, PhyloP Scores v.1, RefSeq Functional Ca-
nonical Transcripts Scores v.4 RefSeq GeneModel v.
63. All identified variants were checked for correct
nomenclature viewing the Integrative Genomics
Viewer (IGV) alignment.
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Statistical analysis

Clinical and molecular data (age, gender, geographic re-
gion, histology, and mutation status) are described in ab-
solute numbers and frequencies. Age is also provided as
mean and standard error (SE). Categorical variables were
compared using Pearson’s Chi-square test. KRAS status
was classified as G12C mutant, non-G12C mutant
(“KRAS Others”), and wild type. All comparisons in-
cluded two-tailed tests, with level of significance set at
5%. All analyses were performed using IBM SPSS soft-
ware (version 26.0; IBM Corporation, Armonk, NY,
USA). All methods were carried out in accordance with
relevant guidelines and regulations.

Ethical considerations

The protocol was reviewed and approved by local Ethics
Committee (Research Ethics Committee of the Minas
Gerais Social Security Institute — IPSEMG). A waiver for
the informed consent was also approved by the Research
Ethics Committee of the Minas Gerais Social Security
Institute since all patients had previously signed an
authorization for testing, and data were collected retro-
spectively through molecular reports review. No infor-
mation capable of identifying patients was used.

Results

Patient and sample characteristics

The dataset comprised 4897 CRC and 4686 NSCLC
samples (Table 1). Mean age was 59.8 years (SE 0.186)
and 65.6 years (SE 0.170) among CRC and NSCLC pa-
tients, respectively. Patient cases were well balanced ac-
cording to gender in both cohorts (51.8 and 45.7%
males, respectively). Brazilian Southeast and South re-
gions were the most frequently represented, however all
regions were present in the complete dataset. Adenocar-
cinoma was the most frequent histological subtype in
both cases (87.8 and 81.4%, respectively). All KRAS
G12C mutations were caused by a ¢.34G > T missense
mutation.

Tumor genotyping

Among 4897 CRC samples tested, KRAS was mutated in
2354 (48.1%). Most frequent hotspots were at codon 12
in 1696 samples (34.6%), codon 13 in 403 (8.2%), and
codon 61 in 116 (2.4%). Most frequent codon 12 muta-
tions were G12D in 731 samples (14.9%) and G12V in
522 (10.7%), followed by G12C in 167 samples (3.4%)
(Figs. 1 and 2). Patients with KRAS G12C had a mean
age of 60.2years (SE 1.061), and were well distributed
according to gender (51.9% males). The presence of
KRAS mutations was significantly higher among females
than males (50.5% vs 45.8%; p = 0.003), however this dif-
ference was exclusive of non-G12C mutants (p < 0.001).
KRAS mutation frequency was significantly lower in the

Page 3 of 8

Table 1 Patient and sample characteristics

Characteristics CRC NSCLC
(N =4897) (N =4686)
Age (years), N (%)
<40 339 (6.9 97 (2.1)
40-49 661 (13.5) 302 (6.5)
50-59 1241 (25.3) 922 (19.7)
60-69 1530 (31.2) 1572 (33.7)
>70 1126 (23.0) 1776 (38.0)
Gender, N (%)
Male 2535 (51.8) 2142 (45.7)
Female 2362 (48.2) 2544 (54.3)
Region, N (%)
Southeast 3614 (73.8) 2599 (55.5)
South 641 (13.1) 672 (14.3)
Northeast 133 (2.7) 769 (164)
Middle West 407 (8.3) 449 (9.6)
North 102 (2.1) 197 (4.2)
Histology, N (%)
Adenocarcinoma 4300 (87.8) 3814 (814)
Squamous cell carcinoma - 19 (0.4)
NSCLC NOS - 205 (44)
Unknown 597 (12.2) 648 (13.8)

Abbreviations: CRC colorectal cancer; NSCLC non-small cell lung cancer; NOS
not otherwise specified. Obs seventeen NSCLC cases lacked information on
age; hence only valid percentage is presented

South and North regions (42.4 and 36.3%, respectively;
p =0.003), but again KRAS G12C did not differ signifi-
cantly (p =0.80). The frequency of KRAS G12C varied
from 2.9% in the Middle West to 3.9% in the North. No
association was seen between KRAS status and age (p =
0.481). The frequency of KRAS G12C varied from 2.6%
for patients aged 40—49 years to 3.8% for patients youn-
ger than 40 (Fig. 3 and Supplemental Table 1).

