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ABSTRACT

Abnormal gene copies, a special type of genetic polymorphism, is a hallmark of most solid tumors, including colorectal cancer.
Abnormal copy number of genes leads to tumor-specific genomic imbalance, which manifests itself already in precancerous
precursor lesions. The aim of this review was to systematize the scattered data on changes in gene copy number observed
in colorectal cancer and their impact on the outcome of the disease and response to therapy. The data from 58 studies was
analyzed on gene copy number changes and their expression in primary carcinomas, cell lines and experimental models. This
review examines the spectrum of genetic changes that lead to colorectal cancer, describes the most frequent changes in
the number of gene copies at different stages of the disease, and changes in the number of gene copies that can potentially
affect the outcome of the disease of individual patients or their response to therapy. In fact, aberrant gene copy number as
a form of chromosomal imbalance affects a number of genes that provide a metabolic selective advantage for a tumor cell.
Changes in the genes copy number in colorectal cancer patients not only positively correlate with changes in their expression,
but also affect the levels of gene transcription at the genome-wide scale. Aberrant gene copy numbers are closely related to
disease outcome and response to treatment with 5-fluorouracil, irinotecan, cetuximab and bevacizumab. Nevertheless, the
possibility of translating the genes copy number index into clinical practice requires further research.
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MOKA3ATE/Ib KONUWUHOCTH TEHOB Y 60JIbHBIX KOOPEKTA/IbHBIM PAKOM KAK
MAPKEP KNTMHW4ECKOTO UCXOZJA 3ABONEBAHUA U OTBETA HA TEPATUIO

A. A. Macnog, J1. X. Yanxaxau™, C. A. ManunuH, I. B. KamuHckuii, 3. A. Mup3osH
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B gabo80.80@inbox.ru

PE3IOME

AHOMaJIbHasi KOMUAHOCTb FEHOB — 0CO6bI TUMOM FreHEeTUYECKMX NONMMOP(U3MOB, ABNAETCS OTIMYUTENBHOW YepToit 60/1b-
LUMHCTBA COJIMAHbIX OMyXOJEel, BKIItOUas KONOPeKTasnbHbIi paK.

AHOMasbHasi KOMUMUHOCTb FrEHOB NMPUBOAMT K CrieLnduyYeckomy A1 OrnyXosim reHOMHOMY Auc6anaHcy, KOTopbli NPosiBNSET-
CA y)Ke B NpeApaKoBbIx Nopa)eHusax-npeaLecTseHHnKax. Lienbto gaHHoro o63opa crana cucteMaTmaaumnsa pasobLieHHbIX
[aHHbIX 0 HabHo4aeMbIX NPU KOMIOPEKTaNbHOM paKe M3MEHEHMUAX KOMUITHOCTM reHOB 1 UX BAWSAHUM Ha UCXO0[ 3a60NeBaHus
1 OTBET Ha Tepanuio. bblin NpoaHannanMpoBaHbl AaHHble 58 UCCNeA0BaHMM MO M3MEHEHUIO YMCA KOMWIA TEHOB U UX 9KC-
Npeccumn B NepBUYHbIX KapLMHOMaX, KNIETOYHbIX IMHUAX U SKCMEPUMEHTaNbHbIX MOAeNsAX. B saHHOM 0630pe paccMOTPEH
CMEKTP FreHETUYECKUX U3MEHEHWI, KOTOpPble NPUBOAAT K KONOPeKTaNbHOMY paKy, onucaHbl Hanbonee YacTble USMEHEHUs!
KOJSIMYecTBa KOMUIA FreHOB Ha pasHbIX CTafAusAX 3a60/1eBaHNA, U USMEHEHUA KONIMYEeCTBa KOMUii reHOB, KOTOPbIE NOTEHLU-
aNbHO MOTYT MOBJIMATL Ha UCXOZ 60/1e3HM OTAESbHbIX NALMEHTOB UM UX OTBET Ha MPOBOAMMYIO Tepanuto. DakTUYecKH,
abeppaHTHas KOMWIMHOCTb FeHOB Kak hhopMa XpOMOCOMHOro Auc6anaHca saTparneaert Lesibli paj, reHoB, 06ecneynBaroLmx
MeTabonnyeckoe n3bupaTesibHoe NPEeUMYLLECTBO A/ ONYXOJIEBOM KNEeTKU. M3MeHEeHNA Yncna Konuii reHoB y 6051bHbIX
KOJIopeKTanbHbIM PakoM He TONIbKO MOJIOXKMUTENIbHO KOPPETUPYIOT C USMEHEHUAMU UX SKCMPECCUU, HO TaKXKe BUSIOT
Ha YPOBHM TPaHCKPUMLWM reHOB B MacluTabe Bcero reHoMa. A6eppaHTHasi KOMMIMHOCTb reHOB TECHO CBSAA3aHa C MCXOL40M
3a60s1eBaHNs ¥ OTBETOM Ha JiedeHune 5-hpTopypaLmiom, UpUHOTEKAHOM, LIETYKCMMa6oM 1 6eBaLM3yMaboM. TeM HE MeHee,
BO3MOXXHOCTb TPaHCAL MM NoKa3aTessi KONMMMHOCTU FeHOB B KITMHUYECKYHO MPaKTUKY Tpe6yeT AanbHeNLWnX UcCnefoBaHni.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most com-
mon oncological diseases in the world. According to
WHO, about 1 million new cases are registered every
year. In terms of the number of diagnosed cases
and the number of deceased patients, this pathology
is second only to lung, stomach and breast cancer.
Currently, despite the successes achieved in the di-
agnosis of these tumors, they are often detected at
late stages [1].

