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Abstract

Introduction: Detection of abnormalities in the KRAS, NRAS and BRAF genes
is extremely important for proper qualification of colorectal cancer (CRC) pa-
tients for therapy with anti-EGFR (epidermal growth factor receptor) mono-
clonal antibodies. However, data about prevalence of mutations in these
genes, in different localizations of CRC tumors, are limited.

Material and methods: We examined the frequency of mutations in the
KRAS, NRAS and BRAF genes in 500 Caucasian CRC patients (200 women
and 300 men, median age 66 years). DNA was isolated from formalin-fixed,
paraffin-embedded (FFPE) tissues using a Qiagen QlAamp DNA FFPE-kit.
Analysis of mutations was carried out using the KRAS/BRAF, NRAS and BRAF
Mutation Analysis Kit for Real-Time PCR (EntroGen) with the Cobas 480 real-
time PCR apparatus (Roche Diagnostics).

Results: KRAS mutations were detected in 190 (38%) patients, NRAS muta-
tions in 20 (4%) patients, and BRAF mutations in 24 (4.8%) patients. There
were no associations between age of CRC patients and frequency of KRAS,
NRAS and BRAF gene mutations. These mutations were significantly more
often diagnosed in women (55.5%) than in men (41%, p < 0.005). Tumors of
the rectum and sigmoideum were the most often observed in both groups
of CRC patients — with and without KRAS, NRAS and BRAF gene mutations.
However, transverse colon, ascending colon and cecum cancers were the
most often affected by mutations.

Conclusions: Our study showed that the occurrence of mutations in the
KRAS, NRAS and BRAF genes is not accidental and depends on the location
of CRC tumors.

Key words: KRAS, NRAS, BRAF, colorectal cancer.

Introduction

According to the American Cancer Society, there were over 135,000
new cases of colorectal cancer (CRC) (95,520 colon cancers and 39,910
rectal cancers) in 2017 in the United States. Due to the large number of
new cases, colorectal cancer was in the third place among the cancerous
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causes of deaths in men and women, which re-
sulted in more than 50,000 deaths for this reason
in the US in 2017, and about 655,000 worldwide.
The risk of this type of cancer is slightly higher in
men than in women [1-3].

Many aspects are mentioned among the caus-
es of development of CRC. First of all, scientists
have acknowledged that the main factor which
increases the risk of the disease is inheritance of
mutations from first-degree relatives. Almost 30%
of patients have at least one relative in the family
who suffers from CRC [2]. The second factor that
predisposes to CRC is familial adenomatous pol-
yposis (FAP), which appears in around 1% of all
CRC cases. Another disease which can predispose
to CRC is chronic inflammatory bowel disease, as
known as Crohn disease and ulcerative colitis. Au-
thors, among risk factors, also mention diet and
lifestyle, type 2 diabetes, cigarette smoking, alco-
hol abuse, obesity, diet low in fiber, and an excess
of consumed fats, carbohydrates as well as red and
processed meat. Physical activity and long-term
treatment with low doses of aspirin may have pre-
ventive value in the development of CRC. These
factors have different influence on particular parts
of the colon, sigmoideum and rectum [1, 2].

The RAS and RAF family proteins mediate sig-
naling of growth factor receptors via the PI3K-AKT-
mTOR and RAS-RAF-MEK-ERK pathways, thereby
participating in cell survival and proliferation [4].
Excessive activity of these signaling pathways is
often found in various cancers. It is caused mainly
by mutations in RAS and BRAF genes. Based on the
deficiency of DNA repair and influence of carcino-
gens, these oncogenes are often mutated in CRC
patients. Right-sided colon cancer is characteris-
tic for women and probably shows microsatellite
instability as well as BRAF mutations. Left-sided
colon cancer is more common in men and shows
chromosomalinstability as well as KRAS mutations.
Detection of abnormalities in the KRAS, NRAS and
BRAF genes is extremely important for proper qual-
ification of patients for panitumumab and cetux-
imab therapy, which have been authorized by the
Food and Drug Administration (FDA) and European
Medicines Agency (EMA) on the basis of several
clinical trials, including PRIME (panitumumab) and
CRYSTAL (cetuximab) studies [5-11].

