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Background: KRAS mutations, present in over 40% of metastatic colorectal cancer
(mCRC), are negative predictive factors for anti-EGFR therapy. Mutations in KRAS-G12C
have a cysteine residue for which drugs have been developed. Published data on this
specific mutation are conflicting; thus, we studied the frequency and clinical
characteristics in a real-world and population-based setting.

Methods: Patients from three Nordic population-based cohorts and the real-life RAXO-
study were combined. RAS and BRAF tests were performed in routine healthcare, except
for one cohort. The dataset consisted of 2,559 patients, of which 1,871 could be
accurately classified as KRAS, NRAS, and BRAF-V600E. Demographics, treatments,
and outcomes were compared using logistic regression. Overall survival (OS) was
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estimated with Kaplan–Meier, and differences were compared using Cox regression,
adjusted for baseline factors.

Results: The KRAS-G12C frequency was 2%–4% of all tested in the seven cohorts
(mean 3%) and 4%–8% of KRAS mutated tumors in the cohorts (mean 7%).
Metastasectomies and ablations were performed more often (38% vs. 28%, p =
0.040), and bevacizumab was added more often (any line 74% vs. 59%, p = 0.007) for
patients with KRAS-G12C- vs. other KRAS-mutated tumors, whereas chemotherapy was
given to similar proportions. OS did not differ according to KRAS mutation, neither overall
(adjusted hazard ratio (HR) 1.03; 95% CI 0.74–1.42, reference KRAS-G12C) nor within
treatment groups defined as “systemic chemotherapy, alone or with biologics”,
“metastasectomy and/or ablations”, or “best supportive care”, RAS and BRAF wild-
type tumors (n = 548) differed similarly to KRAS-G12C, as to other KRAS- or NRAS-
mutated (n = 66) tumors.

Conclusions: In these real-life and population-based cohorts, there were no significant
differences in patient characteristics and outcomes between patients with KRAS-G12C
tumors and those with other KRAS mutations. This contrasts with the results of most
previous studies claiming differences in many aspects, often with worse outcomes for
those with a KRAS-G12C mutation, although not consistent. When specific drugs are
developed, as for this mutation, differences in outcome will hopefully emerge.
Keywords: colorectal cancer, metastatic, KRAS mutation, KRAS-G12C mutation, population-based, real-world
INTRODUCTION

Mutations in the RAS genes are common oncogenic drivers (1).
In colorectal cancer (CRC), Kirsten rat sarcoma viral oncogene
homolog (KRAS) is mutated (mt) in over 40% and
neuroblastoma RAS viral oncogene homolog (NRAS) in about
4% (2). The specific mutated codon impacts the activity of the
enzyme, and this may impact the clinical behavior of the tumor.
Activating missense mutations in RAS cause resistance to
epidermal growth factor receptor (EGFR) inhibition, and
although different mutations may have somewhat variable
resistance (3, 4), in practice, all KRAS and NRAS mutations are
predictive markers for no benefit of anti-EGFR therapy. It has
been challenging to develop therapies directed against KRAS
mutated tumors due to multiple different activating mutations in
the RAS genes (5, 6). The KRAS-G12C has a cysteine residue for
which specific drugs, such as sotorasib (AMG 510, Amgen,
Thousand Oaks, CA, USA) and adagrasib (MRTX849, Mirati
Therapeutics, San Diego, CA, USA), have been developed and
clinically explored with promising results (7, 8).

The importance of different KRAS mutations on the clinical
behavior of metastatic CRC (mCRC) has been explored, and
differences have been reported (9). The clinical relevance of
KRAS-G12C is unclear (10–17). The frequency of KRAS-G12C
has been reported to be 2%–8% in large databases of molecularly
analyzed CRCs (12, 14, 18, 19). In hospital-based series, the
proportion of KRAS-G12C tumors was 2%–4% of all mCRC
tumors (11, 15, 16, 20), whereas greater variability was seen in
the proportion of the KRAS-mutated population (6%–17%) (11,
2

13, 16, 17, 20–22). Sex- and age-related differences and differences
in the metastatic pattern have been reported between different
KRAS mutations, with no consistent results (12, 13, 22).

