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Abstract. Colorectal cancer is one of the most frequently diagnosed malignant tumors in men and women, which is a highly heterogene-
ous group of neoplasms consisting of subclasses with different molecular and clinical characteristics, and, as a consequence, patients
with different types of tumors require different treatment protocols. Among the predictive factors of treatment response in patients with
metastatic colorectal cancer, the most studied are the genes of the RAS family (KRAS, NRAS). Determination of RAS status is the first
step in individual selection of drug therapy in patients with metastatic colorectal cancer. Patients with certain mutations in KRAS and NRAS
genes are resistant to anti-EGFR therapy and have a lower median survival than WT (wild type) genotypes, indicating a negative prognosis
in the presence of mutations.
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Pestome. KonopekTabHblii pak — ogHa 13 Havbosee HacTo AMarHOCTUPYEMbIX 3[10KAYECTBEHHBIX OMYXONEN Y MyXHUH U XKEHLLIH, MPef-
CTaBnsAoLLaa cobol BbICOKO METEPOreHHyHO rpynny HOBOOBPA30BaHWA, COCTOSLLYIO 13 MOAKIACCOB C Pas3fNYHbIMU MOEKYISPHBIMUA 1
KIIMHUYECKUMN XapakTepUCTUKaMU, U, Kak CNneacTBue, MaumeHTbl C PasHbiMy TUMamMmn Onyxofen Hy>KAaroTCs B MPUMEHEHUM PasHbIX MPO-
TOKONOB flieveHnst. Cpean NpeamKTUBHBIX (haKTOPOB OTBETA Ha NIe4eHWe Yy MaUMEHTOB C METacTaTU4eCKUM KONOPEKTANTbHBIM PaKoM
Hambonee n3y4eHHbIMU SBAOTCS reHbl cemencTea RAS (KRAS, NRAS). Onpegenerine ctatyca RAS — aTo NepBblii Liar B MHAVBUAYab-
HOM Nofbope NekapCTBEHHOM Tepanun y NaumMeHTOB C METACTaATUHECKM KOMOPEKTasbHbIM PakoM. [auneHTbl ¢ onpeaeneHHbIMU MyTa-
unsamn B reHax KRAS n NRAS aBNsitOTCA PE3NCTEHTHBIMK K Tepanuv aHTu-EGFR-npenapatamy 1 UMEtOT MedvaHy BbPKMBAEMOCTU HIXKE,
dem npu WT (wild type) reHoT1nax, 4to roBOPUT O HEraTVBHOM MPOrHO3e B Clydae Hanm4nst MyTaumn.
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Colorectal cancer (CRC) is one of the most fre-
quently diagnosed malignant tumors in men and
women and ranks third in the mortality rate from cancer
in men and second in women [1]. Timely detection of
colorectal cancer implies its diagnosis at early, preclin-
ical stages, when there are no manifestations of the dis-
ease. Screening aimed at early detection of colorectal
cancer is carried out by means of finger examination,
endoscopic method and hemocult test. Currently, there
is a program of primary screening of colorectal cancer,
according to which all patients are tested for fecal oc-
cult blood at the dispensary examination annually by
referral of the local therapist. If the analysis is negative,
a finger examination of the rectum by a surgeon and, in
women, by a gynecologist is performed annually. All
persons over 50 years old undergo sigmoscopy and
rectoscopy once every 3 years. The offered examina-
tion program allows to detect actively about 50 % of
cases of primary cancer of colon and 57 % of cases of
rectal cancer. Sigmoscopy and total colonoscopy are
important methods of colorectal cancer screening, but
the possibility of using these techniques for wide
screening seems doubtful because of their great com-
plexity and high cost. In general, the diagnosis of CRC
is difficult, because the collection of biopsy material is
difficult and the morphological integrity of the samples
is destroyed during analysis; therefore, mostly CRC is
detected only at late stages [2, 3].

CRC is a highly heterogeneous group of tumors
consisting of subclasses with different molecular and
clinical characteristics [3, 4]. Patients with different tu-
mor types require different treatment protocols [5].

The basis of CRC pathogenesis is proliferation of
atypical epithelial cells of intestinal mucosa resulting
from aberrant methylation, dysregulation of transcrip-
tion factors or mutation in oncogenes (KRAS, NRAS,
BRAF and PIK3CA) and oncosupressors (APC, TP53,
SMAD4 and PTEN) [6]. These disorders affect key sig-
naling pathways including Wnt/B-catenin, epidermal
growth factor receptor (EGFR), mitogen-activated pro-
tein kinase, MAPK), phosphoinositide-3-kinase (PI3K),
the Ras superfamily of small guanosine triphospha-
tases, and transforming growth factor beta (TGF-).