CRC is characterized by aberrant behavior of cells
that destroy already existing tissues, both locally in
the organ of origin and at a distance, in the niches
of metastasis. The aberrant behavior of tumor cells
is caused by changes in cell biology and affects
critical processes such as proliferation, invasion,
avoidance of apoptosis and the immune system [2].
These changes in cell biology, in turn, are the result
of an evolutionary process whereby gene mutations
and copy number changes (CNVs) accumulate and
lead to the selective advantage of cell clones carrying
these changes.

There are different types of genetic changes in
cancer: small nucleotide variations (SNV), small
insertions or deletions (Indels), structural variants
(SV) and variations in the number of copies of genes
(CNV). The role of CNV in oncogenesis has long been
underestimated. Fogelstein's pioneering work with
collaborators in the early 90s of the 20th century
showed that the accumulation of changes in genes
involved in key signaling pathways leads to neoplas-
tic changes in normal epithelial cells of the colon,
eventually transforming into cancer [3]. Accordingly,
an early decisive event in the development of CRC is
a violation of the functioning of the WNT signaling
pathway, leading to the formation of an adenoma,
and this occurs in most cases due to changes in
the APC gene. Further, there is an accumulation of
mutations in the KRAS gene (involved in the MAPK
signaling pathway), large deletions on the long arm of
chromosome 18 (affecting the TGF-B signaling path-
way), and deletion of the short arm of chromosome
17 (17p), where TP53 is located, which eventually
leads to the formation of cancer [4].

Variations in the number of copies of genes (CNV)
are a special type of genetic polymorphisms that
lead to a change in the number of copies of a certain
gene and, consequently, to a change in the expres-
sion level of the product of this gene — protein or

54

non-coding RNA [5]. With the advent of comparative
genomic hybridization (CGH), it became possible to
analyze CNV throughout the genome. This molecular
approach confirmed and refined the results obtained
by karyotype analysis [6], allowed us to thoroughly
characterize the CNVs observed in microsatellite
stable CRC — mainly amplifications of chromosomes
7, 8q, 13 and 20q, as well as deletions of 8p, 17p
and 18 [7]. In 2012, information on the number of
gene copies in 276 CRC samples was entered into
the TCGA. It has been confirmed that CNVs in CRC
affect regions of chromosomes 1q, 7, 8q, 13q and
20q and 1p, 4, 5q, 8p, 14q, 15q, 17p and 18q [8].