In our study, we examined the frequency of
mutations in the KRAS, NRAS and BRAF genes in
a large group of Caucasian CRC patients. The mo-
lecular tests were performed during the routine
diagnostic process in qualification of CRC patients
for first line chemotherapy with anti-EGFR (epi-
dermal growth factor receptor) antibodies. For the
first time, we examined the relationship between
the exact location of CRC and the presence of par-
ticular mutations.

Material and methods

The study group included 500 patients (200 wo-
men and 300 men) with CRC including cancers in
the small intestine (ICD-10: C17), colon (ICD-10:
C18), rectosigmoid flexure (ICD-10: C19), rec-
tum (ICD-10: C20) and anus (ICD-10: C21). The
median age for men and women was the same:
66 years. 447 patients had locally advanced dis-
ease, while 53 patients had metastases at the
time of diagnosis (with available material from the
metastases). Patients were characterized in terms
of age, gender and tumor localization. In the stud-
ied population, rectal and sigmoid cancers were
the most common (61% of all CRC patients). De-
tailed characteristics of our group are presented
in Table I.

DNA was isolated from formalin-fixed, paraf-
fin-embedded (FFPE) tissues using the Qiagen
QlAamp DNA FFPE-kit with the CE-IVD certifi-
cate. Tissue was collected and mutations were
searched at the time of the diagnosis of colon and
rectum cancer. The DNA was isolated from a par-
affin block containing at least 50% of tumor cells.
The percentage and presence of cancer cells were
confirmed in the pathomorphological examina-
tion. FFPE samples were collected in 2012-2018.
Analysis of mutations in the KRAS, NRAS and
BRAF genes was carried out using three kits of the
KRAS/BRAF, NRAS and BRAF Mutation Analysis Kit
for Real-Time PCR (EntroGen, CE-IVD), on Cobas
480 real-time PCR apparatus (Roche Diagnostics).
The tests examined the most common mutations
in codons 12, 13, 59, 61, 117 and 146 in KRAS
and NRAS genes, as well as in codon 600 of the
BRAF gene. The tests can detect a mutation load
of less than 1%. This sensitivity greatly depends
on the extent of fragmentation and quality of the
isolated DNA.

No attempt was made to find mutations in
whole blood due to the availability of only FFPE
tissues.

Statistical analysis

Statistical analysis was performed using the
1? test to determine the relationship between dif-
ferent tumor localization and the occurrence of
mutations. Results were statistically significant
when the p value was below 0.05.

The study was approved by the Local Ethical
Committee of the Medical University of Lublin
(no. KE-0254/218/2015).

Results

Frequency of KRAS, NRAS and BRAF
mutations in colorectal cancer

KRAS mutations were detected in 190 (38%)
patients, NRAS mutations in 20 (4%) patients,
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Figure 1. Frequency of mutations in particular co-
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Figure 2. Frequency of mutations in particular co-
dons of the NRAS gene

and BRAF mutations in 24 (4.8%) patients. The
most common substitution in the KRAS gene
was p.Glyl12Asp (27.37% of all KRAS mutations;
52/190). 90.53% of KRAS mutations occurred in
codon 12 or 13 (Figure 1). The most common sub-
stitution in the NRAS gene was GIn61Lys (30% of
all NRAS mutations; 6/20). 65% of NRAS muta-
tions were found in codon 61 (Figure 2). Among
all BRAF mutations, only Val600Glu was found.

Association between age, gender, tumor
localization and mutation status

There were no associations between age of
CRC patients and frequency of KRAS, NRAS and
BRAF gene mutations. These mutations were sig-
nificantly more often diagnosed in women (55.5%
of female patients; 111/200) than in men (41% of
male patients; 123/300, p < 0.005). The frequency
of KRAS mutations and BRAF mutation was sig-
nificantly higher in female than in male patients
(x2= 8.266, p = 0.0044 and y2 = 4.14, p = 0.042,
respectively), while the frequency of NRAS muta-
tions was similar in both sexes (3= 0.1, p = 0.75)
(Tables I and 11).

