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Simple Summary: The colorectal cancer (CRC) stage and evolution should be described by bi-
omarker profiles. In 60 CRC cases, KRAS, NRAS, BRAF, and EGFR mutations were analysed by
droplet digital PCR (ddPCR). KRAS G12/G13 mutation was present in all patients with variable AF.
KRAS Q61 mutation was correlated with tumor invasion beyond the subserosa and poor differen-
tiation, both associated with worst prognosis. Tumors with NRAS and BRAF mutations were prev-
alently localized on the right segment colon. The discovery of KRAS Q61 role in tumor phenotypes
provides the foundation for new therapeutic strategies and perspectives on molecular subtypes clas-
sification of CRC.

Abstract: Background: Biomarker profiles should represent a coherent description of the colo-
rectal cancer (CRC) stage and its evolution. Methods: Using droplet digital PCR, we detected the
allelic frequencies (AF) of KRAS, NRAS, BRAF and EGFR mutations from 60 tumors. We employed
a pair-wise association approach to estimate the risk involving AF mutations as outcome variables
for clinical data and as predicting variables for tumor-staging. We evaluated correlations between
mutations AFs and also between the mutations and histopathology features (tumor staging, inflam-
mation, differentiation and invasiveness). Results: KRAS G12/G13 mutations were present in all
patients. KRAS Q61 was significantly associated with poor differentiation, high desmoplastic reac-
tion, invasiveness (ypT4) and metastasis (ypM1). NRAS and BRAF were associated with the right-
side localization of tumors. Diabetic patients had a higher risk to exhibit NRAS G12/G13 mutations.
BRAF’s presence limited the invasiveness in the submucosa, co-existing with NRAS G12/G13 mu-
tations. Conclusions: The associations we found and the mutational AF we reported may help to
understand disease processes and may be considered as potential CCR biomarker candidates. In
addition, we propose representative mutation panels associated with specific clinical and histo-
pathological features of CRC, as a unique opportunity to refine the degree of personalization of CRC
treatment.
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1. Introduction

Evidence-based medicine has paved the way for a paradigm in which biomarker pro-
files represent a coherent description of the health status within a personalized medicine
[1], with predictive results. As a result, prevention is beginning to play an increasingly
important role.

Many metabolic, immunologic or therapeutic factors regulate the tumor progression
by influencing the development of a microenvironment containing cells sharing a hetero-
genic genetic phenotype and behavior [2]. Cellular heterogeneity refers to distinct popu-
lations of cells in the same tumor microenvironment, displaying various features. On the
other hand, genetic heterogeneity is determined in many cases by genomic instability,
leading to a high mutation frequency in several genes. This heterogeneity is frequent in
cancer patients and is crucial for acquired resistance to therapy, a common cause of re-
lapse [3]. Many patients harbor mutations in different genes and in different exons within
the same gene [4]. Thereby, the intratumor heterogeneity raises significant challenges in
using molecular prognostic markers to select the patients that might benefit from specific
therapies [3]. The accurate characterization of the genomic landscape of colorectal cancers
(CRC) could identify the distinctive metastasis signature and increase the life span [5].

Colorectal cancers may develop through three main mechanisms: chromosomal in-
stability (CIN), CpG islands methylation phenotype (CIMP) and microsatellite instability
(MSI). According to the Consensus molecular subtypes classification, there are four CRC
subtypes and one mixed subtype without any clear designation [6,7]. CMS subtype 1 tu-
mors display a higher percentage of MSI 74% and CIMP 67%, high BRAF (42 %) and lower
KRAS (23%) gene mutation status, low somatic copy number alteration (SCNA), immune
infiltration and activation, and worse prognosis, representing 14% of total CRC [6,7]. CMS
subtype 2 contributes to 37% of all tumor subtypes. These tumors have high SCNA, mi-
crosatellite stable (MSS), WNT and Myc activated pathways, elevated gene expression of
EGFR, mutated p53 gene and 28% KRAS mutations. CMS subtype 3 represents 13% of all
tumors, with epithelial characteristics and moderately activated WNT and Myc signaling
pathways along with the overexpression of IGBP3. About 68% of tumors harbor mutations
in the KRAS gene and only 7% in the BRAF gene, with moderate or low MSI and interme-
diate CIMP status. CMS subtype 4 exhibits upregulation of genes involved in EMT tran-
sition, intense stromal infiltration and a low KRAS (28%) and BRAF (7%) mutation fre-
quency [6,7].

The main predictive biomarkers for the response to anti-EGFR monoclonal antibod-
ies targeted therapy in metastatic CRC are the mutations in KRAS, NRAS, and BRAF
genes [8,9] that explain the low percentage of CRC patients (10-20%) responsive to anti-
EGFR monoclonal antibodies single treatment [4]. Kristen-RAS (KRAS) and neuroblas-
toma-RAS (NRAS) belong to the G proteins class called the RAS superfamily. In normal
cells, RAS protein is inactive (linked to GDP) and can become activated (linked to GTP)
by many cellular receptors (tyrosine kinase receptors, G protein-coupled receptors and
integrin receptors). One such activator of RAS is EGFR, that initiates a signaling cascade
[10,11]. As a result, CRC development- and progression-related signaling pathways such
as MAPK, PI3K-AKT /mTOR, or Wnt/ {3 catenin are activated [12]. Half of all CRCs harbor
KRAS and NRAS activating mutations, often located in codons 12, 13, 59 and 61, that affect
the metabolic dependencies of cancer cells and drive resistance to commonly used drugs
[13-15]. Mutations in the BRAF gene are localized in exon 15 and are represented by valine
amino acid substitution (V600). They have been described as a prognostic marker or a
predictive factor for resistance to anti-EGFR monoclonal antibodies [4]. A recent study
showed that proximal colon tumor localization exhibited a significant correlation with
mutations in KRAS and BRAF [8]. Another study found an association between mucinous
adenocarcinoma and KRAS mutations, but not with NRAS or BRAF mutations [16]. More-
over, cohort studies that sought out to link demographic data and KRAS mutational status
reported contradictory results [17,18].
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The effective detection of CRC-related mutations requires snap-frozen tumor sam-
ples, which are rarely available. In contrast, the formalin fixation significantly damages
DNA integrity in the widely available paraffin-embedded tissue samples. Moreover, the
wild-type tumor cells and non-tumor cells may outnumber mutant tumor cells, restricting
the diagnosis of CRC gene-related mutations in clinical settings [10]. Therefore, we used
fresh-frozen tumor samples and the highly precise Droplet Digital PCR (ddPCR) tech-
nique to overcome such limitations.

We performed a robust and detailed multivariable analysis that involves demo-
graphic and clinico-pathological data, histopathological features and allelic frequencies of
KRAS, NRAS, BRAF and EGFR genetic mutations generating thus a cluster model of CRC
patients as a starting point for the improvement of targeted therapeutic strategies.

2. Materials and Methods
2.1. Patients

This study was performed per the Declaration of Helsinki 1975, amended in 2013. All
protocols and methods were reviewed and approved by the Medical Ethics Committee of
Elias University Emergency Hospital of Bucharest, Romania (no: 5939/2019). Before being
included in the study, a written informed consent was signed by all participant patients.

Our patient cohort included 60 patients whom underwent surgery to remove colo-
rectal tumors at Elias University Emergency Hospital between September 2019 and No-
vember 2021. No patient received preoperative chemo- or radiotherapy.

Patient clinical and demographic characteristics are reported in Supplementary Ma-
terials Table S5. The average and median ages were 67.16 and 68.5 years, 43.3% patients
of in the analyzed cohort were females, and 56.7% were males, 70.7% of cases (41) involved
left colon neoplastic lesions, most of these (52) being staged ypT3-T4, with almost half of
them exhibiting a positive node NO-N1. Both metastatic and non-metastatic staged pa-
tients have been included in the study (Supplementary Materials Table S4). The body
mass index (BMI) of patients has been classified according to the World Health Organiza-
tion's classification of obesity [33]. Accordingly, most of the patients, 71.6% (41), were
overweight (BMI> 25, mean 26.74+3.97). Although obesity and CRC incidence rates are
increasing, the relationship between BMI, cancer recurrence, and patient survival is still
unknown [34]. Furthermore, over 50% of our patients were also diagnosed with diabetes.
Thus as shown previously [35], the connection between CRC-related mutation and diabe-
tes should be investigated.

The CRC epidemiologic characteristics in the region of the patients’ residence were
well represented by the clinical, demographical and histopathological variables. In addi-
tion, this cohort may be representative for other European regions, given the general age-
ing population trend in Europe [4,16,17].

The excised tumor samples from all patients have been assessed by hematoxylin-eo-
sin (HE) staining to evaluate the histopathologic modification, establish the staging, and
evaluate the immune infiltrate. Furthermore, these resection tissues specimens have been
analyzed by ddPCR for KRAS G12/G13, KRAS Q61, NRAS G12/G13, NRAS Q61,
BRAFV600 gene mutations and EGFR exon 19 deletions.