A great contribution to the study of the role of
CNV in the malignancy of various tissues, the re-
sponse to therapy, including radiation, predicting
the course of the disease and the survival of pa-
tients, was made by employees of the National
Medical Research Centre for Oncology in a series
of works performed in 2014-2021. Thus, data were
obtained indicating the important role of changes
in the copyicity of the genes BAX, CASP3, CASPS,
OCT4, C-MYC, SOX2, BCL2, NANOG, CASP9, NFKB1,
HV2, ACTB, MKI67, IL-10, GSTP1 and P53 in gastric
tissue malignancy [9], the copyicity of genetic loci
was investigated, responsible for the regulation of
apoptosis (BAX, BCL2, C-FLAR, P53, MDM2, BFAR,
SEMA3B, RASSF1A, CASP9, CASP3, CASPS8), pro-
liferation (SOX2, OCT4, NANOG, PIK3 and MKI67),
oxidative phosphorylation (HV2), response to hy-
poxia (HIF1AT), DNA repair (XRCCT), destruction
of the intercellular matrix (MMP1), maintenance
of telomere length (TERT), regulation of adhesive
intercellular contacts (CTNNB1) and angiogenesis
(VEGFA), functioning of the EGFR signaling pathway
(KRAS, EGFR, GRB2, SOS1, MAPK1, STAT1, BRAF) in
normal and tumor lung cells in 90 patients with lung
adenocarcinomal10]. There was also a study of the
features of the copyicity of the genes BAX, BCL2,
TP53, MDM2, CASP9, CASP3, CASP7, CASPS8, PRK-
Cl, SOX2, OCT4, PIK3, PTEN, C-MYC, SOX18, AKT1,
NOTCH1, BRCAT1, BRCA2, EXO1, SCNN1A, KRAS,
EGFR, BRAF, CYP1A1, CYP1A2, CYP1B1, CYP19A,
ESR1, ESR2, GPER, STS, SULT1A, SULTTET in tumor
and normal cells of serous ovarian adenocarcinoma
of high and low malignancy [11]. The role of the rep-
lication of a number of genes (RBBP8, BRCA2, H2AX
and BCL2) in the response of malignant tumors of
the prostate and rectum to radiation therapy has
been established [12].
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Thus, the important role of the gene copy index
as biomarkers of oncological diseases and the
effectiveness of their therapy becomes obvious.
The NCBI database contains information on a large
number of studies on changes in gene copyness
in CRC and their association with certain clinical
characteristics, however, all the data presented are
extremely heterogeneous and require generalization
to form a unified understanding of the role of CNV
in CRC.

Therefore, the purpose of this review was to sys-
tematize the disjointed data on changes in gene
replication observed in colorectal cancer and their
impact on the outcome of the disease and response
to therapy.

Molecular classification of colorectal cancer

In CRC, two main pathways of genomic instability
are observed: chromosomal instability (CIN) — 85 %
of cases, and microsatellite instability (MSI) - 15 %
of cases [4; 13]. CINS are characterized by large chro-
mosomal aberrations, while MSI are characterized by
mutations at the level of one nucleotide in repeating
regions (microsatellites) [14].

CRC can also be classified based on data on the
level of hypermethylation of the promoter (CpG Is-
land Methylator Phenotype; CIMP) into CRC with
high and low levels of CIMP. There is a strong as-
sociation of the MSI phenotype with CIMP due to
hypermethylation of the hMLH1 gene [15]. Another
classification based on the transcriptome is also
proposed, including 4 subtypes of CRC (CMS) [16],
which are not completely discrete classes, since
there is some degree of overlap reflecting the con-
tinuity of CRC transcriptomes [17]. With the excep-
tion of CMS1 (MSI CRC), all other 3 CMS groups
(CMS2-4) represent to a certain extent a higher/
lower degree of CIN-CRC [17]. The transfer of the
CMS classification system to preclinical models and
clinical practice opens up prospects for targeted
therapy [18].