Several studies have explored the relation between progression-
free (PFS) and overall survival (OS) and KRAS mutation type in
mCRC. Two Italian hospital-based series reported worse survival
for those with KRAS-G12C and KRAS-G12S compared to other
KRAS mutations (13, 20). In a pooled analysis of three German
trials of retrospectively analyzed KRAS codon 12 mutant tumors,
patients with G12C (and G12S) mutations fared worse when
treated with chemotherapy and EGFR inhibition (23). In a
follow-up study including two more trials, the same group found
no difference in PFS or OS between different KRAS exon 2
mutations, but KRAS-G12C had the numerically worst median
OS (mOS) and was the only mutation that significantly differed
from KRASwild-type (wt) tumors (11). Among 4,632 patients with
molecularly profiled tumors at MD Anderson Cancer Center, 134
(3%) had a KRAS-G12C mutation. When 53 additional patients
were added, those with a KRAS-G12C had worse PFS and OS (15).
A Japanese study including 1632 patients treated with
chemotherapy at 4 hospitals found 45 (6%) KRAS-G12C tumors
among 696 KRAS mutated tumors and similarly found that both
PFS and OS were worse for the KRAS-G12C cases compared to
those having other KRAS mutations (16). Finally, in yet another
Italian hospital-based study, 120 patients with KRAS mutated
tumors were treated with a doublet chemotherapy regimen and
bevacizumab; 15 (12%) patients with a KRAS-G12C had a lower
response rate than those with another mutation (27% vs. 52%, p =
0.017); however, no differences in PFS or OS were seen (17).
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The studies performed so far have been restricted to patients
included in clinical trials, hospital-based series, or large databases
with unknown patient selection. Since certain molecular changes
in the background population of patients with mCRC differ
substantially from those in clinical trials and hospital series (24–
26), the representativity of the present knowledge can be
discussed. Further, since these mutations are not particularly
common, the number of cases is limited in most studies, making
estimates uncertain. Extensive knowledge about KRAS-G12C
frequency, the possible presence of characteristics differing
from other KRAS mutations, and their relation to survival and
treatment response is not available. For these reasons, we
examined three population-based Nordic patient materials and
one large real-life material for the presence of KRAS-G12C and
their relations to patient characteristics and outcome compared
to those having other RAS and v-Raf murine sarcoma viral
oncogene homolog B (BRAF)-V600E mutations.
MATERIALS AND METHODS

Patients from four Nordic cohorts were included: the prospective
real-life Finnish RAXO-study, a population-based data collection
cohort of Finnish patients molecularly tested at four hospitals
covering all medical care in the surrounding regions (Helsinki,
Jyväskylä, Tampere, and Turku), the population-based
Scandinavian prospective registration of mCRC (PRCRC-
study), and a Swedish population-based cohort (Uppsala
region) (Figure 1 and Supplementary Table 1).

Inclusion criteria for the RAXO-study (27, 28) were patients
eligible for first-line chemotherapy with any oncological
treatment regimen, age over 18 years, and histologically
confirmed CRC with distant metastases or locally advanced
primary tumor not curatively treatable. The patients were
recruited between 2012 and 2018. In the Finnish population-
based RAXO data-collection cohort (referred to here as the
Finnish population cohort), all patients with a diagnosis of
mCRC between 2011 and 2018 from four regions (Helsinki,
Jyväskylä, Tampere, and Turku, covering 62% of the Finnish
population) were included [the prospective RAXO data-
collection protocol and preliminary results from Tampere and
Turku have been published (27)]. This cohort (n = 3,953) partly
overlaps with the real-life RAXO-study (n = 1,060) for mutation
frequencies; most of the hospitals recruiting patients to the real-
life RAXO study were in the four Finnish regions. The exact
frequency of KRAS-G12C mutations among all tested tumors
could not be calculated since validated comprehensive data of all
non-KRAS-G12C cases at these four hospitals are not available;
therefore, we have not included detailed characteristics of these
patients in the presentation, only the KRAS-G12C cases (see
Supplementary Table 2). Duplicate patients with KRAS-G12C
tumors from the RAXO-study were removed (n = 23) from the
Finnish population cohort.

In the PRCRC-study, all patients (n = 798) with a diagnosis of
incurable metastatic disease from three regions in Norway,
Denmark, and Sweden were included between 2003 and
Frontiers in Oncology | www.frontiersin.org 3
2006 (29). In the Uppsala region cohort, all mCRC patients
were prospectively identified in a biobank initiative Uppsala-
Umeå Comprehensive Cancer Consortium (UCAN)) (30) since
April 2010, and the remaining patients with mCRC since January
2010 were retrospectively identified using a hospital-based
registry and the Swedish ColoRectal Cancer Registry (SCRCR)
(31). After a validation study against the medical records of all
patients with a diagnosis of CRC since January 2010, this cohort
can be considered 100% complete (32).