2.2. Genomic DNA (gDNA) isolation from fresh frozen CRC tissue samples

Tumor tissue and adjacent normal mucosa from each patient were excised and im-
mediately frozen at— 80 °C until analysis. Formalin fixation and paraffin embedding dam-
age the tissue by inducing deamination, artefactual C>T and DNA alteration with imme-
diate impact on cluster amplitude, appearance and separation, modifying thus the limit
of detection (LOD) and leading to false-positive results. The DNA samples were, there-
fore, extracted from frozen tumors tissues. According to the manufacturer's protocol, ge-
nomic DNA (gDNA) was isolated from 10 mg of each tumors frozen tissue sample in trip-
licate using GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific,
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Massachusetts, USA). The median of the gDNA concentration was 143.3 ng/uL, and its
range was 32.1-1558.3 ng/uL.

2.3. Restriction digest of the isolated gDNA sample prior to droplet generation

According to the manufacturer’'s recommendations, the gDNA samples analyzed for
KRAS G12/G13, KRAS Q61, NRAS G12/13, BRAF V600 NRAS Q61 mutations and EGFR
Exon 19 deletions were digested 2-3 hours at 37 °C in the presence of Nde I, Hind III, Hae
III and EcoR I restriction enzymes (20 U/ ug gDNA), respectively.

2.4. CRC tumors tissue KRAS G12/G13, KRAS Q61, NRAS G12/G13, NRAS Q61, EGFR
Exon 19 deletion and BRAF V600 mutations analysis via Droplet Digital PCR

The Droplet Digital PCR (ddPCR) was performed using the QX200 Droplet Digital
PCR System (Bio-Rad, Hercules, CA, USA) and the ddPCR KRAS G12/G13 Screening Mul-
tiplex Kit, ddPCR KRAS Q61 Screening Kit, ddPCR NRAS G12/G13 Screening Kit, ddPCR
NRAS Q61 Screening Kit, ddPCR BRAF V600 Screening Kit and ddPCR EGFR Exon 19
deletions Screening Kit (Bio-Rad, Hercules, CA, USA).

All restricted gDNA samples were analyzed in triplicate, and each ddPCR reaction
mixture contained the 1X screening kit assay reagent, which contains a primers-probes
optimized mix, wild-type probes were labelled with HEX dye, and the mutant probes
were labelled with FAM dye, 1X ddPCR Supermix for probes and 6 uL of gDNA template
(8 ng/pL), adjusted to a final volume of 20 pL with DEPC-treated water. The ddPCR reac-
tion mixture samples were mixed with 70 uL of droplet generator oil for probes (Bio-Rad,
Hercules, CA, USA) and partitioned into up to 20,000 droplets using QX200 droplet gen-
erator (Bio-Rad, Hercules, CA, USA). Emulsified samples were transferred on 96-well
plates, and PCR was performed on a C1000 Touch Thermal Cycler (Bio-Rad, Hercules,
CA, USA). The thermal cycling conditions were: 95 °C for 10 min, and 40 cycles of 94 °C
for 30 s, 55°C for 1 min, and 98 °C for 10 min with a ramp rate of 2°C/s, according to the
manufacturer’s recommendations. After that, the fluorescence of the samples was read
using the QX200 droplet reader (Bio-Rad, Hercules, CA, USA), selecting FAM and HEX
channels. Every ddPCR run included a negative template control (Wild Type Reference
Standard, for each analyzed mutation, used at a concentration similar to the samples,
Horizon Discovery, Cambridge, UK) and positive template control (Quantitative Multi-
plex Reference Standard gDNA, covering the BRAF, KIT, EGFR, KRAS, NRAS, PIK3CA
gene with allelic frequencies between 1% - 24.5%, 50 ng/uL used at a concentration similar
to the samples analyzed, Horizon Discovery, Cambridge, UK) for computing fluorescence
thresholds. The data were analyzed with the QuantaSoft Analysis Pro Software v.1.2.10.0
(Bio-Rad, Hercules, CA, USA), providing absolute quantification of target DNA (target
copies/uL of reaction). Wells with less than 10,000 accepted droplets were excluded from
analyses. The mutation allele frequency (AF%o, the number of mutant haploid genomes
in a total of 1000 haploid genomes) was calculated using the mutant allele concentration
in copies/puL (Mut) and the wild-type allele concentration in copies/pL (WT) using the

equation:
AF (%o0) = Mut 103
(%) = 3ar + we
The AF%o descriptive statistics for all studied mutations are presented in Supplemen-
tary Materials Table S1.

Considering that the copy-number of a fresh tumor sample varies with the amount
of background wild-type gDNA by comparing with FFPE tumor tissues that have > 85%
tumor cells, at least 2 positive droplets for each investigated mutation in a triplicate had
to be present for calling a sample mutant positive [36-38]. The threshold was manually set
based on positive control samples for each channel, and the threshold for positivity was
>0.1 mutant copies for 10®haploid genomes for all assays. Based on the “Rule of Three (3
positive mutant copies out of 3000 copies)” [39,40], the positive mutant samples were di-
vided into two categories, one that has AF%.>1 and the second with AF%0>0.1 ranging
from 0.1 — 0.99%o.
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Due to its ability to accurately quantify mutations with low allelic levels, the ddPCR
technique has promising potential to be integrated into medical practice as a sensitive
prognostic tool.

2.5. Statistics analyses
2.5.1. Classes of variables used in this study

For this study, we classified statistical variables into the following categories: (I) clin-
ical variables (e.g. weight; BMI; risk comorbidities - diabetes, hypertension; risk behaviors
such as smoking); (II) pathology variables: (a) macroscopic (e.g. tumor location, tumor
volume, number of examined lymph nodes, invasion of other organs, etc.) and (b) micro-
scopic (e.g. tumor differentiation grade, histopathological phenotype, tumor invasion, his-
topathological staging); (III) genetic variables (e.g. number of mutant copies detected per
1000 copies of haploid genomes; etc.).

2.5.2. Data transformations

Among the variables mentioned above, there were some variables defined over un-
transformed values, derived from "raw data" such as age, gender, weight, etc. or data such
as histopathological phenotype, tumour differentiation grade, number of mutant copies
reported per 1000 copies of haploid genomes. The values of the latter variable were ob-
tained after preliminary processing performed according to the experimental protocols.
Another category of variables was those defined by data transformation through different
procedures such as the logarithmic transformation of numerical variables or the transfor-
mation of some quantitative variables into qualitative variables by defining categories us-
ing characteristic position parameters (mean, median, percentiles 25%, 33%, 50%, 67% and
75% or limit values observed by visual inspection of numerical data that were grouped
into particular categories).

2.5.3. Risk estimation

The contingency of the ordered qualitative variables was described by calculating the
odds ratio (OR) and relative risk (RR), considering as significant correlations for which at
least one of these two parameters had values over 1.3. The formulas for these parameters
are presented in the first section of the Supplementary Materials, equations S3-57.

2.5.4. Mutations coexistence

Starting from the hypothesis that the studied mutations can influence each other, we
estimated the risk that these mutations exist or are absent simultaneously, two by two. In
addition, we calculated the risk that the presence of one mutation would expressly ex-
clude the presence of another mutation. The two ways in which we analyzed the coexist-
ence of mutations was defined by equations S1 and S2 in the first section of Supplemen-
tary Materials. Supplementary Materials Table S2 shows the risk estimation and interpre-
tation when applying the model defined by the equation 52, and Supplementary Materials
Figure S2 shows the results corresponding to this model.

2.5.5. Predictor and outcome variables

We considered all possible correlations between (a) clinical and genetic variables as
independent variables on the one hand and (b) histopathological variables and genetic
variables as dependent variables, on the other hand. All the values of the histopathological
variables were listed in Supplementary Materials Tables S3, and the complete risk estima-
tion of their association with mutations studied was detailed in Supplementary Materials
Table S4.

2.5.6. Statistical analysis steps

Statistical analysis using the IBM SPSS Statistics 26 statistical analysis package was
performed: normality checks, log transformations for data normalization, comparisons
and correlations. Our objective was to assess the statistically significant correlations be-
tween clinical, demographic and histopathology data and all mutations by applying the
corresponding tests.
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3. Results
3.1. Mutations’ prevalence and the coexistence of mutations

All CRC tumors had at least one mutation with an AF%o > 0.1, and 96.7 % of them
presented at least one mutation with AF%. > 1 in any of the four genes investigated; the
KRAS G12/G13 was the most prevalent mutation detected in our cohort, followed by
NRAS G12/G13 (25%, AF%0>1) and KRAS Q61 (21.7%, AF%o > 1) (Table 1). In addition,
we identified 25 % of tumors with BRAF mutations (AF%o > 0.1), but only 11.7% of them
had AF%o > 1. The EGFR exon 19 deletions were present in only 3 tumor samples in our
cohort of 60 patients. Supplementary Materials Table S1 provides detailed descriptive sta-
tistics of AF%o mutations.

Table 1. Descriptive statistics of mutation levels.

AF %o 0.0 < AF%o0<0.1 | 0.1 <AF%0<1.0 | AF%0>1 | AF%o >0.1
Mutation type N % N % N| % | N %
KRAS Q61 16 26.7 31 51.7 131217 | 44 | 733
KRASGI12/G13 | 0 0.0 2 3.3 58 | 96.7 | 60 | 100.0
NRAS Q61 33 55.0 18 30.0 9 |15.0 |27 | 45.0
NRAS G12/G13 | 15 25.0 30 50.0 15| 25.0 | 45 | 75.0
BRAF 45 75.0 8 13.3 7 117 | 15| 25.0
EGFR 57 95.0 0 0.0 315013 5.0

Table 2. The coexistence of KRAS G12/G13, KRAS Q61, NRAS G12/G13, NRAS Q61, BRAFV600 and
EGEFR exon 19 deletions mutations.