The listed abnormalities can be divided into two
groups: CRC with chromosomal instability associated
with loss of APC protein function and mutations in
genes encoding Wnt- and Ras-signaling pathways and

CRC with microsatellite instability, which is often asso-
ciated with mutations in genes of the mismatched nu-
clectide repair (MMR) system.

CRC with chromosomal instability is the most
common group. Mutations of APC gene initiate initial
stages of CRC: APC is a negative regulator of
B-catenin, and in the presence of mutation the concen-
tration of B-catenin in cytoplasm increases significantly
and leads to activation of Wnt-signaling pathways
which in turn stimulate tumor cell division and migration
[7, 8.

Transformation of adenoma into carcinoma oc-
curs when the structure of GTPases, which are involved
in the transduction of extracellular MAPK signals, is dis-
rupted [9-11]. An amino acid substitution in Ras pro-
teins prevents their hydrolysis, resulting in activation of
protein cascades: RAF/MEK/ERK and PI3BKAKT signal-
ing pathways responsible for cell growth and division
[12]. As a result, the cell is in a permanently activated
state, which allows it to avoid apoptosis and start un-
controlled division. In 80 % of cases of CRC, EGFR hy-
perexpression was found to be present, which leads to
increased growth and division of tumor cells due to hy-
peractivation of RAS/MAPK signaling cascade [13].

Currently, much attention is being paid to the ther-
apy of CRC. In the last decade, the survival rate of pa-
tients with metastatic CRC has significantly increased.
This is due to the introduction of targeted therapies
such as anti-EGFR monoclonal antibodies (MoAbs).
Anti-EGFR MoAbs can be used both in monotherapy
and in combination with conventional chemotherapy
[14]. Currently, two targeted anti-EGFR drugs are ap-
proved for clinical practice — the chimeric immuno-
globulin G (IgG1) cetuximab and a fully humanized an-
tibody of the immunoglobulin G2 class — panitumumab,
which have high dermal toxicity. These drugs are most
effective in "wild-type" KRAS, NRAS, BRAF genes and
the presence of mutated KRAS, NRAS or BRAF genes
leads to the formation of the same name mutant protein
that activates EGFR-RAS-RAF signaling pathway
(fig. 1), which in turn results in uncontrolled cell division,
impaired regulation of proliferation and resistance to
apoptosis [15]. That is why the issue of identifying a tar-
get group of patients sensitive to EGFR inhibitors is ur-
gent.

Binding of extracellular EGFR receptor leads to
blocking of intracellular tyrosine kinase domain and,
consequently, deactivates Ras signaling pathways and
thus prevents tumor growth and development [16]. The
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efficacy of anti-EGFR MoAbs treatment depends on
molecular genetic changes in the tumor: EGFR status,
the presence of mutations in other members of the sig-
naling cascade — KRAS and BRAF oncogenes and
some other factors. In the absence of mutations in the
KRAS gene, the efficacy of CRC treatment is very high,
life expectancy increases and the number of recur-
rences decreases. At the same time, in the presence of
activating mutations in the KRAS gene in tumor cells,
the use of anti-EGFR antibodies does not lead to posi-
tive results [17].
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Figure 1. Schematic of the RAS-RAF-MEK-ERK signaling
pathway. P stands for phosphorylation
[https://doi.org/10.20340/vmi-rvz.2021.4.MORPH.3]

The following mutations in KRAS codons 12 and
13 (85-90 %), which correlate with tumor resistance to
anti-EGFR therapy, are detected in 30-40 % of cases
of CRC: G12C, G125, G12R, G12A, G12V, G12D,
G13D. Mutations in codons 61 (5 %) and 146 (5 %) are
detected much less frequently [17]. Studies by Pisareva
et al. (2016) of mutations in the KRAS gene in codons
12 and 13 also revealed that the most frequent muta-
tions are G13D (15%) and G12D (13 %), which agrees
with the studies of other authors [10, 17].

In general, mutations in the KRAS and NRAS
genes, detected in approximately 50 % of patients with
CRC, have been found to be associated with resistance
to anti-EGFR therapy [17]. Moreover, recent studies on
the development of resistance to anti-EGFR therapy
show that patients with wild-type KRAS and NRAS
genes may have small subpopulations of cells carrying
mutations in RAS (Retrovirus Associated) genes [18].
In such cases, resistance to MoAbs therapy rapidly de-
velops within a few months.

The most known oncogenic mutations are muta-
tions in exons 2, 3, and 4 in the KRAS and NRAS
genes, mostly all of which are pathogenic and play a
role in determining targeted therapy for CRC (table 1).
The presence of a mutant allele in one of these genes
indicates an unfavorable prognosis for the patient and
insensitivity to anti-EGFR therapy. Currently, there is no
officially registered drug that inhibits Ras GTPase, but
mutation analysis allows us to identify a group of pa-
tients who are responsive to anti-EGFR therapy.