The patient cohorts are presented in Figure 1. To compare
characteristics of patients with KRAS-G12C tumors with those
other KRASmutated from the same populations, demographics for
the real-life RAXO-study, the PRCRC-study, and Uppsala region
cohorts, excluding those identified in the Finnish population
cohort (from the four Finnish regions outside the real-life RAXO
study), are presented in Supplementary Tables 4, 5.

The patients were treated according to routine clinical
practice during the inclusion periods. Details for the oldest
PRCRC cohort have been described in (29). For the other
more recent cohorts, the European Society for Medical
Oncology (ESMO) guidelines were followed (33, 34).

Molecular Analyses
Testing for the presence of RAS and BRAF mutations and
mismatch repair analyses in the real-life RAXO-study, the
Finnish population cohort, and the Uppsala region cohort was
done in clinical routine (or within a study program for 14
patients in the Uppsala region cohort) using accredited
techniques in the majority, as described below. In the Uppsala
region, the ambition was to test for these mutations in all
patients, whereas the indication to test in the RAXO-study and
the Finnish population cohort was planned systemic therapy for
mCRC. The techniques used for testing varied through the years.
During the first years of inclusion, a pyrosequencing technique
was usually performed for Swedish cohorts (35) and in 0.3% in
the RAXO-study, or reverse transcriptase polymerase chain
reaction (RT-PCR) for Finnish cohorts (42% in the RAXO-
study), but Sanger PCR was rarely used (0.7% of RAXO-
study). Two-step Biocartis Idylla testing (first KRAS [exons
2–4] testing and if wt then NRAS [exons 2–4] and BRAF
[V600E and non-V600E] testing) has been used for 123 (12%)
patients in the RAXO-study at Oulu and Turku University
Hospitals. During the latter parts or at least from 2014, a next-
generation sequencing (NGS) technique was generally used. The
composition of the NGS panels varied between the hospitals and
through the years but always contained analyses, allowing testing
of the presence of hotspot mutations in extended RAS, including
both KRAS and NRAS exons 2–4 (codons 12, 13, 59, 61, 117, and
146) and for the BRAF-V600E mutation according to ESMO
recommendations (34). Routine NGS testing was performed in
the molecular pathology units at Uppsala, Helsinki, Tampere,
Jyväskylä, Charité, and Nijmegen University Hospitals. In the
PRCRC-study cohort, these analyses were performed using an
NGS panel as described in (26). All patients with at least KRAS
exon 2 testing were included in frequency analyses, presented as
KRAS-G12C rate of all tested tumors and of patients with any
KRAS mutation.
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Patients that could not be accurately classified for KRAS,NRAS,
and BRAF were excluded from demographics presentation and
survival analyses (Figure 1 and Supplementary Tables 1, 2).
To be classified as adequately analyzed, the presence of a KRAS
or BRAF-V600E mutation, assuming that these mutations
are mutually exclusive, was sufficient. Before a tumor was
considered RAS and BRAF wt, testing of KRAS exons 2–4,
NRAS exons 2–4, and BRAF-V600E was required. In 428 (17%)
of 2,559 patients, no molecular tests had been performed, and 260
(10%) could not be adequately characterized (due to missing
KRAS, NRAS, or BRAF analyses in 229, atypical non-BRAF-
V600E mutations in 24, and multiple mutations in 7 [KRAS
and NRAS (n = 6) and KRAS-G12C and BRAF-V600E (n = 1)].
OS is presented separately for the tested but not adequately
characterized group.
Frontiers in Oncology | www.frontiersin.org 4
Statistical Analyses
Demographics, treatments, and outcomes between KRAS-G12C
and other KRAS mutations were compared with logistic
regression models and with chi-square for cohorts. The Mann–
Whitney test was used to compare non-normally distributed
variables. Survival was estimated with the Kaplan–Meier
estimate and compared using the log-rank test and Cox
regression. OS was also adjusted for age, sex, Eastern
Cooperative Oncology Group (ECOG) performance status,
primary tumor site, presentation and number of metastatic
sites, treatment groups, and cohort. KRAS-G12C was used as a
reference in these analyses. Two-tailed p-values of <0.05 and 95%
CI not crossing 1 were considered statistically significant. All
statistical analyses were performed using SPSS Statistics version
25 and 27.
FIGURE 1 | Patient inclusion in the Nordic cohorts including KRAS-G12C mutation rates per all tested (at least KRAS) tumors and among all KRAS-mutated
tumors.§ Adequately grouped KRAS, NRAS, and BRAF-V600E status/study patients.
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Clinical Trial Identification and
Ethical Permission
Clinical trial identification is NCT01531595 and EudraCT 2011-
003137-33 for the RAXO-study and Finnish population cohort.
Ethical permission was obtained for all collections by the ethical
committees at the Helsinki University Hospital, Haukeland
University Hospital, Odense University Hospital, and Uppsala
University. These permissions included retrospective
identification of all patients with a diagnosis of mCRC living in
the catchment areas of the Scandinavian PRCRC cohort and in the
Uppsala region at the time of diagnosis of their primary tumor and
to perform the molecular analyses of their tumors. All studies were
conducted in accordance with the Declaration of Helsinki.
RESULTS