AF %o AF%0 20.1 AF%0 21
Concomitant
mutations N % N %

0 0 0.0 2 3.3
1 1 1.7 20 33.3
2 11 18.3 28 46.7
3 26 43.3 10 16.7
4 17 28.3
5 5 8.3

Total 60 100.0 60 100.0

When considering AF%o > 1, we identified 28 tumors with two types of mutations
and only 10 tumors with three different mutations (n=60) (Table 2). Moreover, 73.3% of
tumors presented both KRAS G12/G13 and KRAS Q61 mutations (AF%. > 0.1), and only
33.3% had a coexistence for NRAS G12/G13 and NRAS Q61 mutations (AF%o. > 0.1) (Table
3). Interestingly, at AF%o0>1, only 13 tumors (21.66%) carried mutations in exon 2 and exon
3 of the KRAS gene. In the case of NRAS, only two tumors (3.33%) presented both NRAS
G12/G13 and NRAS Q61. The KRAS G12/G13 and BRAFV600 mutations co-occurred in
only eight tumor tissue samples (13.3%). In addition, we found 19 tumors (31.66%) with
simultaneous mutations in two genes and only five with concomitant mutations in KRAS,
NRAS, and BRAF genes, and one with concurrent mutations in KRAS, NRAS, and EGFR
genes with AF%o > 1.

To report the mutations coexistence, we formulated risk estimation parameters OR,
RR1, RR2 and RR3, as defined by the equations (S3-57) in Supplementary Materials and
interpreted according to Supplementary Table S2.

First of all, we analyzed the coexistence of mutations by calculation the OR, RR1, RR2
and RR3 in terms of the presence (AF%o >0.1) and absence (AF%0=0) of the mutations.
Secondly, we have explored the possibility of associations between different levels of the
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mutations. Thus, for each of the mutations, we segregated the group of patients into sub-
groups defined by AF %, as follows: group A (cases with AF %o = 0 and cases with 0.1 <
AF %o <1, hereinafter referred to AF %o <1), group B (cases with AF %o =0 and cases AF
%0 > 1) and group C (cases with AF %o # 0, with AF %o <1 and AF %o > 1). The KRAS G12
/ G13 mutation was ubiquitous in our group and for this mutation we evaluated only the
cases included in the group C. However, for the KRAS Q61, NRAS Q61, NRAS G12 / G13
and BRAF mutations, we have distinguished six situations relative to the A, B and C
groups: patients with AF %o <1 from group A, patients with AF %o = 0 from group A,
patients with AF %o > 1 included in group B, patients with AF %o =0 from group B, patients
with AF %o <1 included in group C and respectively patients with AF %o > 1 from group
C. Consequently, 26 categories defined by the type of mutation and the level of the muta-
tion (AF %o) were obtained. After this stratification of cases, we have estimated all possible
associations between AF %o <1, AF %0 > 1 and AF %o = 0 for any combination of two mu-
tations. In other words, the number of possible associations was 325 (combinations of 26
categories taken in pairs), presented in Supplementary Materials Figure S1. Statistically
significant associations are shown in Figure 1.

Table 3. The contingency table presents the coexistence of genetic mutations: 0 represents the ab-
sence of mutation, and 1 the presence of the mutation (AF %o > 0.1).

KRAS G12/G13 NRAS Q61 NRAS G12/G13 BRAF EGFR

0 | 1 0 1 0 1 0 1 0 1 0 1
2| g 0 16 7 9 4 12 12 4 14 2
o 0% | 26.7% | 11.7% | 15.0% | 6.7% | 20.0% | 200% | 6.7% | 23.3% | 3.3%
< . 0 44 26 18 11 33 33 11 43 1
M 0% | 73.3% | 43.3% | 30.0% | 18.3% | 55.0% | 55.0% | 18.3% | 71.7% | 1.7%
o 0 0 0 0 0 0 0 0
20 0 0% 0% 0% 0% 0% 0% 0% 0%

& 8 ) 33 27 15 45 45 15 57 3
55.0% | 45.0% | 25.0% | 75.0% | 75.0% | 25.0% | 95.0% | 5.0%

= 0 8 25 25 8 30 3
8’ 13.3% | 41.7% | 41.7% | 13.3% | 50.0% | 5.0%

§ . 7 20 20 7 27 0
Z 11.7% | 33.3% | 33.3% | 11.7% | 45.0% | 0.0%

o 0 14 1 15 0
20 233% | 1.7% | 25.0% | 0.0%

B S 31 14 0 3
51.7% | 23.3% | 70.0% | 5.0%

42 3
E 0 70.0% | 5.0%

= . 15 0
25.0% | 0.0%

o 0

5
1
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®——» Cases with AF 2 1 from a group with AF # 0 —» AF < 1 for this mutation) delermines the presence of AF < 1 levels rather than the absence of

<+—® Cases with AF < 1 from a group with AF £ 0 the KRAS Q61 mutaion.

Figure 1. Risk analysis via RR1 a), RR2 b) and RR3 c) of all possible two-by-two associations between
the studied mutations. The section “Coexistence of mutations and their associations with clinical
data” in the Supplementary Materials file contains the equations defining RR1, RR2 and RR3. Sup-
plementary Materials Table S2 contains the interpretation of these risk estimators. We selected the
statistically significant values from the data presented in Supplementary Materials Figure S1.

The absence of KRAS Q61 mutation (AF%. 20.1) favors the presence of NRAS Q61
mutation with RR1=1.375 (95% CI =[0.786, 2.406]). However, the analysis according to AF
%o levels, revealed that the absence of AF %o >1 levels of NRAS Q61 favors the presence
of KRAS Q61 mutation with AF %o <1 (RR1 = 1.600, Figure 1a). In the case of KRAS Q61
and NRAS G12 / G13 mutations, AF%o <1 levels coexist (RR1 = 3.818, RR2 = 1.538, and RR3
= 2.400, Figure 1), and the AF %o 21 levels were mutually exclusive as shown by the nu-
merous RR1 values illustrated in Figure 1a. The AF %o 21 levels of BRAF mutation favor
only the presence of KRAS Q61 mutation with AF %o <1 (RR2 = 2.410, Figure 1b), and the
absence of the BRAF mutation (AF %o <1) supports the AF %o >1 levels of the KRAS Q61
mutation (RR1 = 2.400, Figure 1a). Regardless of the level of AF (AF%o 20.1), the presence
of the NRAS G12 / G13 mutation favors the presence of the BRAF mutation OR = 6.323 (IC


https://doi.org/10.20944/preprints202205.0042.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 May 2022 d0i:10.20944/preprints202205.0042.v1

9 of 20

95% = [0.755, 52.920]) and RR2 = 4.673. In addition, BRAF mutation with AF %o <1 levels
can also coexist with both AF %0 > 1 levels and AF %o <1 levels of the NRAS G12 / G13
mutation, but the association of low AF %o levels is much stronger (RR2 = 2.882 and RR3
=2.400, Figure 1). NRAS Q61 and BRAF mutations with AF in the same value range were
not found to coexist (e.g., for levels AF%o<1, RR1 = 2.516). The NRAS Q61 mutation with
AF %o <1 co-occurred with BRAF mutation in tumors which express this mutation with
an AF %o 21 (RR2 = 5.000), while the AF %o <1 levels of BRAF mutation were associated
with the absence of the NRAS Q61 mutation with AF %o <1 (RR3 = 4.500).

The BRAF mutation with an AF %o >1 was found to be associated with NRAS Q61
mutation, with an AF %o <1 (RR2 = 3.968), and the absence of these NRAS Q61 mutation
levels favor the absence of BRAF mutation with an AF %o 21 (RR3 = 2.365) (Figure 1).
Overall, at AF %o 20.1, the absence of any NRAS type mutations was correlated with the
absence of BRAF mutation RR3 = 2.333 (95% CI = [0.312, 17.452]) while their concomitant
occurrence was characterized by OR = 2.579 (95% CI = [0.291, 22.884]) and RR2 = 2.155.
The KRAS G12 / G13 mutation with AF %o. >1 were associated with AF levels in the same
range of KRAS Q61 (RR2 = 1.490), NRAS Q61 (RR2 = 1.600) and NRAS G12/13 (RR2 =
2.000) mutations mainly when AF#0 (Figure 1b). However, the KRAS G12 / G13 mutation
with AF %o <1 were associated with AF in the same range only for KRAS Q61 (RR1=1.695)
and NRAS G12/G13 (RR1 =1.714 and RR3 = 1.438) mutations. In addition, the absence of
AF %o <1 of BRAF mutations favored the presence of KRAS G12 / G13 mutation with AF
%o 21 (RR1=1.818, Figure 1a).

Our results question the exclusion of the BRAF mutation or any other mutations
[17,19] by the presence of KRAS G12 / G13 mutation. Moreover, we propose that more
consideration should be given to the AF of analyzed genes in the context of mutation co-
existence studies. The coexistence of mutations with different AF levels also opens up
perspectives for further refining the risk stratification in the target population and per-
sonalized therapeutic decisions in patients with AF levels of mutations indicating the dis-
ease progression.