Formation of CNV during oncogenesis

Disruption in the functioning of the WNT signal-
ing pathway and the acquisition of chromosomal
aneuploidy (for example, an additional copy of chro-
mosome 7) can lead to the formation of adenoma,
which progresses into carcinoma due to the accumu-
lation of additional genetic and epigenetic changes.
Different lesions with different morphology can lead

to the development of CRC. These can be ordinary
(polypoid, flat) adenomas or toothed polyps. Al-
though the total amount of CNV in adenomas is low
compared to carcinomas, it is necessary to take into
account the presence of chromosomal aneuploidies
and genomic changes in such precancerous lesions,
which contributes to achieving relatively high levels
of genetic heterogeneity [19]. In addition, differences
in CNV patterns can be observed between differ-
ent morphologies, namely polypoid and non-polyp-
oid adenomas. When comparing a large series of
non-polypoid adenomas with polypoid adenomas, it
was shown that the former have 5q deletions more
often and 1p, 10q, 17p and 18q deletions less often
than the latter [20]. Other precursors of CRC, such as
dentate polyps [21], progress to a malignant tumor
along the MSI pathway and, therefore, do not show
common CNVs with tumors arising from polypoid
adenomas [22].

Despite the fact that chromosomal aneuploid-
ies can be observed in precancerous lesions, their
appearance is more common at later stages of the
transition to a malignant neoplasm [23]. Several stud-
ies have shown that CNVs are associated with this
transition in certain regions of chromosomes - 8q,
13q, 20q, 8p, 15q, 17p and 18q [24].

Colorectal adenomas are a very common finding
in the elderly (prevalence 35 %) [4]. However, it is
believed that only about 5 % of colon polyps removed
during endoscopy could develop into cancer. Indeed,
histopathological features associated with the pres-
ence of focal cancer in adenomas include a size of =
10 mm, high degree dysplasia and villi histology. The
presence of at least one of these histopathological
features leads to the progression of adenoma into
cancer [4]. However, the accuracy of these indicators
for detecting adenomas that can progress to can-
cer is low [25]. New markers are needed that more
accurately reflect the natural course of the disease
and more specifically identify adenomas with a high
risk of cancer [26].

Strategies and approaches to the analysis

of changes in the number of copies of genes

in cancer

Molecular cytogenetic methods, including ap-
proaches related to FISH and CGH, have improved
the analysis of chromosomal aberrations in tumors
of various localizations [4]. CGH allowed mapping
the genomic imbalance in tumors to an unprecedent-
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ed level by comparing genomic DNA isolated from
a tumor sample with a reference genome without the
need for metaphase chromosome preparations. This
made it possible to use formalin-fixed and paraffin-
filled material (FFPE blocks) for cytogenetic analyses.
The use of CGH has provided evidence that genom-
ic imbalance is responsible for tumor progression
from dysplastic lesions to invasive disease. Later,
DNA microarrays made it possible to simultaneously
measure the number of copies of many polymorphic
loci in the genome, which led to the high-resolution
detection of LOH, a common phenomenon in onco-
genesis [27].

The development of mass parallel sequencing
with has led to the development of many tools for
analyzing the CNV of the entire exome (WES) or the
complete genome (WGS). Consistent analysis of se-
quencing data was made possible partly thanks to
the Genome Analysis Toolkit (GATK) [28]. 4 compu-
tational genome sequencing approaches have been
described to detect structural variants:

1) paired reading (the distance between the
mapped reads and the average size of the genomic
insert is compared);

2) split reading (detection of small insertions and
deletions by means of alignment analysis on the ref-
erence genome);

3) assembly method (a reference-free reconstruc-
tion of the entire genome from a set of readings is
calculated and compared with the reference genome
using several programs)

4) counting the number of reads or the depth of
coverage (the most recent approach, which takes
into account the number of reads displayed for each
region in the genome, and assumes a uniform se-
quencing process, so the number of reads in a par-
ticular region will be proportional to the number of
copies of it) [29].