Rectal and sigmoid cancers were the most often
diagnosed tumors in both groups of patients: with
and without KRAS, NRAS or BRAF gene mutations
(Table ). However, only 28% of patients with KRAS
mutations (53/190) and up to 45% of patients
with NRAS mutation (9/20) had rectal cancer. The
most common tumor localization in patients with
BRAF mutations was the cecum (21% of patients
with this mutation; 5/24) (Table I). Mutations were
most often found in tumors of the transverse co-
lon (70.6% of all patients with transverse colon
cancer, 12/17, p < 0.05 in comparison to other
CRC localizations) and the ascending colon (73%
of all patients with ascending colon cancer, 27/39,
p < 0.005 in comparison to other CRC localizations)
as well as in cecum cancer (62.2% of patients with
cecum cancer, 23/37, p = 0.0516 in comparison
to other CRC localizations). Patients with cancers
of the sigmoideum (38.2% of all sigmoid cancer,
39/102, p = 0.052 in comparison to other CRC lo-
calizations) and splenic flexure (22.7% of all splen-
ic flexure cancer, 5/22, p < 0.05 in comparison to
other CRC localizations) had mutations confirmed
the least frequently. Mutations were significantly
more often found in patients with colon cancer in-
cluding cancer of the cecum (56.7% of mutated
tumors) than in patients with sigmoid and rectal
cancers (42.6% of mutated tumors, p = 0.002,
x? = 9.57) (Table Il). The mutation significantly
more frequently occurred on the right side of the
large intestine (65% of this localizations of tumor,
63/97) than on the left side of the large intestine
(40.8% of this localization of tumor, 141/366).
The incidence of KRAS and BRAF genes varied de-
pending on the CRC localization in the right or left
parts of the large intestine. In contrast, mutations
in the NRAS gene occurred at a similar frequency
in these two CRC localizations (Table Il1).

The differences in the occurrence of individual
CRC in men and women with and without muta-
tions in the KRAS, NRAS and BRAF genes were not
significant. However, mutations in the KRAS gene
in the small intestine and in the ileocecal valve
were found only in female patients (Figure 3).
Male patients with NRAS mutations suffered pri-
marily from rectal cancer (57.1% of all men with
NRAS mutations) and cancer of the rectosigmoid
flexure (14.3% of all men with NRAS mutations).
Single cases of sigmoid, ascending colon and
small intestine cancers were found in men with
NRAS mutations, whereas 50% of female patients
with NRAS mutations suffered from colon cancer.
Two cases of sigmoid and 1 case of rectal cancer
were found in female patients with NRAS muta-
tions. 45.5% of men and only 23.1% of women
with BRAF mutation had rectal or sigmoid cancers,
whereas colon (38.5% of all women with BRAF
mutations) and cecum (23.1% of all women with
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Table II. Relationship between occurrence of mutations in the KRAS, NRAS and BRAF genes and sex, age, and

tumor localization in colorectal cancer (CRC) patients

Patient characteristics n % Mutation status n %
All 500 100 Lack of mutation 266 53.2
Presence of mutation 234 46.8
Age [years]:
> 66 267 53.4 Lack of mutation 144 53.9
Presence of mutation 123 46.1
<66 233 46.6 Lack of mutation 122 52.4
Presence of mutation 111 47.6
P, x> 0.72,0.24
Gender:
Women 200 40 Lack of mutation 89 44.5
Presence of mutation 111 55.5
Men 300 60 Lack of mutation 177 59.0
Presence of mutation 123 41.0
p, 12 0.00145, 10.134
Tumor localization:
Small intestine 4 0.8 Lack of mutation 1 25.00
Presence of mutation 3 75.00
Other localizations 496 99.2 Lack of mutation 265 53.43
Presence of mutation 231 46.57
p, x> 0.2564, 1.288
Ileocecal valve 4 0.8 Lack of mutation 2 50.00
Presence of mutation 2 50.00
Other localizations 496 99.2 Lack of mutation 264 53.23
Presence of mutation 232 46.77
P, x* 0.8962, 0.017
Cecum 37 7.4 Lack of mutation 14 37.84
Presence of mutation 23 62.16
Other 463 92.6 Lack of mutation 252 54.43
localizations Presence of mutation 211 45.57
p, 1 0.0516, 3.787
Ascending colon 39 7.8 Lack of mutation 12 30.77
Presence of mutation 27 69.23
Other localizations 461 92.2 Lack of mutation 254 55.10
Presence of mutation 207 44.90
P % 0.0034, 8.548
Hepatic flexure 9 1.80 Lack of mutation 4 44.44
Presence of mutation 5 55.56
Other localizations 491 98.2 Lack of mutation 262 53.36
Presence of mutation 229 46.64
P, % 0.5953, 0.282
Transverse colon 17 3.40 Lack of mutation 5 29.41
Presence of mutation 12 70.59
Other localizations 483 96.6 Lack of mutation 261 54.04
Presence of mutation 222 45.96