3.2. Association between clinical data and mutational status

We have calculated OR, RR1, RR2, and RR3 to associate different clinical data i.e.,
gender, diabetes, BMI groups (normal weight patients /overweight and obese patients),
smoking, and age groups as risk factors for mutations (Figures 2 and 3). We estimated
these parameters in the following situations: firstly, we considered the total absence of the
mutation (AF %o = 0) versus the cases corresponding to the mutations with 0.1 < AF%o <1.0,
and secondly, we considered the absence of the mutation (AF = 0) versus the cases corre-
sponding to the mutations with AF%. > 1.0. In both situations, the risk estimates remain
relatively constant. Thus, risk estimation has been performed considering that AF%o > 0.1
corresponds to the presence of mutation.

The analysis of the association between gender and the mutational status revealed
that the absence of NRAS G12/G13 mutation was associated with female gender (OR =
1.714, 95% CI = [0.528, 5.561] and RR3 = 1.495, 95% CI = [0.622, 3.590]) (Figure 2a). The
absence of NRAS G12/G13 mutation (OR = 3.000, 95% CI =[0.879, 10.244] and RR3 = 2.286,
95% CI =[0.887, 5.887]), and of KRAS Q61 mutation (OR = 1.692, 95% CI = [0.534, 5.364]
and RR3 = 1.469, 95% CI = [0.630, 3.429]) were associated with CRC tumors from non-
diabetic patients. The presence of BRAF mutation (RR1 = 1.714, 95% CI = [0.657, 4.216])
was also associated with these CRC tumors. (Figure 2b).

The absence of NRAS G12/G13 mutation was found to be associated with tumors from
non-smoking patients (OR = 2.364, 95% CI = 10.464, 12.048] and RR 3 = 1.978, 95% CI =
[0.506, 7.732]) (Figure 2c). CRC tumors from overweight and obese patients (BMI > 25.0)
presented a relative risk for BRAF mutation (OR =1.556, 95% CI =[0.369, 6.551] and RR2 =
1.416, 95% CI = [0.932, 1.900]). In normal weight patients, tumors exhibited associations
with the absence of KRAS Q61 (OR = 1.879, 95% CI = [0.543, 6.499] and RR3 = 1.569, 95% CI
=[0.662, 3.719]) and of the NRAS G12/G13 (OR = 1.879, 95% CI = [0.543, 6.499] and RR3 =
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1.569, 95% CI = [0.662, 3.719]) mutations (Figure 2d). CRC in some age groups were signif-
icantly associated to BRAF and NRAS G12/G13 mutations (Figure 3a). Patients older than
75 years were more likely to have tumors that exhibit mutations in BRAF (OR = 4.333, 95%

=[1.130, 16.612] and RR 2=2. 667, 95% CI = [2.457, 2-875]) (Figure 3b). Patients younger
than 75 years old were more likely to have tumors that exhibit the absence of NRAS
G12/G13 mutations (OR = 4.529, 95% CI =[0.533, 38.484] and RR3 = 3.500, 95% CI = [0.509,

24.056]) (Figure 3c).
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Figure 2. The association of the variables gender (a), diabetes (b), smoking (c) and BMI (d) with the
presence of different mutation types illustrated by the values OR, RR1, RR2, RR3 calculated for all
possible combinations.

The absence of NRAS G12/G13 mutation was found to be associated with tumors
from non-smoking patients (OR = 2.364, 95% CI = 10.464, 12.048] and RR 3 =1.978, 95% CI
=1[0.506, 7.732]) (Figure 2c). CRC tumors from overweight and obese patients (BMI > 25.0)
presented a relative risk for BRAF mutation (OR = 1.556, 95% CI =[0.369, 6.551] and RR2
=1.416, 95% CI =[0.932, 1.900]). In normal weight patients, tumors exhibited associations
with the absence of KRAS Q61 (OR = 1.879, 95% CI = [0.543, 6.499] and RR3 = 1.569, 95%
CI=[0.662, 3.719]) and of the NRAS G12/G13 (OR = 1.879, 95% CI = [0.543, 6.499] and RR3
=1.569, 95% CI = [0.662, 3.719]) mutations (Figure 2d). CRC in some age groups were sig-
nificantly associated to BRAF and NRAS G12/G13 mutations (Figure 3a). Patients older
than 75 years were more likely to have tumors that exhibit mutations in BRAF (OR =4.333,
95% CI = [1.130, 16.612] and RR 2=2. 667, 95% CI = [2.457, 2-875]) (Figure 3b). Patients
younger than 75 years old were more likely to have tumors that exhibit the absence of
NRAS G12/G13 mutations (OR = 4.529, 95% CI = [0.533, 38.484] and RR3 = 3.500, 95% CI =
[0.509, 24.056]) (Figure 3c).
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Figure 3. Association between age and mutational status. On the horizontal axis are presented the various threshold age
values (at) by which the cohort was divided into two groups: 1 - patients younger than the threshold ages value and 2 - pa-
tients older than the threshold age value. These values represent the percentiles 25%, 33%, 50% (or median), 67% and 75% of
the "age" variable. The association was illustrated by the calculated OR (a), RR1 (b), RR2 (c) and RR3 (d).

3.2. Morphopathological association with mutations presence

Systematic analysis in terms of the association of genetic mutations with histopatho-
logical phenotypes may be the premise of creating individualized treatments for CRC pa-
tients, more refined than current therapeutic solutions based on consensus on molecular
subtypes.

3.2.1. Tumor localization

The presence of NRAS Q61 mutation was correlated to right colon tumor localization
with OR = 4.160 (95% CI = [1.226, 14.1137]), and a RR2 = 2.755 (95% CI = [2.538, 2.970]),
while the absence of NRAS Q61 mutation was associated with the left colon tumor locali-
zation by RR3 = 1.510 (95% CI = [1.042, 2.188]). Similar associations were found between
the presence of NRAS G12/G13 mutation and right colon localization: OR = 3.482 (95% CI
=0.692, 17.515]) and RR2 =2.618 (95% CI = [2.334, 2.900]), while the absence of this muta-
tion was associated with the left colon localization RR3 = 1.331 (95% CI = [0.991, 1.788]).
When considered together, the absence of NRAS type mutations were associated with left
colon tumors RR2 = 1.515 (95% C1 = [1.242, 1.849]). Weaker associations were found be-
tween right colon tumors and other mutations, such as BRAF mutation OR = 1.939 (95%
CI = [0.562, 6.698]) and RR2= 1.563 (95% CI = [1.209, 1.915]) and EGFR mutation, RR2 =
1.424 (95% Cl1 = [1.314, 1.534]). For additional results see Supplementary Materials Tables
S3 and S4.

3.2.2. Tumor differentiation

The presence of KRAS Q61 mutation was strongly associated with the poorly differ-
entiated tumors: OR = 1.842, (95% CI = [0.198, 17.179] and RR2=1.745, (95% CI = [1.245,
2.245]), while EGFR mutation presence was also associated with the same group RR2 =
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1.727 (95% CI = [1.612, 1.842]). When NRAS Q61 or NRAS G12/G13 or BRAF mutations
were missing, tumors were poorly differentiated RR1 = 4.355 (95% CI = [0.542, 35.002])
RR1 = 2.867 (95% CI = [0.647, 12.700]) and RR1 =1.744 (95% CI = [0.221, 13.754]), respec-
tively. All NRAS type mutations were associated to the group formed by the well and
moderately differentiated tumors: RR2 = 1.504 (95% CI = [1.225, 1.781]). For additional
results see Supplementary Materials Tables S3 and 54.

3.2.3. HP phenotypes

Extended necrosis was related to the presence of the NRAS Q61 mutation, OR =2.670
(95% CI = [0.886, 8.046]) and RR2=1.866 (95% CI = [1.592, 2.138]) and that of the EGFR
mutation RR2 =1.582 (95% CI = [1.468, 1.696]). The mucoid phenotype was more strongly
correlated to the presence of the EGFR mutation RR2 = 4.739 (95% CI = [4.655, 4.823]) and
with the absence of the NRAS Q61 mutation (RR1 = 2.903, 95% CI = [0.890, 9.472] or that
of any NRAS-type mutations RR1 = 1.875 (95% CI = [0.655, 5.371]). Tumors in which the
NRAS Q61 mutation was absent were more likely to exhibit both glandular sub-types RR1
=1.555 (95% CI =[0.915, 2.462]). We did not find any statistically significant association
between the presence of the investigated mutations and the mixed tubular and cribriform
glandular sub-phenotypes. For additional results see Supplementary Materials Tables S3
and S4.

3.2.4. Limits of invasion

Samples with the invasion limited by the submucosa were related with the presence
of NRAS Q61 mutations RR2 = 2.299 (95% CI = [1.905, 2.691]) and the presence of BRAF
mutation RR2 = 5.747 (95% CI = [5.590, 5.509]). Samples with the invasion limit beyond the
muscularis propria were associated with the presence of EGFR mutation RR2 = 1.424 (95%
CI =[1.314, 1.534]). Samples with the invasion limit beyond the subserosa were related to
the presence of KRAS Q61 mutations OR = 3.107 (95% CI=[0.923, 10.462]) and RR2 = 1.686
(95% CI = [1.401, 1.971]) and also to the EGFR mutations RR2 = 1.678 (95% CI = [1.563,
1.791]). In samples in which the tumor invaded beyond the serosa, the association with
KRAS Q61 mutation decreased: OR = 1.630 (95% CI = [0.444, 5.984]) and RR2 = 1.395 (95%
CI=10.961, 1.827]) but the association with EGFR mutation presence increased RR2=3.003
(95% CI=[2.901, 3.105]). For additional results see Supplementary Materials Tables S3 and
S4.