KRAS mutations are most common, which may be
due to the presence of a large number of rare codons
in the KRAS gene, leading to reduced translation of the
protein [19]. Patients with such mutations have a more
aggressive nature of malignancy and are difficult to
treat [20]. Therefore, targeted drugs inhibiting Ras fam-
ily proteins are currently being tested. The main com-
pounds capable of inhibiting Ras proteins are consid-
ered to be small molecules — chemical compounds with
a molecular weight of no more than 900 Dalton [21].
However, inhibition of mutant Ras proteins is associ-
ated with high toxicity to normal tissues due to the fact
that the Ras family has up to 300 substrates [22]. An-
other important reason for analyzing the spectrum of
KRAS and NRAS mutations is that some patients with
mutations in these genes are still sensitive to anti-EGFR
therapy. For example, G13D mutation carriers turn out
to be sensitive to cetuximab therapy [23]. A potential
explanation for this phenomenon lies in the fact that
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RAF- and PI3K-signaling pathways are mainly activated
in cells with G12D mutations, while G12V, G12C or
G13D mutations affect the activation of RAL-signaling
pathways.

Initially, there was a hypothesis in oncology about
the identity of metastases and the primary tumor, be-
cause it was assumed that if the cells of metastases
originated from the cells of the primary tumor, they
should carry the same specific genetic changes
[24]. But thanks to the development of molecular ge-
netic diagnostic methods, including the method of eval-
uation of individual nucleotide polymorphisms with high
coverage density, it was possible to detect differences
in the genome of metastasis and primary tumor cells. It
is assumed that the changes in the metastasis tumor
cell genome are related both to the metastatic process
itself and to the adaptation of the cells to the new mi-
croenvironment [25]. Therefore, for this kind of patients,
when prescribing targeted anti-EGFR drugs, not only
the status of the primary focus, but also that of the me-
tastases, should be taken into account.

The presence of a predictive marker of the effec-
tiveness of anti-EGFR (epidermal growth factor recep-
tor) monoclonal antibodies in patients with metastatic
CRC - mutational status of RAS (KRAS, NRAS) and
BRAF genes — determines the relevance of studying

Table 1. Mutation spectrum in KRAS and NRAS genes

possible changes in the mutational status of genes in
metastases. The results of early studies on concord-
ance between the primary tumor and CRC metastases
by the mutational status of the KRAS gene are contra-
dictory. Some noted the absence of such concordance
[26], while others, on the contrary, revealed a high per-
centage of concordance [27].

F. Loupakis et al. studied the mutational status of
KRAS gene and PTEN and AKT expression in 106 pa-
tients with metastatic CRC who received targeted ther-
apy (irinotecan with cetuximab). At the same time in
53 patients this analysis was performed in the primary
tumor and in the metastasis. The researchers found
correspondence of changes between the primary tu-
mor and metastases by AKT expression in 68 %, by
PTEN expression — in 60 % and by KRAS gene muta-
tion status — in 95 % of patients. The authors of the
work also found that along with mutation in KRAS gene,
ineffectiveness of anti-EGFR effect was noted in loss of
PTEN expression in metastases [28]. In contrast, re-
searchers from lItaly have also previously shown a sig-
nificant difference in the expression of EGFR, pAKT,
and components of MAPK-signaling pathway between
primary tumors and metastases, which may indicate bi-
ological disorders accumulating in the course of dis-
ease progression [29].

KRAS NRAS
Exon Codon Title Exon Codon Title
mutations mutations

2 12 p.G12A,; p.G12C; p.G12C; p.G12D; 2 12 p.G12A; p.G12C; p.G12D; p.G12S;
p.G12F; p.G12H; p.G12R; p.G12S; p.G12R; p.G12N; p.G12P; p.G12Y;
p.G12V; p.G12I; p.G12N; p.G12L; p.G12V; p.G12E
p.G12Y; p.G12F; p.G12R; p.G12L;
p.G12C; p.G12W; p.G12D; p.G12A;
p.G12V; p.G12fs*3

2 13 p.G13C; p.G13S; p.G13R; p.G13C; 2 13 p.G13R; p.G13V; p.G13S; p.G13C;
p.G13N; p.G13Il; p.G13Y; p.G13F; p.G13N; p.G13Y; p.G13D; p.G13A;
p.G13D; p.G13R; p.G13A; p.G13V; p.G13V
p.G13E; p.G13E; p.G13D; p.G13V;
p.G13V; p.G13_V14>DI