Characteristics of All and Tested Patients
in the Cohorts
The characteristics of all 2,559 patients in the cohorts are
presented in Supplementary Table 1. Patients in the PRCRC-
study were slightly older, were more likely female, had more
right-sided colon cancers, and were cared for without any tumor
controlling therapy (best supportive care (BSC)) more often than
those in the more recent Uppsala region and RAXO-study
cohorts. Patients in the real-life RAXO-study were younger,
had better ECOG performance status, and more often received
active tumor-controlling therapy (according to inclusion
criteria), especially metastasectomies and/or local ablative
therapy (LAT). mOS of all patients in the cohorts was the
shortest in the oldest PRCRC-study cohort, intermediate in the
recent population-based cohorts [Uppsala region 15.3 months,
Supplementary Table 1, Tampere region 16 months, and Turku
region 16 months, data shown in (27)], and the longest in the
real-life RAXO-study. The OS differences were much smaller
when analyzed per treatment group, i.e., in patients receiving
cytotoxics only, cytotoxics combined with anti-vascular
endothelial growth factor (anti-VEGF) or anti-EGFR, and
metastasectomy and/or LAT (such as thermoablation and
stereotactic radiotherapy) (Supplementary Table 1).

Of all molecularly tested (at least KRAS exon 2 analyzed)
tumors in the cohorts, between 2% and 4%, with a mean of 3%,
had a mutation in KRAS-G12C (PRCRC-study 2%, Uppsala
region 2%, Helsinki region 3%, real-life RAXO-study 3%,
Turku region 3%, Jyväskylä region 4%, and Tampere region
4%; Figure 1).

The proportion of a KRAS-G12Cmutation among the tumors
with a KRAS mutation was between 4% and 8%, with a mean of
7% (PRCRC-study 4%, Uppsala region 5%, Helsinki region 6%,
RAXO-study 7%, Turku region 7%, Jyväskylä region 8%, and
Tampere region 8%; Figure 1). KRAS-G12C was mutually
exclusive for all but one patient (with BRAF-V600Emt).

Characteristics of Molecularly Accurately
Grouped Patients
The characteristics of all 1,871 patients accurately characterized
as KRAS, NRAS, and BRAF-V600E from the four cohorts
Frontiers in Oncology | www.frontiersin.org 5
including the 49 unique Finnish population cohort patients
identified with a KRAS-G12C in the four hospital regions in
Finland are presented in Figure 1 and Supplementary Table 2.
Supplementary Table 2 shows that patients accurately analyzed
for KRAS, NRAS, and BRAF were more similar than all patients
in the cohorts were (presented in Supplementary Table 1). The
proportions of the different treatment groups differed between
the cohorts, and OS accordingly. The OS did not differ between
cohorts in the treatment groups, i.e., cytotoxics only, cytotoxics
combined with anti-VEGF/anti-EGFR, or metastasectomy and/
or LAT (Supplementary Table 2). The BSC group had the
shortest OS in all cohorts, although it was longer in the
population cohorts compared to the real-life RAXO study.

The rates of different mutations in accurately molecularly
analyzed patients are shown in Supplementary Table 2. The
proportion of tumors with a KRAS and NRAS mutation was
rather similar between the cohorts. The most striking difference
between the cohorts was in the proportion of BRAF-V600E-
mutated tumors: 20% in the PRCRC-study, 20% in the Uppsala
region, 18% in the Finnish population cohort, and 10% in the
real-life RAXO-study.