3.2.5. Desmoplastic reaction

The KRAS Q61 mutation was associated with moderate and high desmoplastic reac-
tion (OR = 4.222, 95% CI =[0.485, 36.767]; RR2 = 1.439, 95% CI = [1.077, 1.801]; RR3 = 2.933,
95% CI=[0.653, 13.183]), and this association was stronger in the case of high desmoplastic
reaction (OR = 4.800, 95% CI = [0.459, 50.155]; RR2 = 2.725, 95% CI = [2.419, 3.031]; RR3 =
1.760, 95% CI =[0.934, 3.317]. Also, the presence of high-grade desmoplastic reaction was
associated with the NRAS Q61 mutation (OR =2.917, 95% CI =[0.594, 14.327]; RR3 = 1.719,
95% CI = [0.721, 4.098]; RR2 = 1.698, 95% CI = [1.381, 2.015]). For additional results see
Supplementary Materials Tables S3 and 54.

3.2.6. Limphovascular and perineural invasion

Tumors with limphovascular invasion were associated to KRAS Q61 OR =2.177 (95%
CI =[0.597, 7.933]), RR2=1.656 (95% CI = [1.295, 2.015] or to EGFR mutations RR2=2.591,
(95% CI = [2-482, 2.698]). Perineural invasion was associated with the presence of NRAS
Q61 OR = 1.705, (95% CI = [0.600, 4.849]), RR2 = 1.339, (95% CI = [1.012, 1.664] or of the
EGFR mutations RR 2 = 2.278, (95% CI = [2.165, 2.389]) and also to the absence of BRAF
mutation OR = 0.347, (95% CI = [0.095, 1.262]) and RR1 = 1.919, (95% CI = [0.789, 4.665]).
For additional results see Supplementary Materials Tables 53 and S4.

3.2.6. Other invasion features

Budding of all grades were associated with NRAS-type mutations, OR = 3.542 (95%
CI=[0. 752, 16.683]), RR2 = 1.815 (95% CI = [1.484, 2.144]) and also to EGFR, RR2 = 1.582
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(95% CI = [1.468, 1. 696]). Adenomatous polyps were related to the following mutations:
KRAS Q61, OR = 2.370 (95% CI = [0.580, 9.691) and RR2=1.859 (95% CI = [1.502, 2.214]),
any of the NRAS type mutations OR =1.545 (95% CI = [0.281, 8.493]) and RR2 =1.361 (95%
CI = [0.833, 1.887]) and EGFR, RR2 = 1.499 (95% CI = [1.387, 1.611]). The invasion in the
close proximity of the tumour (liver, visceral or parietal pleura, etc.) was associated with
KRAS Q61, OR =2.177 (95% CI = [0.557, 7.933]); RR2 = 1.656 (95% CI =[1.295, 2.015]) and
EGFR mutation RR2 = 1.678 (95% CI =[1.563, 1.791]). This feature was also associated with
the absence of any NRAS-type mutation RR1 =1.736 (95% CI = [0.905, 3.331]) and that of
BRAF mutations (RR1 = 1.657 (95% CI = [0.671, 4.092]).

3.2.7. Inflammatory infiltrate

The presence of the KRAS Q61 mutation was associated with the presence of mixed
inflammatory infiltrate (OR = 4.889, 95% CI = [1.157, 20.665]; RR2 = 2.667, 95% CI = [2.424,
2.910]; RR3 = 1.833, 95 CI = [1.146, 2.934]). Regarding the quantitative differentiation of
this infiltrate, the presence of the KRAS Q61 mutation (OR = 3.545, 95% CI =[0.683, 18.397];
RR2 =2.597, 95% CI =[2.311, 2.883]) and the absence of any NRAS mutation (RR1 = 1.792,
95% CI = [0.705, 4.556]) were associated with moderate or high inflammatory infiltrate.
Along with the KRAS Q61 mutation (OR = 1.500, 95% CI =[0.271, 8.300], RR2=1.401, 95%
CI=10.856, 1.946]; RR3 =1.364, 95% CI =[0.978, 1.902]), the BRAF mutation was associated
with a high-grade mixed inflammatory infiltrate (OR = 1.722, 95% CI = [0.358, 8.295]; RR2
=1.541, 95% CI = [1.083, 1.999]), especially with lymphocyte-rich infiltrates (OR = 3.083,
95% CI = [0.179, 53.158]; RR2 = 2.924, 95% CI = [2.605, 3.243]). For additional results see
Supplementary Materials Tables S3 and S4.

3.2.8. ypTNM and AJCC Stagings

The group of ypT4 staged tumors vs. the group of ypT2-T3 staged tumors were as-
sociated with KRAS Q61 mutations (OR =2.234, 95% CI=[0.434,11.504]; RR2 = 1.919, 95%
CI = [1.528, 2.310]) and with the absence of the following mutations: BRAF (RR1 = 1.919,
95% CI=[0.479, 7.682]), any NRAS mutation (RR1=1.875, 95% CI=[0.655, 5.371]) i.e. NRAS
Q61 (RR1=1.394, 95% CI=[0.517, 3.754]) and NRAS G12/G13 (RR1=1.792, 95% CI = [0.693,
4.634)).

The group of ypT2 tumors vs. the group of ypT3-T4 tumors was associated with the
absence of KRAS Q61 (OR =1.500, 95% CI =[0.246, 9.163] and RR3 =1.433, 95% CI=1[0.292,
7.045]), both NRAS-type mutations (OR = 3.833, 95% CI = [0.574, 25.595] and RR3 =3.125,
95% CI =[0.680, 14.353]), i.e.,, NRAS Q61 (OR = 1. 852, 95% CI = [0.312, 11.008] and RR3 =
1.742, 95% CI = [0.346, 8.776]), NRAS G12/G13 (OR = 3.333, 95% CI = [0.594, 18.717] and
RR 3=2.867,95% CI =[0. 647, 12.700]). For additional results see Supplementary Materials
Table S3.

The group of ypN2 vs ypNO-N1 staged tumors was associated with the presence of
KRAS Q61 mutation (OR =2.270, 95% CI=[0.250, 20.582] and RR2 =2.092, 95% CI=[1.677,
2.507]) and with the absence of NRAS-type mutations (RR1 = 2.500, 95% CI = [0.581,
10.766]), particularly with the absence of NRAS Q61 (RR1=2.177, 95% CI =[0.459, 10.326]).
On the other hand, the group of ypN1-N2 vs ypNO was associated with the presence of
the following mutations: KRAS Q61 (OR = 3.163, 95% CI = [0.869, 11.509] and RR2 = 2.004,
95% CI = [1.711, 2.297]) and EGFR (RR2 = 2.1 93, 95% CI = [2.080, 2.304]) and with the
absence of BRAF mutation (RR 1 =1.535, 95% CI = [0.709, 3.325]) and of any NRAS-type
mutations (RR 1 =1.420, 95% CI = [0.763, 2.644]).

Metastatic (M1) vs. non-metastatic (MO) status is associated with the presence of the
KRAS Q61 mutations (OR =9.154, 95% CI=[1.100, 76.175] and RR2 =5.917, 95% CI=[5.772,
6.062] and with the absence of any of the NRAS-type mutations (RR1= 1.786, 95% CI =
[0.784, 4.068]), in particular the NRAS Q61 mutation (RR1 =1.369, 95% CI =[0.618, 3.030]).
For additional results see Supplementary Materials Table S3.

Likewise, the III-IV vs. I-II AJCC stage are related to the presence of the KRAS Q61
mutations (OR = 3.375, 95% CI = [0.978, 11.650] and RR2 = 1.883, 95% CI = [1.602, 2.164])
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and to the absence of any of the NRAS-type mutations (RR1 = 1.442, 95% CI = [0.892,
2.332]). For additional results see Supplementary Materials Table S3.

Thus, histopathological analyses in conjecture with genetic ones can contribute to the
revelation of disease current status and the identification of diagnostic and prognostic bi-
omarkers that allow indications of personalized treatment.

4. Discussion

For the first time in a Romanian cohort, this study explored the association of clini-
copathological variables related to the mutational status of KRAS, NRAS, BRAF and EGFR
genes involved in the CRC development and currently considered as parameters to guide
post-resection treatment decisions. We employed ddPCR, a very sensitive technique
which allows absolute target quantification, and enabled us to assess the concomitant
presence of low-frequency mutations.

