
ISSN 1022-7954, Russian Journal of Genetics, 2018, Vol. 54, No. 6, pp. 698–702. © Pleiades Publishing, Inc., 2018.
Original Russian Text © V.P. Shubin, A.A. Ponomarenko, A.S. Tsukanov, O.A. Maynovskaya, E.G. Rybakov, M.V. Panina, V.N. Kashnikov, S.A. Frolov, Yu.A. Shelygin, 2018,
published in Genetika, 2018, Vol. 54, No. 6, pp. 671–676.

HUMAN
GENETICS
Heterogeneity in Colorectal Primary Tumor
and Synchronous Liver Metastases

V. P. Shubina, *, A. A. Ponomarenkoa, A. S. Tsukanova, O. A. Maynovskayaa,
E. G. Rybakova, M. V. Paninaa, V. N. Kashnikova, S. A. Frolova, and Yu. A. Shelygina

aState Scientific Centre of Coloproctology, Moscow, 123423 Russia
*е-mail: shwit@mail.ru

Received June 1, 2017; in final form, July 5, 2017

Abstract⎯The expression profile of the ZEB1, ZEB2, VIM, CDH1, SFRP2, FOXQ1, TNC, MACC1, PLS3,
CFTR, FLNA, MUC2, TFF3, and RARRES3 genes, as well as the mutational status of the KRAS, NRAS,
BRAF, and PIK3CA genes, were investigated in 40 patients with colorectal cancer and liver metastases.
A comparative analysis of changes in gene expression in primary tumor cells and liver metastases was per-
formed. Statistically significant differences were found between the expression levels of the ZEB2 (p = 0.004),
VIM (p < 0.001), FLNA (p = 0.04), and MUC2 (p < 0.001) genes. It was demonstrated that the overall fre-
quency of mutations of the KRAS gene was 18/40 (45%) and the PIK3CA gene was 9/40 (23%). Mutations in
the NRAS and BRAF genes were not found. The concordance between the primary tumor and metastases in
the liver by mutation status was 100%.
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INTRODUCTION
One of the main causes of growth, progression,

metastasis, and resistance to antitumor therapy is a
high intratumor heterogeneity [1]. Molecular genetic
changes revealed in colorectal cancer (CRC) made it
possible to identify several subtypes of tumors [2]. All
subtypes are associated with a change in expression
and the mutational status of the genes. The following
genes were identified as potential markers: ZEB1,
ZEB2, VIM, CDH1, SFRP2, FOXQ1, TNC, MACC1,
PLS3, CFTR, FLNA, MUC2, TFF3, RARRES3,
KRAS, NRAS, BRAF, and PIK3CA. Most often, syn-
chronous metastases of CRC occur in the form of liver
metastases (25%) and peritoneal carcinomatosis (4.8–
15%) [3]. It is interesting what cells or subpopulations
of tumor cells are prone to metastasis and how much
the tumor and its metastases are heterogeneous. In
order to answer this question, we studied the expres-
sion and mutational status of genes in primary CRC
tumors and their liver metastases.

MATERIALS AND METHODS
The analysis of the expression of the ZEB1, ZEB2,

VIM, CDH1, SFRP2, FOXQ1, TNC, MACC1, PLS3,
CFTR, FLNA, MUC2, TFF3, and RARRES3 genes
and mutations in the KRAS, NRAS, BRAF, and
PIK3CA genes was performed in a primary tumor of

the large intestine and synchronous liver metastases
(SLM). The material for the study was obtained from
40 patients who underwent a one-stage removal of the
colon tumor and SLM at the State Scientific Centre of
Coloproctology in the period from January 1, 2013, to
December 31, 2016. Chemo- and/or radiation therapy
served as a criterion for excluding patients from the
study. A comparative analysis was performed among
the following samples: histologically unchanged colon
mucosa, primary tumor tissue, and SLM tissue. All
the samples were morphologically verified. Demo-
graphic and clinical morphological data of patients are
given in Table 1.

The tumor material and SLM were immediately
placed in a lysis solution (buffer GA, Tiangen) and
frozen at –70°C until further analysis.