The characteristics of the patients with the different RAS
and BRAF-V600E mutations are shown in Table 1 and
Supplementary Table 3. The same characteristics for the
patients excluding the 49 patients from the Finnish population
cohorts are shown in Supplementary Table 4. No differences were
observed between the patients withKRAS-G12C (n = 103) or other
KRAS mutations (n = 881) according to age, sex, performance
status, smoking status, synchronous/metachronous presentation,
primary tumor site, degree of differentiation, histology, number of
metastatic sites, metastatic location, blood counts, alkaline
phosphatase, or carcinoembryonic antigen levels. KRAS mutated
tumors were seldom associated with deficient mismatch repair
(dMMR) status (3% for both KRAS-G12C and other KRASmt),
however, based upon a few cases; in contrast, dMMR was
associated with a BRAF-V600E mutation much more frequently
(29%). For KRAS-G12C vs. other KRAS mutations, the primary
tumor sites were the right colon in 28% vs. 34%, the left colon in
35% vs. 30%, and the rectum in 37% vs. 36%. Liver metastases
were present in 64% vs. 70%, lung in 39% vs. 36%, distant lymph
nodes in 24% vs. 23%, and peritoneal in 15% vs. 19% of KRAS-
G12C compared with other KRAS mutations.
Treatments and Outcome
Treatments provided for all accurately molecularly analyzed
patients are shown in Table 2 and Supplementary Table 5.
Systemic therapy was given to 85% vs. 84% of KRAS-G12C vs.
other KRAS mutant cases, with no differences in the number of
lines of therapy, treatment responses, and drug exposures apart
from more anti-VEGF use in any line (but not first line) for
patients with a KRAS-G12C mutation.

Metastasectomy and LAT were performed in 38% vs. 28% for
KRAS-G12C vs. other KRAS mutant cases (p = 0.042). This did
not have a significant effect on OS (median 26.2 vs. 22.0 months;
adjusted hazard ratio (HR) 1.03; 95% CI 0.75–1.43, with KRAS-
G12C as the reference; unadjusted HR shown in Figure 2A).
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OS within each separate treatment group (metastasectomy/LAT,
“systemic therapy only” and BSC alone) did not differ
(Figures 2B–D and Supplementary Figure 1 for treatment
groups in KRAS-G12C tumors only). Median PFS in patients
treated with “systemic therapy only” was 12.7 months in KRAS-
G12C tumors and 11.7 months in other KRAS mutations, with
adjusted HR 1.09 (95% CI 0.71–1.65) (Supplementary
Figure 3A). OS and PFS excluding the 49 patients from the
Finnish population cohort are presented in Supplementary
Figures 2A–D, 3B.

Characteristics of Patients With a
KRASG12C Mutation in Comparison
With Those With Other RAS and BRAF
Mutations
RAS and BRAF wt tumors revealed the same associations for
KRAS-G12C as for other KRAS or NRAS mutations. Patients
with tumors being RAS and BRAF wt were right-sided less often
(Table 1). Patients with these tumors also had the longest OS
(median 29.6 vs. 26.2 months for KRAS-G12C and 22.0 months
for other KRASmt (Figure 2A). Median PFS in patients treated
with “systemic chemotherapy only” was longer in RAS and BRAF
wt tumors (10.6 months) than in KRAS-G12C tumors (10.1
months), other KRASmt (9.8 months), or NRASmt (9.4 months)
Frontiers in Oncology | www.frontiersin.org 6
(Supplementary Figure 3A). mOS in the patients not adequately
classified as RAS and BRAF wt (or with double mutations) was
22.6 months.

BRAF-V600E cases differed in many aspects from the other
mutations and more often had progressive disease (PD) as the
best response to chemotherapy, a surgical procedure was done
less often, and the poorest PFS and OS were seen, regardless of
treatment group (Table 1, Figures 2A–D, Supplementary
Tables 3, 4, and Supplementary Figures 2, 3).
DISCUSSION

In these real-life and population-based cohorts, mutations in
KRAS-G12C were seen in 2%–4% of all tumors in patients with
mCRC; actually, the proportion was the lowest in the
population-based cohorts, with 2%–3%, and up to 4% when
analyzed in the real-life RAXO-study and Finnish population
cohorts, where most of the patients could be actively treated. The
proportion of this mutation among KRAS mutated tumors was
4%–8%, similarly the lowest in the population-based cohorts (4%
in the PRCRC-study and Uppsala region), proportions that are
considerably lower than in all so far reported hospital-based or
clinical trial series (6%–17%) (11, 13, 15, 16, 20, 21), but in line
TABLE 1 | Demographics according to the type of mutation.