Next, we attempted to compare several meth-
ods, further emphasizing the differences between
the tools [30—34]. Tools such as GISTIC 2.0 [35],
ConVaQ [36] or CNApp [37] allow researchers to

Table 1. Bioinformatic tools and methods for CNV detection using mass parallel sequencing platforms

Name Sequencing platform Programming language
CNVkit WES/WGS Python
ExomeDepth R
VarScan2 WES/WGS Java
ControlFreeC WES/WGS C++
ExomeCNV WES R

XHMM WES C++
CoNIFER WES Python

Delly WGS C++
XCAVATOR WGS Perl, bash, R, Fortran
CNVnator WGS C++
CNV-seq WGS R, perl

Pindel WGS C++
CONTRA WES Python/R

Note: WES is whole exome sequencing; WGS is whole genome sequencing.
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integrate CNV genomic data with additional molec-
ular and clinical characteristics and uncover new
functionality and implications for these genomic
events (Table 1).

CNV signatures

To a certain extent, SNV and CNV in the genome
of malignant cells represent a trace of uncorrected
genetic changes that have accumulated during the
life of the tumor. SNV studies have revealed muta-
tional patterns resulting from various types of nu-
cleotide changes in this type of tumor, and defined
as mutational signatures [38]. Unlike SNV, only the
presence or absence of a specific chromosome in
tumor cells has been well described in the literature,
but the mechanisms underlying such patterns have
not been described. Attempts have been made to
identify the signatures of the number of copies of
genes taking into account various approaches. Thus,
using non-negative matrix factorization models, 6
signatures were extracted to 32 ranked subclass-
es of breast cancer data obtained by sequencing
the entire genome, based on their association with
homologous recombination mediated by microho-
mology [39]. Similarly, 8 gene copy number signa-
tures based on structural features were identified
by whole genome sequencing in serous ovarian
cancer [40]. These authors showed the correlation
of CNV signatures with prognosis and response to
treatment, and showed their importance as clini-
cal biomarkers. Finally, "pan-cancer" studies have
identified 9 signatures that determine the etiology
of structural variants, suggesting that mechanisms
based on DNA replication generate different chro-
mosomal structures in different types of tumors,
including CRC [41].

Changes in the number of copies of genes and

their transcriptional activity

In the work of Ried and co-authors [42], it was
found that for each type of tumor there is a specif-
ic CNV landscape reflecting genomic imbalance.
As mentioned earlier, the following CNV profile is
observed in CRC-an increase in copyness in the
region of chromosomes 7, 8q, 13, 20q and a de-
crease in copyness in the region of 8p, 17p and
18. Such observations raise the question of what
their effect is on the levels of gene transcription
in the affected areas of chromosomes. In fact,
among several hypotheses as to why transcription

programs are affected by CNVs, the bulk of the
literature indicates that CNVs directly affect the
expression of most genes in the altered genomic
segment; however, the extent to which genes other
than oncogenes and tumor suppressors contribute
to malignant transformation or preservation of the
transformed state remains unclear. The biological
consequences of such aneuploidy are not limited
to the affected chromosomal region, but may be
associated with the effect on the transcriptional
activity of genes located in other regions of the
genome. Naturally, the third possibility is that
these aneuploidies target only a limited number
of genes that give a selective advantage to the
cancer cell [4].

Cell lines derived from primary carcinomas are
widely used to measure the effect of genomic CNVs
on gene expression. Analysis of 15 CRC cell lines,
including lines with effective and defective repair
systems, showed a positive correlation throughout
the genome between CNV and the corresponding
gene expression [4]. Such correlations have been con-
firmed for many other types of tumors, for example,
prostate cancer and cervical cancer [43].

The correlation of the number of copies of genes
and the average level of gene expression is also ap-
plicable to primary tumors. In fact, several authors
have shown the effect of CNV on gene expression
levels in precancerous lesions and carcinomas of
various origins [44; 45] In these studies, the authors
examined several groups of rectal and colon cancer
samples and compared the normal mucosa, and de-
termined that the increased expression was in those
genes that are located on chromosomes 7, 13 and
20, that is, chromosomes on which amplifications
are observed, while the genes with reduced expres-
sion were located on chromosomes 18, 14 and 15,
in which CNV deletions are usually observed in CRC.
The data obtained by genome-wide sequencing and
presented by the Cancer Genome Atlas consortium
were used to map somatic structural changes, in-
cluding CNV, in 600 tumors of various origins, and
showed their contribution to altered gene expression
in CRC [46].