Among 4686 NSCLC samples, KRAS mutations were
found in 1004 (21.4%), mostly at codon 12 in 875
(18.7%) and codon 13 in 64 (1.4%). The distribution of
KRAS G12 mutations was significantly distinct from
CRC data (p <0.001; Figs. 1 and 2). As opposed to CRC
samples, G12C was the most common mutation in
KRAS, in 346 cases (7.4%), followed by G12V in 206
(4.4%) and G12D in 188 (4.0%). Mean age of KRAS
G12C patients was 67.0 years (SE 0.486), and half were
males (50.0%). In contrast to CRC data, gender was not
associated with KRAS mutation status (p =0.229). On
the other hand, significant associations were described
between KRAS status, region (p=0.003), and age (p <
0.001). The frequency of KRAS G12C was higher in the
South and Southeast regions (8.2 and 8.1%, respectively),
as opposed to 5.1 and 3.6% in the Northeast and North,
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Fig. 1 Frequency of KRAS G12C and non-G12C mutations in colorectal (a) and non-small cell lung cancer (b)
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respectively (p = 0.012). KRAS G12C was less frequent at
younger ages: 2.0% or lower in patients younger than 50
years, as opposed to 7.2% or higher in patients older
than 50 (p < 0.001; Fig. 4 and Supplemental Table 2).

Co-occurring mutations

Among NSCLC samples, EGFR mutations were detected
in 1162 (24.8%), BRAF in 167 (3.6%) and NRAS in 27
(0.6%). Most frequent EGFR mutations were exon 19 de-
letions in 611 samples (13.0%), and exon 21 L858R point
mutation in 326 (7.0%). BRAF mutations involved codon
600 in 86 samples (1.8%). KRAS G12C mutations were
largely mutually exclusive with other driver mutations,
however 21 cases (6.1%) presented reportable co-
mutations (Table 2). KRAS G12C co-existed with EGFR
mutations in 10 cases, BRAF in 4, and NRAS in 3. G12C
co-occurred with other KRAS mutations in 5 cases.
Nevertheless, 7 co-mutations were non-canonical, and 5
had an allelic frequency lower than 5%; hence only 11
(3.2%) NSCLC cases had clinically-relevant co-
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Fig. 2 Distribution of KRAS codon 12 mutations in colorectal (CRC)
and non-small cell lung cancer (NSCLC)

mutations. One sample presented with 3 mutated genes,
including KRAS G12C (allelic frequency of 17%), EGFR
S768I (18%), and BRAF V600E (5%).

In CRC, 3 samples presented with co-existing muta-
tions in KRAS: G12S and G12V (2 cases); G12V and
G12C (1 case). NRAS status was available for 2261 pa-
tients, of which 187 (8.3%) were mutated. The most fre-
quent NRAS mutations involved codons 61 in 94
samples (4.2%), codon 12 in 76 (3.4%) and codon 13 in
14 (0.6%). There was no overlap between KRAS and
NRAS mutations among CRC samples.

Discussion

KRAS G12C has become a promising target for novel di-
rected therapies in solid tumors [23], adding up a new
role for routine KRAS testing. Given the lack of compre-
hensive and up to date information on the frequency of
KRAS G12C and its characteristics of presentation, our
group reviewed data from a large cohort of CRC and
NSCLC samples (almost 10 thousand samples overall)
submitted to KRAS testing in a clinical certified labora-
tory. Our data provide relevant input to guide future ef-
forts in the field.

We described a frequency of KRAS G12C of 3.4% in
CRC and 7.4% in NSCLC, which is higher than rates of
several other driver mutations currently in clinical use to
guide targeted therapies [24]. In absolute numbers, these
figures represent a large volume of patients that may
benefit from novel directed therapies. The percentages
described herein are in line with COSMIC database,
where a frequency of 2.6 and 6.9% were reported in
colon and lung adenocarcinomas, respectively [16, 25].
In Brazil, a comprehensive review of 8234 metastatic
CRC patients found KRAS mutations in 31.9% [26].
G12C was present in 7.9%, but ranged from 7.1% in the
Southeast to 12.2% in the North region [26]. The fre-
quency of KRAS G12C was slightly higher in females
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Table 2 Synchronic mutations co-occurring with KRAS G12C
among NSCLC samples

Genes Amino acid change Allelic frequency %)
EGFR Exon 19 deletion (2 cases) 19and 25
L858R (2 cases) 4 and 2
S7681° 18
G719N 14
T725M°/A597PP/R831HO/V774MP 49/13/3/7
KRAS G13D (2 cases) 49 and 36
G125 17
G12v 4
Q22° 16
BRAF V600E? (2 cases) 7 and 5
V600K 20
G464E® 15
NRAS Q61K 24
G13v 14
E132K° NR

? 1 case of co-existing KRAS G12C, EGFR S768l, and BRAF V600E; ® hon-
canonical mutations. Abbreviation: NR not reported

than in males (8.6 and 7.1%, respectively) [26]. No asso-
ciation was observed between age, gender, region, and
KRAS G12C status in the current CRC cohort.