All KRAS-G12C
mt

Other KRAS
mt

NRAS mt RAS and BRAF
wt

BRAF-V600E
mt

p-Value*

Total 1,871 100% 103 100% 881 100% 66 100% 548 100% 273 100%
Median age (range) 68 (22–99) 67 (35–86) 69 (23–99) 64 (30–87) 67 (22–95) 70 (33–90) 0.036
Age groups ≤70 1,074 57% 63 61% 484 55% 44 67% 350 64% 137 50% ref

>70 797 43% 40 39% 397 45% 22 33% 198 36% 136 50% 0.230
Sex Female 818 44% 46 45% 378 43% 28 42% 198 36% 168 62% ref

Male 1,053 56% 57 55% 503 57% 38 58% 350 64% 105 38% 0.734
ECOG Performance status 0 593 32% 27 26% 297 34% 25 38% 176 32% 68 25% ref

1 815 44% 50 49% 394 45% 31 47% 241 44% 99 37% 0.184
2-4 457 25% 25 25% 188 21% 10 15% 130 24% 104 38% 0.194
Missing 6 – 1 – 2 – 0 – 1 – 2 – –

Primary tumor Right colon 624 34% 29 28% 295 34% 9 14% 95 17% 196 73% ref
Left colon 619 33% 36 35% 266 30% 26 39% 241 44% 50 19% 0.225
Rectum 612 33% 38 37% 312 36% 31 47% 207 38% 24 9% 0.409
Multiple/unknown 16 – 0 – 8 – 0 – 5 – 3 – –

Differentiation Well/moderate 1,194 79% 74 85% 588 84% 47 86% 363 81% 122 53% ref
Poor/undifferentiated 325 21% 13 15% 111 16% 8 15% 85 19% 108 47% 0.821
Missing 352 – 60 – 182 – 11 – 100 – 43 – –

Presentation of metastases Synchronous 1,147 61% 61 59% 555 63% 41 62% 318 58% 172 63% ref
Metachronous 724 39% 42 41% 326 37% 25 38% 230 42% 101 37% 0.454

Number of metastatic sites 1 916 49% 54 52% 443 50% 31 47% 263 48% 125 46% ref
2 615 33% 33 32% 287 33% 22 33% 178 32% 95 35% 0.803
3+ 340 18% 16 16% 151 17% 13 20% 107 20% 53 19% 0.640

Metastatic sites Liver 1,289 69% 66 64% 615 70% 51 77% 412 75% 145 53% 0.234
Lung 587 31% 40 39% 321 36% 22 33% 136 25% 68 25% 0.633
Lymph nodes 499 27% 25 24% 199 23% 18 27% 152 28% 105 38% 0.700
Peritoneum 388 21% 15 15% 169 19% 11 17% 104 19% 89 33% 0.257
Bone 69 4% 3 3% 31 4% 2 3% 23 4% 10 4% 0.750
Other 257 14% 15 15% 106 12% 9 14% 78 14% 49 18% 0.460

MMR-status pMMR 908 92% 33 97% 425 97% 27 90% 292 98% 131 71% ref
dMMR 77 8% 1 3% 12 3% 3 10% 7 2% 54 29% 0.947
Missing 886 – 69 – 444 – 36 – 249 – 88 – –
February 2022 |
 Volume 12 | Artic
dMMR, deficient mismatch repair; ECOG, Eastern Cooperative Oncology Group; MMR, mismatch repair; pMMR, proficient mismatch repair; PS, performance status.
*p-Value between KRAS-G12C mt and Other KRAS mt. Significant differences in bold.
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with proportions seen in large databases of molecularly tested
tumors (3%–7%) (12, 14, 18, 36).