3 59 p.AB59T; p.AB9S; p.A59P; p.AS9E; 3 59 p.A59T; p.AB9P; p.A59S; p.A59D;
p.A59G; p.A59V; p.A59del p.A59G; p.A59V

3 61 p.Q61K; p.Q61E; p.Q61*(Ter); p.Q61H; 3 61 p.Q61H; p.Q61K; p.QB1L; p.Q61R;
p.Q61H; p.QB1L; p.Q61P; p.Q61K; p.Q61E; p.Q61K; p.Q61P; p.Q61R;
p.Q61R; p.Q61Q; p.Q61L; p.Q61R; p.Q61H; p.Q61Q;

p.Q61L; p.Q61_EB2 > HK

4 117 p.K117R; p.K117N; p.K117E; p.K117Q; 4 117 p.K117R; p.K117N; p.K117E; p.K117Q;
p.K117T,; p.K117l; p.K117N p.K117T; p.K117M; p.K117N

4 146 p.A146P; p.A146T; p.A146V; 4 146 p.A146P; p.A146T; p.A146V;
p.A146S; p.A146G; p.A146E p.A146S; p.A146G; p.A146D
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At the same time, other works have revealed high
(78.0-94.7 %) concordance in EGFR expression in pri-
mary tumor and metastases [30]. Application of the
most sensitive methods more often leads to detection
of full concordance by mutational status of a primary
tumor with CRC metastases [31]. However, there is a
question about clinical relevance of low mutant alleles
detected by highly sensitive methods to the efficacy of
anti-EGFR monoclonal antibodies. Thus, in the work of
D. Tougeron et al. the frequency of objective effect of
combination of anti-EGFR antibodies with chemother-
apy was 37.0 % in wild-type KRAS gene against 6.7 %
in cases when even small percentage (< 10 %) of mu-
tant alleles of this gene was detected [32]. Trivial false-
positive and false-negative test results cannot be ex-
cluded [33]. Note that if we compare mutational status
of primary tumor cells and circulating tumor cells in
blood the differences are more pronounced (up to
23 % for KRAS gene and 7 % for BRAF gene) [34]. De-
termination of circulating tumor DNA (cDNA) mutations
in blood is considered to be perspective that can help
to detect treatment-resistant tumor clones and select
appropriate antitumor drugs. It should be noted that,
as a rule, a particular mutation that determines re-
sistance to current therapy does not appear de novo
during treatment, but pre-exists in one of the tumor
clones. Such findings lead researchers to believe that a
combination of different targeted drugs should be used
in order to overlap the entire spectrum of clinically sig-
nificant molecular abnormalities in the tumor already in
the 1stline of therapy [35].

In an additional study of cases of divergent muta-
tional status of the KRAS gene in the primary tumor and
metastases, genetic analysis in cells from additional
sections of the primary tumor allowed the detection of
cell clones with mutations in the KRAS gene [36]. As a
result, if we accept that the tumor is initially heteroge-
neous by various mutational changes, then disease
progression should be considered not as a sequential
process but as a parallel development of the primary
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tumor and metastasis [36]. This is confirmed by the
presence of differences in the mutational status of
genes (driver mutations) between the primary tumor
and metastases. Accordingly, metastases do not re-
quire the same set of mutational changes that are re-
quired for primary tumor growth [37]. Intratumor heter-
ogeneity manifests itself not only in differences in mu-
tational status, but also in the expression of unchanged
genes. Hence, according to current research results,
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temic therapy also leads to the selection of certain tu-
mor clones, which may increase the incidence of dis-
cordance between the primary tumor and metastases.
It is also possible that a biopsy of a single metastatic
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ment, will not reflect the entire molecular pattern of het-
erogeneous tumor clones. This may determine the in-
effectiveness of an individually tailored targeted therapy
based only on genetic changes obtained from 1 tumor
sample [40]. Patients with CRC need to determine the
mutation status of the KRAS gene, which plays an im-
portant role in terms of further chemotherapeutic treat-
ment strategy. For example, in the presence of a muta-
tion in codon 13, an effective combination of conven-
tional chemotherapy and targeted drugs is possible.

Thus, analysis of the presence and spectrum of
KRAS and NRAS mutations becomes a necessary re-
quirement for the treatment of patients with CRC. Mu-
tations in KRAS and NRAS genes are the most signifi-
cant prognostic and therapeutic biomarkers in patients
with CRC. The presence of a mutant allele in one of
these genes indicates an unfavorable prognosis for the
patient and insensitivity to anti-EGFR therapy. Cur-
rently, there is no officially registered drug that inhibits
Ras GTPase, but mutation analysis allows us to identify
a group of patients who are responsive to anti-EGFR
therapy.
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