In our cohort, 96.7 % of CRC tumors harbored KRAS G12/G13 mutation and 21.1 %
KRAS Q61, both mutations having an AF%o > 1, and all tumors that bore KRAS Q61 mu-
tation had a KRAS G12/G13 mutation with an AF%. > 1. NRAS Q61 mutation was present
in 15% of CRC tumors, while NRAS G12/G13 was present in 20% with an AF%o. > 1, but
only two tumors exhibited both these mutations. BRAF V600 mutation (AF%o. 21) was
present in 11.7% of the tumors, and all these tumors exhibited KRAS G12/G13 mutation
with an AF%o average of 3.2. The percentage of BRAF V600 mutation in our cohort does
not differ from that described in previous clinical studies, being associated with the right-
side colon localization of the tumor [4,8,20,21]. Other authors reported incidences of the
KRAS G12 / G13 mutation of approximately 30-50% [4,16,20], a lower value than reported
by us. The high percentage of mutations in exon 2 of the KRAS gene we reported in our
cohort could be explained by the quality of the isolated gDNA and the use of highly sen-
sitive ddPCR. The KRAS G12 / G13 kit used allowed for the detection of all the frequent
mutations encountered in exon 2 of the gene (G12A, G12C, G12D, G12R, G125, G12V, and
G13D), and thus any of these mutations in the same tumor sample can contribute towards
classification of the sample mutation-positive. In addition, cellular and genetic tumor het-
erogeneity could be another factor with a relevant impact [3]. Our results demonstrate
that BRAF and KRAS exon 2 mutations were not mutually exclusive and that their con-
comitant occurrence is not a rare event as claimed by other studies [4,17,22]. Thus, several
studies using paraffin-embedded tumor samples and detection technologies less sensitive
than ddPCR reported the concomitant presence of KRAS and BRAF mutations, but in a
lower percentage (below 4%) [23,24] than that found in our study. Additionally, in an-
other study, BRAF mutational status was only screened in the KRAS wild-type tumor
specimens, and for this reason, they found similar relationships with the clinicopathologic
features for both mutations [17]. Our data gives support to the co-occurrence of KRAS,
NRAS and BRAF mutations (Tables 2 and 3) which could explain why only a reduced
number of patients (10% to 20%) respond to single-agent treatments based on anti-EGFR
antibodies [25]. The risk of metastasis or progression in CRC requires a rigorous early
assessment based on the correlated analyses of clinical factors (gender, BMI, age), genetic
mutations and histopathological characteristics. A recent study of exon 2, 3 and 4 KRAS
mutations in stage I-IV CRC patients concluded that exon 3 mutations predict the worst
prognosis, and suggested that mutations of different KRAS exons should be analyzed sep-
arately [26]. Our results are in accordance with this study, as we highlight high association
of the KRAS Q61 mutation with tumors demonstrating histopathological features with an
adverse impact on the disease prognosis (Figure 4). Thus, KRAS Q61 mutation was the
only one (amongst the mutations studied) associated with the ypT4 stage, that was also
associated with the absence of any NRAS and BRAF mutations (statistically significant).
In addition, the association of KRAS Q61 mutation with poorly differentiated tumors
strengthens this aspect (Figure 4, Supplementary Materials Table S3).
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KRAS G12/G13 is present in ALL patients
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Figure 4. Integrative diagram of the most significant findings. These associations were evaluated
considering the separate presence and the absence of each of the studied mutations (labelled in dif-
ferent colors). The filled circles signify the association with the mutation's presence (AF%o 20.1),
while the empty circles indicate the association with the mutation's absence (AF%o =0). In the upper
register, we considered that the mutation's presence or absence is correlated with the absence or
presence of a risk factor. The significant associations between the KRAS Q61 and NRAS Q61 muta-
tions, on the one hand, and between the NRAS G12 / G13 and BRAF mutations, on the other hand,
are represented by the black arrows. Thus, the first black arrow shows that the absence of the KRAS
Q61 mutation is significantly associated with the presence of the NRAS Q61 mutation. Also, the
second black arrow shows that the coexistence of NRAS G12 / G13 and BRAF mutations is statisti-
cally significant. In the lower register, we resumed the important associations between mutational
status and the histopathological characteristics and CRC staging.

Along with the EGFR mutation, the KRAS Q61 mutation was linked with invasive-
ness beyond the serosa, lymphovascular invasiveness, and with the invasion of neighbor-
ing structures. The invasion mechanism was strongly correlated to the desmoplastic reac-
tion, which, was in our samples, strongly associated with KRAS Q61 mutation and also
with the NRAS Q 61 mutation. Moreover, the KRAS Q61 mutation was associated with
moderate or high inflammatory infiltrate in the absence of any of the NRAS mutations. Its
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absence and that of the NRAS type mutations were associated with ypT2-graded tumors.
We found the same impact on the other elements of the ypTNM staging. The presence of
KRAS Q61 mutation and the absence of the NRAS type mutations were associated with
the ypN2 and ypM1 stages. Thus, our studies highlighted that stage III-IV tumors, accord-
ing to the AJCC classification, are strongly associated with the KRAS Q61 mutation.

The originality of the present study also lies in the numerous correlations found be-
tween the clinical data on the one hand and the histological data on the other hand and
the NRAS mutations. The NRAS Q61 mutation was associated with limited invasiveness
up to the submucosal level. Its absence is associated with the mucoid and glandular phe-
notype (Figure 4, Supplementary Materials Table S3). In contrast, another study found an
association between mucinous adenocarcinoma and KRAS mutations, but not with NRAS
or BRAF mutations [16]. The NRAS type mutations seems to have an impact on tumor
localization, with a higher risk towards the right colon. The absence of those mutations
was, on the other hand, linked with a higher risk for a left colon tumor. Both these associ-
ations are significant. A recent study showed that only tumor location in the right colon
exhibited a significant correlation with KRAS and BRAF mutational status [8]. The KRAS
G12 / G13 mutation was ubiquitous and the NRAS G12/G13 mutation coexisted in the
tumor samples we analyzed with the presence of BRAF mutation (AF%o. >1). In addition,
both mutations were associated with many clinical variables. Thus, NRAS G12/G13 mu-
tation was present in diabetics patients CRC tumors and was absent in those of non-dia-
betics, normal-weight patients, female patients and also absent in CRC tumors resected
from patients under 75 years of age (Figures 2 and 3, Supplementary Materials Table S3).
As in the case of the NRAS Q61 mutation, the BRAF mutation correlates with submucosa-
limited invasiveness and the right-side localization, the latter association being weaker
than in the case of NRAS mutations (Figure 4). Our studies show that the BRAF mutation
is associated with lymphocytes-rich high-grade inflammatory infiltrates that correspond
with CMS 1, characterized by immune infiltration and high BRAF mutation percentage
[6]. The inflammatory microenvironment is an essential contributor in tumor progression
[27]; thus, the association between the levels of specific biomolecules and AF of genetic
mutations requires further investigation. In our group, the BRAF mutation was more
likely to be present in patients smaller than 75 years but older than 60 years and with a
BMI > 25.0. In contrast with other studies [28,29], we did not find any association between
the BRAF mutation and the presence of mucinous features and poorly tumor differentia-
tion, the latter being strongly associated with KRAS Q61 mutation (Figure 4). Such quan-
titative genetic analysis could identify a constellation of specific biomarkers allowing risk
stratification of CRC patients, precise diagnosis, and prediction through the correlation
with relevant histopathological elements for poor prognosis.

A recent study on a Moroccan colon cancer patients cohort showed that KRAS-mu-
tated colon cancers were significantly associated with female gender, vascular invasion,
classical adenocarcinoma phenotype, moderately differentiated tumors, advanced TNM
stage (III-IV), left colon tumor localization, and higher incidence of distant metastases at
the time of diagnostic [30]. This study agrees with our results in the case of KRAS Q61
mutations and their association with advanced TNM stage (III-IV), KRAS G12/G13 muta-
tion being ubiquitous. In addition, the same study reported a connection between the
NRAS type mutations and less extensive invasiveness, which is in agreement with our
data (Figure 4). In our cohort, the presence of KRAS Q61 and the absence of BRAF and
NRAS type mutation were associated with T4, albeit, other reports claim that concomitant
KRAS and BRAF positive mutational status are more prevalent in T3 and T4 tumors [23].
By multivariate non-aprioristic approaches, Isnaldi et al. [4] identified two distinct clini-
cal-mutational profiles. First profile groups includes older patients bearing BRAF muta-
tion with right-side tumors localization, agreeing with our study and previous works
[8,28,31] and the second profile group consisting of younger female patients positive to
KRAS and PIK3CA mutations. Our data do not support this latter profile since the only
statistically significant association found in our cohort with the female gender was the
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absence of NRAS G12/13 mutations. In addition, since the KRAS G12/G13 mutations are
ubiquitous in our samples, we cannot relate these mutations to gender. In the case of
KRAS Q61, we did not find a significant correlation between this mutation and gender.

In a recent study on a Chinese CRC cohort, the authors concluded that an NRAS
mutation is an independent prognostic marker for distant metastasis in stage I to III pa-
tients, with shorter metastasis-free intervals than NRAS wild-type patients [22]. In con-
trast, our data show that stage III-IV tumors were correlated with the absence of NRAS
type mutation (Figure 4 and Supplementary Materials Table S3). Thus, given the contra-
dictory studies, a range of validated biomarkers, particularly prognostic and predictive
markers, are required to evolve towards personalized cancer treatment [32].

5. Conclusions

We employed a pair-wise association approach to assess the correlation between sev-
eral mutations (KRAS Q61, KRAS G12 / G13, NRAS Q61, NRAS G12 / G13, BRAF and
EGFR) and also the associations between the mutations and histopathology features (tu-
mor staging, inflammation, differentiation and invasiveness). The strongest associations
we found and the mutational AF we reported may help to understand disease processes
and may be considered as potential CCR biomarker candidates. In addition, we described
representative mutation panels associated with specific clinical and histopathological fea-
tures of CRC.