We were not able to detect any significant or clinically
relevant differences in patient characteristics, treatments
provided, and outcomes between the 103 KRAS-G12C cases
compared to those with other KRAS or NRAS mutations. This
contrasts with the results of previous studies claiming differences
in several aspects, however, not consistent. Above all, we could
not show any differences in response rates, PFS, or OS, especially
not when analyzed per treatment group defined as cytotoxics
with or without anti-VEGF/anti-EGFR, or curative intent
metastasectomy and/or LAT, allowing us to conclude that
tumors with this mutation behave like those with other KRAS
mutations in mCRC. Any association of KRAS-G12C in smokers,
whether current or ex-smokers, versus never smokers could not
be verified among mCRC patients, in contrast to lung cancer
where KRAS-G12C has been associated with smoking, especially
in women (37, 38). Salem et al. reported that dMMR status was
less common in KRAS-G12C than in other tumors (36), a trend
not verified in our study (3% for both). But we had numerically
higher dMMR rates in NRAS-mutated (10%) and BRAF-V600E-
mutated (29%) tumors, with the caveat of small patient numbers.
KRAS-G12C mutations were mutually exclusive for other KRAS,
NRAS, and BRAF-V600E mutations in all but one case (with
BRAF-V600Emt), which is in line with previous findings (14).

To show differences between rare tumor properties, large and
preferably non-selected patient series are required. Most studies
exploring the clinical relevance of tumor properties stem from
clinical trials, and in this respect, randomized trials are
considered most valuable. However, inclusion in trials and
particularly in randomized trials means that patient selection
can be extensive. We and others have previously reported that
Frontiers in Oncology | www.frontiersin.org 7
BRAF-V600E mutations are at least twice as common in the
background population as in the trial-/hospital-based series (24,
26, 39), and similarly, dMMR is about twice as common (26, 40).
When the disease is metastatic, both BRAF-V600E and dMMR
mean poor prognosis, and the most probable reason behind these
prevalence differences is that patients with these tumors do not
frequently manage to be included because of rapidly progressing
disease. Comorbidities related to older age may also contribute to
the risk. A proportion of 2% of KRAS-G12C in the population-
based cohorts, including a significant BSC population and higher
proportions of treatable patients as in the real-life RAXO-study
and in the Finnish population cohorts, where only “treatable”
patients were molecularly analyzed, rather indicates that, if
anything, the prognosis for this mutation is better than that for
other KRAS mutations.

It is very difficult to evaluate the extent of patient selection in
different patient materials, although younger age usually
indicates more selection since cancers such as CRC are a
disease of the elderly. In mCRC, a higher proportion of right-
sided colon tumors, more female patients, older age, and more
patients with poor performance (and thus fewer patients actively
treated) generally indicate less selection. The PRCRC-study and
Uppsala region cohorts were created with the intent to minimize
selection having a prospective design with efforts to include as
many patients as possible and finally to retrospectively identify
remaining patients via registries. The entire PRCRC-study and
Uppsala region cohorts have, thus, probably identified all (100%)
in vivo diagnosed cases with mCRC. The RAXO data collection
has the same intention, but as data are not validated yet, only
patients with KRAS-G12C tumors were reported with a nearly
100% capture in the four regions covering 62% of the Finnish
population. For the molecular analyses, selection will inevitably
TABLE 2 | Treatment according to the type of mutation.

All KRAS-G12C
mt

Other KRAS
mt

p-Value* NRAS mt RAS and BRAF
wt

BRAF V600E
mt

Total 1,871 100% 103 100% 881 100% 66 100% 548 100% 273 100%
Type of treatment Systemic therapy 1,077 58% 51 50% 510 58% ref 39 59% 308 56% 169 62%

Metastasectomy and/or LAT 516 28% 39 38% 246 28% 0.042 22 33% 180 33% 29 11%
Best supportive care 278 15% 13 13% 125 14% 0.904 5 8% 60 11% 75 27%

Total chemotherapy 1,558 100% 88 100% 743 100% 59 100% 476 100% 192 100%
Number of lines 1 625 40% 32 36% 291 39% ref 21 36% 197 41% 84 44%

2 433 28% 27 31% 204 27% 0.503 14 24% 115 24% 73 38%
≥3 500 32% 29 33% 248 33% 0.820 24 41% 164 34% 35 18%

First line chemotherapy 5-FU 1,519 97% 86 98% 729 98% 0.802 57 97% 462 97% 185 96%
Oxaliplatin 913 59% 48 55% 453 61% 0.245 33 56% 268 56% 111 58%
Irinotecan 414 27% 26 30% 165 22% 0.124 17 29% 153 32% 53 28%
Bevacizumab 670 43% 47 53% 348 47% 0.244 33 56% 163 34% 79 41%
anti-EGFR 164 11% 1 1% 12 2% 0.734 4 7% 136 29% 11 6%