The positive correlation between CNV and gene
expression has led to the discovery of new cancer-
related genes. In particular, in CRC, the amplifica-
tion of chromosome 13 regions and the associated
overexpression of multiple genes provided a unique
chance to uncover several genes associated with on-
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Table 2. Changes in the gene copy index and the outcome of the disease

I%r;rl?smosome CNV type Genes Ssai;nepLe Clinical significance Link
1p36.33 - P Patients with SKI amplification had
036.32 Amplification ~ SKI 159 worse OS and RFS [52]
RNASEN, C5orf22, Amplification was associated with a
5p14.3 - p13.3  Amplification =~ GOLPH3, MTMR12, ZFR, 111 P [53]
SUBT and TARS shorter PFS
5q12.1 - Deletion g’;ﬁ;f’g;mfgfgﬁfm 105 Deletion was associated with a (53]
q12.3 SFRS1é shorter PFS
. Deletion was associated with a
5934 Deletion CCNG1 133 shorter PES [53]
KIAA0776, Céorf66,
Cé6orf167, FBXL4, SFRS18,
6q16.1 — e CCNC, ASCC3, ATGS5, Amplification was associated with a
q16.3 Amplification o pe/ 7" 60rf203, PDSS2, m shorter PFS [53]
LACE1, CD164, SMPD2 and
ZBTB24
Patients with EGFR amplification
achieved a high percentage of
partial remission, while patients
I without increased EGFR replication
/p11.2 Amplification  EGFR 44 had progressive disease. In addition, [4]
patients with a high EGFR copy
count had a longer period of time
before progression.
I Associated with tumor perforation
7q22.1 Amplification ~ GAECT 79 and later stage T [53]
PSMB3, PIP4K2B, CCDC49,
RPL23, LASP1, RPL19,
FBXL20, MED1, CRKRS,
NEUROD2, STARDS,
TOP2A, SMARCET,
TMEM99, KRTAP3-3,
KRTAP1T-1, EIFT, NTSCSL, Deletion was associated with a
17921 - g21.3  Deletion KLHL11, ACLY2 MLX, 133 shorter PFS [53]
EZH1, VPS25, CCDC56,
BECN1, PSME3, RUNDC1,
RPL27, BRCA1, NBR2,
NBR1, DUSP3, TMEM101,
LSM12, TMUB2, GPATCHS,
CCDC43, EFTUD2, NMT1
and MAP3K14
’ USP14, THOC1, C18orf56, Deletion was associated with a
18p11.32 Deletion TYMS, ENOSFT and YEST T shorter PFS [53]
METTL4, NDC80, SMCHD1,
EMILIN2, LPIN2, MRCL3,
MRLC2, ZFP161, RAB12 . . .
18p11.32 - . . ; ! Deletion was associated with a
p11.21 Deletion KIAA0802, NDUFV2, 133 shorter PFS [53]

ANKRD12, TWSGT,
RALBP1, PPP4R1, VAPA
and NAPG
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Table 2. Changes in the gene copy index and the outcome of the disease