The KRAS Q61 mutation was associated with most of the invasive features of CRC
described by histopathological variables (poor differentiation, microscopic and macro-
scopic invasiveness and staging) with consequences on the prognosis of the disease
(ypT4M1N2). The absence of NRAS types mutations were associated with the same or
with other histopathological features with different levels of impact on the aggressiveness
of the disease. This study revealed that KRAS Q61 and NRAS mutations have distinct
clinical-pathological features, and KRAS G12/G13 mutation with different AFs is ubiqui-
tous in this cohort, being probably essential for the CRC initiation and development.

Thus, our findings suggest refining the CRC consensus molecular subtypes classifi-
cation by including other mutations such as KRAS Q61 and NRAS-type mutations and
the AF levels of CRC-related mutations. Furthermore, the AF of the studied mutations
might divide the cohort into different risk groups as per histopathological features. Such
risk stratification opens up significant prospects for sensitive technologies such as ddPCR,
a critical tool in CCR screening and preventive, personalized treatment. As fresh tissue
samples can be easily obtained by routine endoscopic investigations or during resection
surgeries, a quantitative mutation analysis offers enormous potential to promote the fu-
ture development of screening methods. This genetic analysis approach corroborated
with histological observations could have a significant potential to indicate progression
risk, guiding thus therapeutic indications for more effective treatments, and increase the
cancer-free period and overall survival of CRC patients.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Risk analysis via OR, RR1, RR2 and RR3 of possible two-by-two
associations between the studied mutations, as defined by Table S2; Table S1: Descriptive statistics
of mutation levels (allelic frequencies) of all studied mutations; Table S2: Expressing associations
between mutation levels via risk ratios RR1, RR2 and RR3; Table S3: Models used for OR, RR1, RR2
and RR3 calculation related to mutations status and tumour pathological features; Table S4: Risk
estimation calculations using the models presented in table S3. Parameters OR, RR1, RR2 and RR3
have been defined above.

Author Contributions: A.L, LB, and O.I.G. had equal contributions to this work. V.C., AL, and
ALLS. conceived and designed the study. V.C., AM., AILS, LS, FI, OIG., Al and AM.P. per-
formed the experiments and acquired the data. V.C,, AM., AIS, F.I, OLG., Al and L.B analyzed
and interpreted the data. L.S and LB prepared figures. L.B performed the statistical analysis. V.C.,
LS, EL, OLG, AL, and AM.P. drafted the manuscript. ALS. O.I.G. and LB wrote and reviewed


https://doi.org/10.20944/preprints202205.0042.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 May 2022 d0i:10.20944/preprints202205.0042.v1

18 of 20

the manuscript. A.LS. supervised all experimental procedures. V.C. and A.LS. were involved in
funding acquisition. All authors reviewed and approved the manuscript.

Funding: This work was supported by a Grant of the Romanian Ministry of Education and Research,
CCCDI-UEFISCDI project number PN-III-P2-2.1-PTE-2019-0544, within PNCDI III. The funders had
no role in the study design, data collection and analysis, decision to publish or preparation of the
manuscript.

Institutional Review Board Statement: This study was performed in accordance with the Declara-
tion of Helsinki 1975, amended in 2013. All protocols and methods were reviewed and approved by
the Medical Ethics Committee of Elias University Emergency Hospital of Bucharest, Romania (no:
5939/2019). Before being included in the study, all patients signed a written statement on ethics ap-
proval and consent.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data supporting this study's findings are available from the cor-
responding author, AIS, and the co-author and data curator LB upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Park, K.H.; Choi, ].Y.; Lim, A.-R.; Kim, JW_; Choi, Y.J.; Lee, S.; Sung, ].S.; Chung, H.-].; Jang, B.; Yoon, D., et al. Genomic Landscape
and Clinical Utility in Korean Advanced Pan-Cancer Patients from Prospective Clinical Sequencing: K-MASTER Program. Cancer
Discovery 2022, 10.1158/2159-8290.cd-21-1064, OF1-OF11, d0i:10.1158/2159-8290.cd-21-1064.

Vitale, I.; Shema, E.; Lo, S.; Galluzzi, L. Intratumoral heterogeneity in cancer progression and response to immunotherapy. Nature
Medicine 2021, 27, 212-224, doi:10.1038/s41591-021-01233-9.

El-Sayes, N.; Vito, A.; Mossman, K. Tumor Heterogeneity: A Great Barrier in the Age of Cancer Immunotherapy. Cancers (Basel)
2021, 13, 806, doi:10.3390/cancers13040806.

Isnaldi, E.; Garuti, A.; Cirmena, G.; Scabini, S.; Rimini, E.; Ferrando, L.; Lia, M.; Murialdo, R.; Tixi, L.; Carminati, E., et al. Clinico-
pathological associations and concomitant mutations of the RAS/RAF pathway in metastatic colorectal cancer. | Transl Med 2019,
17,137, doi:10.1186/s12967-019-1879-2.

Yang, J.; Lin, Y.; Huang, Y,; Jin, J.; Zou, S.; Zhang, X.; Li, H,; Feng, T.; Chen, J.; Zuo, Z., et al. Genome landscapes of rectal cancer
before and after preoperative chemoradiotherapy. Theranostics 2019, 9, 6856-6866, doi:10.7150/thno.37794.

Singh, M.P.; Rai, S.; Pandey, A.; Singh, N.K,; Srivastava, S. Molecular subtypes of colorectal cancer: An emerging therapeutic
opportunity for personalized medicine. Genes Dis 2021, 8, 133-145, doi:https://doi.org/10.1016/j.gendis.2019.10.013.

Guinney, J.; Dienstmann, R.; Wang, X.; de Reynies, A.; Schlicker, A.; Soneson, C.; Marisa, L.; Roepman, P.; Nyamundanda, G.;
Angelino, P., et al. The consensus molecular subtypes of colorectal cancer. Nat Med 2015, 21, 1350-1356, d0i:10.1038/nm.3967.
Sanchez-Ibarra, H.E.; Jiang, X.; Gallegos-Gonzalez, E.Y.; Cavazos-Gonzdlez, A.C.; Chen, Y.; Morcos, F.; Barrera-Saldana, H.A.
KRAS, NRAS, and BRAF mutation prevalence, clinicopathological association, and their application in a predictive model in
Mexican patients with metastatic colorectal cancer: A retrospective cohort study. PLoS ONE 2020, 15, e0235490,
doi:https://doi.org/10.1371/journal.pone.0235490.

Hagan, S.; Orr, M.C.M.; Doyle, B. Targeted therapies in colorectal cancer—an integrative view by PPPM. EPMA | 2013, 4, 3,
doi:10.1186/1878-5085-4-3.

Jancik, S.; Drabek, J.; Radzioch, D.; Hajdtch, M. Clinical Relevance of KRAS in Human Cancers. | Biomed Biotechnol 2010, 2010,
150960, doi:10.1155/2010/150960.

Simanshu, D.K.; Morrison, D.K. A Structure Is Worth a Thousand Words: New Insights for RAS and RAF Regulation. Cancer
Discovery 2022, 10.1158/2159-8290.cd-21-1494, OF1-OF14, d0i:10.1158/2159-8290.cd-21-1494.

Koveitypour, Z.; Panahi, F.; Vakilian, M.; Peymani, M.; Seyed Forootan, F.; Nasr Esfahani, M.H.; Ghaedi, K. Signaling pathways
involved in colorectal cancer progression. Cell Biosci 2019, 9, 97, doi:10.1186/s13578-019-0361-4.

Bootsma, S.; van Neerven, S.M.; Vermeulen, L. Exploiting KRAS-mediated metabolic reprogramming as a therapeutic target. Nat
Genet 2021, 53, 9-10, d0i:10.1038/s41588-020-00758-y.

Akhave, N.S.; Biter, A.B.; Hong, D.S. Mechanisms of resistance to KRASG12C-targeted therapy. Cancer Discovery 2021, 11, 1345-
1352, d0i:10.1158/2159-8290.cd-20-1616.

Amodio, V.; Yaeger, R; Arcella, P.; Cancelliere, C.; Lamba, S.; Lorenzato, A.; Arena, S.; Montone, M.; Mussolin, B.; Bian, Y., et al.
EGFR blockade reverts resistance to KRAS G12C inhibition in colorectal cancer. Cancer Discovery 2020, 10, 1129-1139,
doi:10.1158/2159-8290.cd-20-0187.

Barresi, V.; Bonetti, L.R.; Bettelli, S. KRAS, NRAS, BRAF mutations and high counts of poorly differentiated clusters of neoplastic
cells in colorectal cancer: Observational analysis of 175 cases. Pathology 2015, 47, 551-556, d0i:10.1097/P AT.0000000000000300.
Rimbert, J.; Tachon, G.; Junca, A.; Villalva, C.; Karayan-Tapon, L.; Tougeron, D. Association between clinicopathological charac-
teristics and RAS mutation in colorectal cancer. Modern Pathology 2018, 31, 517-526, doi:10.1038/modpathol.2017.119.


https://doi.org/10.20944/preprints202205.0042.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 May 2022 d0i:10.20944/preprints202205.0042.v1

19 of 20

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

Rosty, C.; Young, ].P.; Walsh, M.D.; Clendenning, M.; Walters, R.J.; Pearson, S.; Pavluk, E.; Nagler, B.; Pakenas, D.; Jass, J.R., et al.
Colorectal carcinomas with KRAS mutation are associated with distinctive morphological and molecular features. Modern Pathol
2013, 26, 825-834, doi:10.1038/modpathol.2012.240.