P, X

0.0455, 4.000

Arch Med Sci 5, 15t September / 2022
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Table Il. Cont.
Patient characteristics n % Mutation status n %

Splenic flexure 22 4.4 Lack of mutation 17 77.27
Presence of mutation 5 22.73

Other localizations 478 95.6 Lack of mutation 249 52.09
Presence of mutation 229 47.91

p, 12 0.0206, 5.356

Descending colon 10 2 Lack of mutation 4 40.00
Presence of mutation 6 60.00

Other localizations 490 98 Lack of mutation 262 53.47
Presence of mutation 228 46.53

p, 12 0.3981,0.714

Sigmoid colon 102 20.4 Lack of mutation 63 61.76
Presence of mutation 39 38.24

Other localizations 398 79.6 Lack of mutation 203 51.00
Presence of mutation 195 49.00

p, 1’ 0.05202, 3.775

Rectosigmoid flexure 53 10.60 Lack of mutation 34 64.15
Presence of mutation 19 35.85

Other localizations 447 89.4 Lack of mutation 232 51.90
Presence of mutation 215 48.10

p, 1’ 0.0910, 2.856

Rectum 150 30 Lack of mutation 84 56.00
Presence of mutation 66 44.00

Other localizations 350 70 Lack of mutation 182 52.00
Presence of mutation 168 48.00

p, 1’ 0.4113,0.675

Metastases 53 10.60 Lack of mutation 26 49.05
Presence of mutation 27 50.95

Other localizations 447 89.4 Lack of mutation 240 53.69
Presence of mutation 207 46.31

px’ 0.5224, 0.409

Right side of large 97 20.95 Lack of mutation 34 35.06

intestine Presence of mutation 63 64.94

Left side of large intestine 366 79.05 Lack of mutation 205 59.25
Presence of mutation 141 40.75

p, 1’ 0.00002385, 17.854

BRAF mutations) cancers predominated in female
patients with BRAF mutations.

Discussion

Frequency of KRAS, NRAS and BRAF gene muta-
tions was assessed in previous clinical trials that
evaluated the efficacy of anti-EGFR antibodies in
the first and third line of treatment in CRC pa-
tients [4, 11-15].

The lack of efficacy of cetuximab combined with
first line chemotherapy with 5-fluorouracil and ox-
aliplatin in patients with KRAS gene mutations was
demonstrated in the OPUS study (the study group

consisted of 314 patients). KRAS codons 12 and
13 mutations were found in 43.2% of CRC patients
and the Val600Glu BRAF mutation in 3.5% of CRC
patients. Efficacy of cetuximab was observed only
in patients with the wild-type KRAS gene (codons
12 and 13). Rare RAS mutations were examined in
archival material a few years later using the BEAM-
ing technique. 26.3% of patients without KRAS co-
dons 12 and 13 mutations had rare RAS mutations,
including KRAS mutations in codon 59 or 61 (5.9%
of patients), in codon 117 or 146 (9.3% of patients)
as well as NRAS mutations in codon 12 or 13 (6.8%
of patients), in codon 59 or 61 (in 5.1% of patients)
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Table Ill. Relationship between occurrence of mutations in the KRAS, NRAS and BRAF genes and tumor localization
in colorectal cancer (CRC) patients. *Lack of any examined mutations (wild type)