I((I)t::rlj)smosome CNV type Genes SS??epLe Clinical significance Link
CHMP1B, MPPE1, IMPA2,
TUBB6, AFG3L2, CEP76, Deletion was associated with a
18p11.21 Deletion PSMG2, PTPN2, SEH1TL, 133 shorter PES [53]
CEP192, C180rf19 and
RNMT
. Deletion was associated with a
18q11.2 Deletion LAMA3 133 shorter PFS [53]
1821.2 Deletion SMAD4 147 ~ Associated with tumor (4]
developement
MYO5B, MBD1, CXXC1,
C18orf24, ME2, ELAC1,
SMAD4, MEX3C, MBD2,
POLI, RAB27B, CCDC68,
TXNL1, WDR7, FECH,
_ NARS, ATP8B1, ALPK2, . . .
18921.33 Deletion MALT1, SECT1C, KIP2A, 117 Deletion Was associated with 2 [53]
q PF2A1, PF2A14, PF2A1,
PF2A1, PF2A1 TNFRSF11A,
ZCCHC2, PHLPR BCL2,
KDSR, VPS4B, SERPINBS,
TMX3, RTTN, SOCS6,
C18orf55 and CNDP2
BCL2LT, ASXL1, SRC, Amplification was associated with
20911 - q13.3  Amplification =~ DNMT3b, Gnas, TOP1, 354 bettF:ar 0s [55]
AURKA, PTPRT, and NCOA3
20q11.21 - Significantly associated with
‘Ig 33; Amplification ~ PTK6 and EEFIA2 269 improved overall survival in grade Il [4]
qts. tumors
An increase in the number of
20q13.2 Amplification CSETL, NABC1, ZNF217 146 copies is associated with poorer 4]

and STK15

overall survival and faster tumor
progression

Note: RFS - relapse—free survival;, OS - overall survival;, PFS — progression free survival.

cogenesis, including CDK8, CDX2 and LNX2, for which
overexpression was associated with WNT activity and
oncogenic functions [46]. In addition, several other
cancer-related genes (AHCY, TPX2, POFUT1, Rpn2,
AURKA, TH1L, MTUS1, PPP2CB, ARGLU1, UGGT2,
CES2, FUT10, PAOX, and PRPF6) showed a signifi-
cant linear correlation between the dose of the gene
(CNV) and its expression [48; 49].

To study the effect of CNV on gene expression,
several models of cell lines or animals have been
developed. These studies have also shown that CNVs
affect the expression not only of genes located on
the aneuploid site, but also of many other genes
throughout the genome, which in turn affect protein
expression [50].

CNV as biomarkers of clinical outcome and

response to therapy

Only a few genetic biomarkers are currently used
in clinical practice related to CRC. These include mu-
tations in RAS genes, which are commonly used in
patients with CRC to prescribe therapy against EGFR.
Similarly, the BRAF V600E mutation is a biomarker
of poor prognosis in patients with metastatic CRC.
Another prognostic marker used in the clinic is the
status of MSI [4].

To date, the needs of oncologists in certain areas
of CRC treatment are still unsatisfied, in particular,
it concerns the prediction of the likelihood of recur-
rence in patients with stage Il colon cancer [51]. In
fact, most modern prognostic biomarkers are applied
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only to patients with stage IV CRC. CRC still lacks
adequate prognostic biomarkers compared to other
cancers, such as melanoma, leukemia, breast, ovar-
ian, prostate and lung cancers [4]. Since molecular
cytogenetic methodologies, as well as next-genera-
tion sequencing methods for CNV assessment can be
applied to archived formalin-fixed material (FFPE), the
analysis of large series of CRC with well-annotated
clinical data has become possible, which allowed
the analysis of the prognostic value of certain CNVs.
Candidate biomarkers with their respective clinical
significance are shown in table 2.

With advanced CRC, an increased number of EGFR
copies is associated with poor survival and may be
an independent prognostic variable [4]. As for PTEN,
more thorough research is needed here [4]. An in-
crease in the copyicity of the STRAP gene was shown
in 22 % of cases of stage Il and Ill CRC [52]. This gene
is located on chromosome 12 and encodes a protein
associated with the serine/threonine kinase receptor.
Interestingly, patients who did not receive adjuvant
therapy showed a better prognosis with an increase
in the copy of the STRAP gene. In another cohort of
354 patients with CRC (stage IV) as an increase in
the copyicity of the SRC, AURKA, TPX2 and BCL2L1
genes [55].