Gonsalves, W.I.; Mahoney, M.R.; Sargent, D.J.; Nelson, G.D.; Alberts, S.R.; Sinicrope, F.A.; Goldberg, R.M.; Limburg, P.J;
Thibodeau, S.N.; Grothey, A., et al. Patient and Tumor Characteristicc and BRAF and KRAS Mutations in Colon Cancer,
NCCTG/Alliance N0147. ] Natl Cancer Inst 2014, 106, doi:10.1093/jnci/djul06.

Negru, S.; Papadopoulou, E.; Apessos, A.; Stanculeanu, D.L.; Ciuleanu, E.; Volovat, C.; Croitoru, A.; Kakolyris, S.; Aravantinos,
G,; Ziras, N., et al. KRAS, NRAS and BRAF mutations in Greek and Romanian patients with colorectal cancer: a cohort study.
BM] Open 2014, 4, €004652-e004652, doi:10.1136/bmjopen-2013-004652.

Ducreux, M.; Chamseddine, A.; Laurent-Puig, P.; Smolenschi, C.; Hollebecque, A.; Dartigues, P.; Samallin, E.; Boige, V.; Malka,
D.; Gelli, M. Molecular targeted therapy of BRAF-mutant colorectal cancer. Ther Adv Med Oncol 2019, 11, 1758835919856494,
doi:10.1177/1758835919856494.

Guo, F.; Gong, H.; Zhao, H.; Chen, J.; Zhang, Y.; Zhang, L.; Shi, X.; Zhang, A ; Jin, H.; Zhang, J., et al. Mutation status and prog-
nostic values of KRAS, NRAS, BRAF and PIK3CA in 353 Chinese colorectal cancer patients. Sci Rep 2018, 8, 6076-6076,
doi:10.1038/s41598-018-24306-1.

Oliveira, C.; Velho, S.; Moutinho, C.; Ferreira, A.; Preto, A.; Domingo, E.; Capelinha, A.F.; Duval, A.; Hamelin, R.; Machado, J.C,,
et al. KRAS and BRAF oncogenic mutations in MSS colorectal carcinoma progression. Oncogene 2007, 26, 158-163,
doi:10.1038/sj.onc.1209758.

Sahin, L.H.; Kazmi, S.M.A; Yorio, ].T.; Bhadkamkar, N.A.; Kee, B.K,; Garrett, C.R. Rare Though Not Mutually Exclusive: A Report
of Three Cases of Concomitant KRAS and BRAF Mutation and a Review of the Literature. | Cancer 2013, 4, 320-322,
doi:10.7150/jca.3619.

Karapetis, C.S.; Khambata-Ford, S.; Jonker, D.J.; O'Callaghan, C.J.; Tu, D.; Tebbutt, N.C.; Simes, R.].; Chalchal, H.; Shapiro, ].D.;
Robitaille, S., et al. K-ras Mutations and Benefit from Cetuximab in Advanced Colorectal Cancer. New England Journal of Medicine
2008, 359, 1757-1765, doi:10.1056/NEJMo0a0804385.

Guo, T.; Wu, Y,; Huang, D.; Jin, Y.; Sheng, W.; Cai, S.; Zhou, X.; Zhu, X,; Liu, F.; Xu, Y. Prognostic Value of KRAS Exon 3 and
Exon 4 Mutations in Colorectal Cancer Patients. ] Cancer 2021, 12, 5331-5337, doi:10.7150/jca.59193.

Calu, V,; Ionescu, A.; Stanca, L.; Geicu, O.I; Iordache, F.; Pisoschi, A.M.; Serban, A.L; Bilteanu, L. Key biomarkers within the
colorectal cancer related inflammatory microenvironment. Scientific Reports 2021, 11, 7940, doi:10.1038/s41598-021-86941-5.
Tapial, S.; Olmedillas-Lépez, S.; Rueda, D.; Arriba, M.; Garcia, J.L.; Vivas, A.; Pérez, J.; Pena-Couso, L.; Olivera, R.; Rodriguez, Y.,
et al. Cimp-Positive Status is More Representative in Multiple Colorectal Cancers than in Unique Primary Colorectal Cancers. Sci
Rep 2019, 9, 10516, d0i:10.1038/s41598-019-47014-w.

Weisenberger, D.J.; Liang, G.; Lenz, H.]. DNA methylation aberrancies delineate clinically distinct subsets of colorectal cancer
and provide novel targets for epigenetic therapies. Oncogene 2018, 37, 566-577, doi:10.1038/onc.2017.374.

El Agy, F.; El Bardai, S.; El Otmani, I.; Benbrahim, Z.; Karim, LM.H.; Mazaz, K.; Benjelloun, E.B.; Ousadden, A.; El Abkari, M.;
Ibrahimi, S.A., et al. Mutation status and prognostic value of KRAS and NRAS mutations in Moroccan colon cancer patients: A
first report. PLoS ONE 2021, 16, €0248522-e0248522, d0i:10.1371/journal.pone.0248522.

Sorbye, H.; Dragomir, A.; Sundstrom, M.; Pfeiffer, P.; Thunberg, U.; Bergfors, M.; Aasebg, K ; Eide, G.E.; Ponten, F.; Qvortrup, C.,
et al. High BRAF Mutation Frequency and Marked Survival Differences in Subgroups According to KRAS/BRAF Mutation Status
and Tumor Tissue Availability in a Prospective Population-Based Metastatic Colorectal Cancer Cohort. PLoS ONE 2015, 10,
e0131046-e0131046, doi:10.1371/journal.pone.0131046.

Duffy, M.]. Personalised treatment for cancer: role of biomarkers. EPMA ] 2014, 5, A23, doi:10.1186/1878-5085-5-s1-a23.

Aronne, L.J. Classification of Obesity and Assessment of Obesity-Related Health Risks. Obesity Research 2002, 10, 1055-115S,
doi:https://doi.org/10.1038/0oby.2002.203.

Lee, D.-W.; Cho, S.; Shin, A.; Han, 5.-W.; Kim, T.-Y. Body mass index and body weight change during adjuvant chemotherapy in
colon cancer patients: results from the AVANT trial. Scientific Reports 2020, 10, 19467, d0i:10.1038/s41598-020-76643-9.

Geicu, O.L; Stanca, L.; Voicu, S.N.; Dinischiotu, A.; Bilteanu, L.; Serban, A.L; Calu, V. Dietary AGEs involvement in colonic in-
flammation and cancer: insights from an in vitro enterocyte model. Scientific Reports 2020, 10, 2754, d0i:10.1038/s41598-020-59623-
X.
Hackner, K.; Buder, A.; Hochmair, M.]; Strieder, M.; Grech, C.; Fabikan, H.; Burghuber, O.C.; Errhalt, P.; Filipits, M. Detection of
EGFR Activating and Resistance Mutations by Droplet Digital PCR in Sputum of EGFR-Mutated NSCLC Patients. Clin Med
Insights Oncol 2021, 15, 1179554921993072, doi:10.1177/1179554921993072.

Sacher, A.G.; Paweletz, C.; Dahlberg, S.E.; Alden, R.S.; O’Connell, A.; Feeney, N.; Mach, S.L.; Janne, P.A.; Oxnard, G.R. Prospective
Validation of Rapid Plasma Genotyping for the Detection of EGFR and KRAS Mutations in Advanced Lung Cancer. JAMA On-
cology 2016, 2, 1014-1022, doi:10.1001/jamaoncol.2016.0173.

Oxnard, G.R.; Paweletz, C.P.; Kuang, Y.; Mach, S.L.; O'Connell, A.; Messineo, M.M.; Luke, ].].; Butaney, M.; Kirschmeier, P.; Jack-
man, D.M,, et al. Noninvasive detection of response and resistance in EGFR-mutant lung cancer using quantitative next-genera-
tion genotyping of cell-free plasma DNA. Clin Cancer Res 2014, 20, 1698-1705, doi:10.1158/1078-0432.ccr-13-2482.

Michaelidou, K.; Koutoulaki, C.; Mavridis, K.; Vorrias, E.; Papadaki, M.A.; Koutsopoulos, A.V.; Mavroudis, D.; Agelaki, S. Detec-
tion of KRAS G12/G13 Mutations in Cell Free-DNA by Droplet Digital PCR, Offers Prognostic Information for Patients with
Advanced Non-Small Cell Lung Cancer. Cells 2020, 9, 2514.


https://doi.org/10.20944/preprints202205.0042.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 May 2022 d0i:10.20944/preprints202205.0042.v1

20 of 20

40. Dong, L.; Wang, S.; Fu, B.; Wang, ]J. Evaluation of droplet digital PCR and next generation sequencing for characterizing DNA
reference material for KRAS mutation detection. Sci Rep 2018, 8, 9650, d0i:10.1038/s41598-018-27368-3.


https://doi.org/10.20944/preprints202205.0042.v1