KRAS mutational data were described in a review of
513 lung adenocarcinomas from Brazilian patients pro-
filed by NGS [27]. KRAS G12V and G12C were the most
common mutations, in 6.9 and 6.7%, respectively. Ana-
lysis of clinical and demographic characteristics was not
provided. In a review of 5738 NSCLC samples from
Latin America, KRAS mutations were found in 14% of
samples, however no details were offered on KRAS
G12C [28]. The current NSCLC data adds up by provid-
ing detailed KRAS analysis, and comparisons to clinical
and demographic information. Our group found that
KRAS G12C was significantly more frequent in older pa-
tients, as well as those from South and Southeast re-
gions. A plausible explanation is the higher proportion
of tobacco-related diseases at older age, hence linking
this risk factor to KRAS G12C-related NSCLC. Also,
South and Southeast are the regions with highest con-
sumption of tobacco in the country [29], reinforcing the
relationship between tobacco and KRAS G12C-mutant
NSCLC. South and Southeast are also regions with the
highest income in the country; molecular assessment
may be more appropriate in these areas.

In agreement with COSMIC [25], KRAS G12C was the
most frequent mutation in NSCLC, while KRAS G12D
and G12V were the most common in CRC. The clinical
observation that KRAS mutations differ in position and
type of substitution according to cancer type is an intri-
guing, and yet unexplained phenomenon [16]. It has
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been suggested that distinct carcinogens may act differ-
ently to cause specific KRAS mutations and create se-
lective pressures that will guide the process of tumor
initiation in each tissue type [16]. For instance, KRAS
G12C mutation is universally caused by a single nucleo-
tide substitution at position 34, G > T. This transversion
is commonly found in mutational signatures associated
with tobacco-related carcinogens in lung cancer [30].
On the other hand, KRAS G12D is caused by a G> A
transition characteristic of CRC mutational signatures
[30].

KRAS mutations are classic driver oncogenes, and
rarely co-occur with other targetable mutations. In our
dataset, 21 KRAS G12C-mutant NSCLC cases (6.1%)
presented reportable co-mutations, however only 11
(3.2%) were canonical nucleotide variations with an al-
lelic frequency of 5% or more. In a large database includ-
ing 1078 KRAS-mutant NSCLC samples [31], EGFR
mutations were found in 1.2%, BRAF in 1.4%, and NRAS
in 0.5%. KRAS G12C was associated with a higher fre-
quency of ERBB2 amplification and ERBB4 mutations,
while PTEN and BRAF mutations were less common
than in the total cohort [31]. The finding that 2 or more
gene mutations may co-occur within the same tumor
likely reflects a multiclonal presentation that leads to
tumor heterogeneity [31]. KRAS mutations may also
emerge as a mechanism of secondary resistance to tar-
geted therapies [32]. KRAS mutations commonly present
alongside mutations in TP53, STK11, and KEAPI and
these co-mutations define distinct signature with poten-
tial clinical implications [33]. These genes were not
assessed in our database.

The current study was based on laboratory reports;
therefore limited clinical data were available. For in-
stance, information on smoking status, disease stage,
treatment, and outcomes were not provided. On the
other hand, a large sample size was reached in a short
and contemporary timeframe, which supports the repro-
ducibility of our dataset. In addition, data analyzed was
representative of the 5 geographic regions in the coun-
try. Brazil spans a large territorial extension and there
may exist some degree of genetic background hetero-
geneity in the population. Differences in risk factors
and disease presentation are expected, further sup-
porting the strength of our results. It should be noted
that North and Northeast regions were underrepre-
sented in the current study, which may have caused
an imbalance in the analysis. Future studies should
focus on these regions to increase the power to con-
firm our findings. Lastly, modern sequencing plat-
forms were applied in the current analysis, including
pyrosequencing and NGS. The greater accuracy of
these methods makes results more reliable than past
publications in the field.
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Conclusion

The current dataset provides a comprehensive and con-
temporary overview of the molecular profile of KRAS
G12C in both CRC and NSCLC. KRAS G12C presents in
frequencies higher than several other driver mutations,
and may represent a large volume of patients in absolute
numbers. KRAS testing should be considered in all CRC
and NSCLC patients, independently of clinical or demo-
graphic characteristics, in order to improve enrolment in
clinical trials.
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