A decrease in the number of copies of the CD226
gene located on chromosome 18q, which encodes
a glycoprotein expressed on the surface of NK cells,
platelets, monocytes and a subpopulation of T cells,
is a biomarker of poor prognosis for 5-year overall
and relapse-free survival [55]. In the same CDR co-
hort, a decrease in the number of CDH-7 copies was
a biomarker of a good result with respect to 5-year
overall and relapse-free survival [55].

Recently, Lee and his colleagues have shown
that GAECT, a putative oncogene located on chro-
mosome 7, was amplified in 24 % of a cohort of CRC
patients [54]. Moreover, an increase in the number of
copies was associated with a worse prognosis due to
the increased aggressiveness of the tumor. Another
predictive CNV is SKI, located on chromosome 1.
In a cohort of 533 cases of stage Il and Il CRC, the
number of copies of the SKI gene could be success-
fully measured in 159 patients [52]. SKI amplification
was associated with worse overall and relapse-free
survival compared to patients without an increase in
the number of copies or deletions of this gene [52].

In 2002, a study of an early-stage CRC cohort
(n = 180) studied the allelic imbalance of chromo-
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somes 8p and 18q in relation to relapse of the dis-
ease. Patients with stage A tumors (according to
Dukes) showing an allele imbalance in both chro-
mosomal arms were more likely to have a relapse
compared to Dukes B patients without an allele im-
balance. Focal chromosomal CNVs can also be used
in predicting metastases in patients with CRC. Thus,
it was shown that both amplifications in the 8q and
20q regions are more often present in tumors with
metastases [4].

A number of CNVs are associated with the re-
sponse to treatment in CRC. An increase in the
copyicity of the TYMS gene was shown in a sample
of patients with CRC resistant to therapy based on
5-fluorouracil (5-FU) [56]. On the contrary, a decrease
in the number of copies of the negative prognostic
marker CD226 is associated with better overall sur-
vival after therapy based on 5-FU [4]. Bess and his
colleagues [52] reported on a study of patients with
stage Il and Il CRC and demonstrated that STRAP
amplification leads to a worse response to 5-FU-
based therapy, which was observed in patients who
had a higher rate of relapse and mortality compared
to patients without amplification of this gene. Among
CRC patients with wild type KRAS, only 17 % benefit
from monotherapy against EGFR [57]. At the same
time, in these patients, an increased number of EGFR
copies is associated with an improved response to
irinotecan-cetuximab therapy and a longer time to
progression [4]. In 2013, Jiang and his colleagues
conducted a meta-analysis of 13 studies involving
1,174 patients with CRC treated with cetuximab or
panitumumab. Their results showed that an increase
in the number of EGFR copies in this sample was
associated with an improvement in overall and re-
lapse-free survival [58].

In a comprehensive analysis of CNV in 349 tumors
removed from patients participating in the CAIRO and
CAIRO2 clinical trials, it was found that changes in
certain chromosomal regions, mainly an increase in
gene copy in the 6q region and deletions in the 18q
region, were associated with a significant difference
in progression-free survival between the irinotecan
and non-irinotecan treatment groups. him [53]. In
addition, van Dijk and his colleagues showed that the
loss of a section of chromosome 18q11.2-g12.1 in
patients with CRC is an indicator of a good prognosis,
since these patients were characterized by better
overall survival and a better response to bevacizumab
therapy [59].
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CONCLUSION

Thus, this review shows a positive correlation
between CNV levels and gene expression in CRC,
leading to massive deregulation of cellular signal-
ing pathways. However, modern literature has not
allowed us to answer a number of questions: 1) Are
all genes affected by such a positive correlation,
or do some genes avoid this dependence? 2) Do
the transcription networks of genes identified in
CRC function in precancerous lesions? That is, it

is necessary to find out exactly how CNVs form
the transcriptome of tumor cells and why these
cells need such specific deregulated transcription
networks.

From the point of view of the translation of the
CNV indicator into clinical practice, further research
is required. In the end, an in-depth understanding of
the role of CNV in CRC will allow stratifying patients
based on biological and genetic characteristics to
improve the prognosis of the disease and determine
therapeutic strategies.
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