Best response in first line PR/CR/NED 822 57% 47 57% 368 53% 0.579 32 58% 307 68% 68 40%
SD 428 30% 23 28% 238 35% ref 14 25% 97 21% 56 33%
PD 198 14% 13 16% 83 12% ‘‘ 9 16% 48 11% 45 27%
Missing 110 – 5 – 54 – – 4 – 24 – 23 –

Chemotherapy all lines 5-FU 1,525 98% 87 99% 731 98% 0.734 57 97% 463 97% 187 97%
Oxaliplatin 1,193 77% 67 76% 581 78% 0.659 47 80% 355 75% 143 74%
Irinotecan 1,088 70% 61 69% 511 69% 0.917 46 78% 344 72% 126 66%
Bevacizumab 866 56% 65 74% 437 59% 0.007 37 63% 235 49% 92 48%
Anti-EGFR 364 23% 0 0% 36 5% NE 10 17% 289 61% 29 15%
February
 2022 | Volume 12
 | Article
NE, no estimate; ref, reference.
*p-Value between KRAS-G12C mt and Other KRAS mt. Significant differences in bold.
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be present since diagnostic materials sufficient for analysis will
not always be obtained from the oldest patients and from those
with a rapid clinical course. Lack of sufficient tissue for molecular
analyses in mCRC is a significant negative prognostic marker
(24). Even if a biopsy was aimed at, it was not infrequently
insufficient for any analyses more than to confirm the diagnosis
of invasive adenocarcinoma. If materials had been obtained from
every individual (i.e., also the 17% with no molecular analyses), it
is possible that KRAS-G12C had been even slightly less common
and, conversely, BRAF-V600E and dMMR even more frequent.

A weakness of the study is that all molecular tests were done
in clinical routine, however, as recommended by ESMO
guidelines (33, 34). This meant that for patients included early
in the Uppsala cohort and in the Finnish population cohort, rare
KRAS mutations such as those in codons 117 and 146, NRAS
mutations, and BRAFmutations were not covered. This does not
invalidate the estimations of the proportions of KRAS-G12C
among all patients with mCRC but slightly overestimates the
proportion of KRAS-G12 mutations among those with any KRAS
mutation. From a scientific point of view, the use of only one
technique covering all relevant genes would have been an
Frontiers in Oncology | www.frontiersin.org 8
advantage. However, relying on testing performed in clinical
routine could also be looked upon as a strength considering the
purpose of the study to explore the presence and behavior of this
mutation in relation to others in the background population.

It is legitimate to discuss the relevance of finding the true
prevalence of a certain trait in the background population. When
it comes to toxic treatments such as chemotherapy and many
target drugs, the patients must be at least reasonably well to be
treated. Newer drugs may be less toxic and have an entirely
different toxicity profile, making it highly relevant to know the
distribution also in elderly, frail, and poor-performance-status
patients. Immunotherapy for dMMR may be an example of this.
The specific drugs presently under development for this mutation
may be another example, as, at least in the early phases of
development, toxicity profiles are considered “favorable” (7, 8).

In conclusion, in these real-life and population-based cohorts
reflecting the background population, we did not detect any
significant or clinically relevant differences in patient
characteristics and tumor outcomes between patients with
KRAS-G12C tumors compared to those with other KRAS
mutations. The similarities in OS between KRAS-G12C and
A B

DC

FIGURE 2 | Overall survival per group of mutation: all patients (A), systemic therapy only (B), metastasectomy and/or local ablative therapy (C), and best supportive
care (D).
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other-KRAS mutant tumors were seen irrespective of if the
patients were treated with cytotoxics only or in combination
with biologic agents, treated with metastasectomy and/or LAT, or
handled with BSC. This contrasts with the results of previous
studies mostly claiming worse outcomes in KRAS-G12C patients.
Since population-based studies, minimizing patient selection, are
more relevant for studies exploring the natural course of any
property than clinical trials are, it is our belief that KRAS-G12C
tumors behave similarly to all other KRAS- (and NRAS-) mutated
tumors. Clinical trials following specific treatment protocols are
more relevant when exploring outcomes after specific treatments.
We could not detect any indications that the mutations differed
when homogeneous treatment groups were analyzed and, thus,
also believe that prognosis is not different according to the
treatments used today, although our conclusion is based upon a
few patients in each treatment group, however, not fundamentally
fewer than in most studies having noticed worse survival for the
KRAS-G12C mutation group. When specific drugs are developed,
as for this mutation, differences in outcome will hopefully emerge.
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