Gene status n % Mutations n %
KRAS gene status:
Right side of large 84 20.84 Lack of mutations* 34 40.48
intestine Presence of mutations 50 59.52
Left side of large 319 79.16 Lack of mutations* 205 64.26
intestine Presence of mutations 114 35.74
D, %2 0.00007871, 15.589
NRAS gene status:
Right side of large 36 14 Lack of mutations* 34 94.45
intestine Presence of mutations 2 5.55
Left side of large 221 86 Lack of mutations* 205 92.76
intestine Presence of mutations 16 7.24
D, x> 0.7133,0.135
BRAF gene status:
Right side of large 45 17.24 Lack of mutations™ 34 75.56
LU Presence of mutations 11 24.44
Left side of large 216 82.76 Lack of mutations* 205 94.91
intestine Presence of mutations 11 5.09
P, x> 0.0000213, 18.069
A Transverse B
c Asizrodr:ng f_%lg;o Ileocecal
Metastasis [leocecal Se;gl/: 4.51% (;.;lg/;)
9.77% valve Metastasis
Small intestine 0.75% Hepatic 11.54%
0.38% flexure Small intestine Ascending
1.50% 1.28% colon

Splenic
flexure
6.39%
Descending
colon
1.50%

Rectum

Sigmoid

23.68%

Rectosigmoid
flexure
12.78%

11.54%

Transverse colon
5.13%

Hepatic flexure
2.14%

Rectum
28.21%

Splenic flexure

Descending
colon 2.56%

Rectosigmoid
flexure 8.12%

Figure 3. Differences in colorectal cancer (CRC) localization in patients without KRAS, NRAS or BRAF gene muta-
tions (A) and in patients with mutations in the KRAS, NRAS or BRAF genes (B)

and in codon 117 or 146 (0.8% of patients). Pa-
tients with rare RAS mutations also did not benefit
from cetuximab therapy [15, 16].

The efficacy of first line chemotherapy based on
irinotecan and 5-fluorouracil with or without cetux-
imab in patients without KRAS mutations (codons 12
and 13) was examined in the CRYSTAL study. KRAS
gene mutations in codon 12 or 13 were found in
37.3% and the Val600Glu mutation in the BRAF gene
in 6.6% of CRC patients (the study group consisted of
1063 patients). The benefit of cetuximab was not the
same in all patients with the wild-type KRAS gene

(codons 12 and 13). Therefore, rare RAS mutations
in patients enrolled in thee CRYSTAL trial were ex-
amined. 14.7% of 430 patients with wild-type KRAS
codons 12 and 13 had rare RAS gene mutations. Mu-
tations in codons 59 and 61 of the KRAS gene were
present in 3.3% of patients and mutations in co-
dons 117 and 146 were present in 5.6% of patients.
NRAS gene mutations were found in codons 12 and
13 in 3.5% of patients, in codons 59 and 61 in 2.8%
of patients, and in codons 117 and 146 in 0.9% of
patients. Effectiveness of cetuximab in patients with
rare RAS mutations was unsatisfactory [9, 17].

Arch Med Sci 5, 15t September / 2022
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The PRIME clinical trial compared the efficacy
and safety of panitumumab, 5-fluorouracil and ox-
aliplatin with chemotherapy alone in the first-line
treatment of 1096 CRC patients. 67% of patients
had KRAS codon 12 or 13 mutations. KRAS codon
61 was mutated in 4% of patients and codon 117
or 146 was mutated in 6% of patients. Mutations
in the NRAS gene in codons 12 and 13 were found
in 3% of patients and in codon 61 in 4% of pa-
tients. There were no mutations in codon 117 or
146 of the NRAS gene. Mutations in the BRAF gene
occurred in 8% of CRC patients. The effectiveness
of panitumumab was closely related to the ab-
sence of mutations in RAS and BRAF genes [8].

In the PEAK study (221 patients with known
status of examined genes), the effectiveness of
panitumumab monotherapy in third line treatment
of CRC patients was examined. The following mu-
tations were found in CRC patients from the PEAK
trial: in codon 12 or 13 of the KRAS gene in 43.1%
of patients, in codon 59 or 61 of the KRAS gene in
4.8% of patients, in codon 117 or 146 of the KRAS
gene in 5% of patients, in codon 12 or 13 of the
NRAS gene in 4.2% of patients, in codon 59 or 61
of the NRAS gene in 3% of patients and in codons
117 and 146 of the NRAS gene in 1.1% of patients.
The occurrence of the mutations was closely relat-
ed to the lack of efficacy of panitumumab [18].

The incidence of examined mutations in our
patients is lower than in the cited studies. Main-
ly, the frequency of mutations in the KRAS and
BRAF genes is lower than in the CRYSTAL and
PRIME studies. This is probably due to the lower
sensitivity of real-time PCR technique used in the
routine diagnosis of RAS and BRAF mutations in
CRC patients in our study. The results of our study
indicated that the most frequent mutation in the
KRAS gene was Glyl12Asp and in the BRAF gene
was Val600Glu, according to the results of genet-
ic tests carried out in clinical trials. Mutation in
codon 61 was the most frequent mutation in the
NRAS gene in our patients, which does not match
with the results of other studies. The research
should be supplemented by demonstrating that
tumor heterogeneity and/or low sensitivity of di-
agnostic tests may have contributed to the fact
that patients with wild-type RAS did not respond
to anti-EGFR therapy due to the presence of mu-
tations. The weakness of our study was the lack
of information on how the patients were treated.

Kodaz et al. studied the relationship between the
prevalence of KRAS mutations and the clinicopatho-
logical characteristics of colorectal cancer. The study
group included 189 patients with CRC diagnosis.
47.6% of patients had a mutation in the KRAS gene.
The study also showed that the most common
KRAS mutations occurred in codon 12 (73.3% of all
KRAS examined mutations) and the most common
substitution was Gly12Asp (42.4% of all KRAS ex-

amined mutations). The authors found that a high
percentage of young CRC patients (< 40 years)
had the wild-type KRAS gene. They also suggest-
ed that KRAS point mutations in colorectal cancer
exhibited a heterogeneous distribution in terms of
tumor localization. In the cited study, there was no
significant difference in KRAS mutation frequency
according to tumor localization. Moreover, the au-
thors found no association between KRAS mutation
occurrence and gender [19].

Kawazoe et al. searched for KRAS, NRAS, BRAF
and PIK3CA gene mutations in the material from
246 patients with metastatic CRC. Fifty percent
of patients had wild-type examined genes. Mu-
tations in codons 12 and 13 of KRAS gene were
found in 34.1% of patients, while mutations in
codons 61 and 146 were detected in 10 cases
(3.8%). NRAS gene mutations occurred in 11 pa-
tients (4.2%) and Val600Glu mutation in the BRAF
gene occurred in 14 (5.4%) people. The authors
stated that primary rectal tumors tended to be
more frequently RAS-mutated and BRAF mutant
tumors were more likely to develop in the right
colon. They observed no significant association
between RAS gene status and other clinicopatho-
logical features such as age, sex, primary lesion lo-
calization, histology, or site of metastases, which
is similar to the results of the study by Morris
etal. [20, 21].

In our results, mutations were found to be as-
sociated with sex and anatomical location of the
tumor. We observed the highest percentage of tu-
mors with KRAS, NRAS and BRAF gene mutations
in colon cancers. Moreover, the highest percentage
of tumors with mutations were found in the right
side of the large intestine. A higher percentage of
female patients had KRAS, NRAS or BRAF muta-
tions than male patients, which was also observed
by Ng et al. in their research [22].

KRAS mutations were reported to be more fre-
quent in right colon tumors by Bleeker et al. [23]
and Loree et al. [24], but in left colon tumors by
Zulhabri et al. [25]. Watanabe et al. [26] and Sini-
crope et al. [27] found that KRAS codon 12 or 13
mutations were significantly more frequent in
the right colon. Yamauchi et al. [28] reported that
KRAS mutations were more common in cecum tu-
mors. Brink et al. [29] reported that KRAS codon
13 mutation was more common among females
with rectal tumors.

Moretto et al. [11] conducted a study of 75 CRC
patients with wild-type RAS and BRAF genes. They
found that patients with tumors located on the
right side of the large intestine more often did not
respond to therapy based on cetuximab or pani-
tumumab compared to patients with tumors on
the left side of the large intestine. If we assume
that mutations occur more often on the right side
of the large intestine, this relationship may re-
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sult from the problems with detection of RAS and
BRAF gene mutations due to tumor heterogeneity
or low sensitivity of molecular tests.

In conclusion, our study showed that the occur-
rence of mutations in the KRAS, NRAS and BRAF
genes is not accidental and depends on the loca-
tion of CRC tumors. In case of failure of treatment
with anti-EGFR antibodies in patients with tumor
localization suggesting a higher probability of mu-
tation presence, an insightful molecular examina-
tion is necessary.
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