Measurement of the level of expression of the
investigated genes was carried out on a StepOnePlus
System (Applied Biosystems, United States) using oli-
gonucleotide primers designed by the specialists at the
Laboratory Genetics Department of the State Scien-
tific Centre of Coloproctology using Primer3 software
(http://frodo.wi.mit.edu/primer3/input.htm). Twenty-
five microliters of the reaction mixture included 0.25 μM
of each original oligonucleotide primer, 200 μM of
each nucleoside triphosphate, 1 unit of Taq poly-
merase, PCR buffer (500 mM Tris and 500 mM KCl,
pH 8.74), 2.5 μL of MgCl2 (25 mM), intercalating dye
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Table 1. Clinical morphological characteristics of the
patients

* Cancer embryonic anigen.
** Carbon antigen 19-9 (tumor marker).

*** Moderately differentiated adenocarcinoma.
**** Low-grade adenocarcinoma.

***** Adenocarcinoma mucosa.

Data Value

Age 53.5 ± 11

Sex Female
Male

21 (53%)
19 (48%)

CEA* 13.4 (3; 48)

СА 19-9** 14.5 (3; 36)

Localization:
rectum
colon

22 (55%)
18 (45%)

Median of tumor size of large
intestine, cm (quartile)

5 (4; 7)

T2
T3
T4

1 (2%)
23 (58%)
16 (40%)

N0
N+

6 (15%)
34 (85%)

Amount of lymph nodes with SLM
<5
5 and more

26 (67%)
13 (33%)

MDA***
LGA****
AM*****

32 (80%)
5 (13%)
3 (7%)

Perivasal, perineural invasion 33 (83%)

Median number of SLM (quartiles)
solitary
single
multiple

3 (1; 5)
13 (32%)
15 (38%)
12 (30%)

Median size of SLM, cm (quartiles)
<5
5 or more

3 (2; 6)
27 (68%)
13 (32%)
EvaGreen, and deionized water. The change in gene
expression by ±2 times was considered significant.
RNA was isolated using the RNAprep Pure Kit for
Tissue (Tiangen, China) according to the manufac-
turer’s protocol. The RNA quality was evaluated on
a Nanophotometer P300 (Implen, Germany). RNA
with a concentration of at least 10 ng/μL and parame-
ters A260/230 of 1.8–2.1 was used. The reverse tran-
scription reaction was performed using Random6
hexaprimers (Syntol, Russia), Thermo Scientific
RevertAid Reverse Transcriptase (Thermo Scientific,
Lithuania), and Thermo Scientific RiboLock RNase
Inhibitor (Thermo Scientific, Lithuania) on the Veriti
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System (Applied Biosystems, United States). The
concentration of cDNA was 250–450 ng/μL (LID10),
at which the change in gene expression was linear.
Measurement of the expression level of genes was car-
ried out in threefold repetition. The GAPDH and
ACTB genes were used as reference. The data obtained
was analyzed in StepOnePlus Software v. 2.2.2 and
according to the work of Pfaffl [4].

To determine the mutational status, the fragments
of the KRAS (RefSeq_NM_004985) (exons 2–4),
NRAS (RefSeq_NM_002524) (exons 2–4), BRAF
(RefSeq_NM_004333) (exon 15), and PIK3CA (Ref-
Seq_NM_006218) (exons 9 and 20) genes were ampli-
fied during the polymerase chain reaction (PCR) on a
programmable thermocycler TP4-PCR-01-Tertsik
(DNA-Technology, Russia) using oligonucleotide
primers designed by the specialists at the Depart-
ment of Laboratory Genetics of the State Scientific
Centre of Coloproctology using Primer3 software
(http://frodo.wi.mit.edu/primer3/input.htm). Com-
position of the reaction mixture: 0.1–1.0 μg of
genomic DNA; 0.25 μM of each original oligoprimer;
200 μM of each nucleoside triphosphate; 1 unit of Taq
polymerase; PCR buffer (500 mM Tris and 500 mM
KCl, pH 8.74), 2.5 μL MgCl2 (25 mM); deionized
water; 30 μL of mineral oil. Mutations in the genes
were determined on an ABI PRISM 3500 automatic
sequencer (Applied Biosystems, United States). For
mutation interpretation, software from Applied Bio-
systems was used.

Determination of the status of microsatellite insta-
bility (MSI) was carried out by fragment analysis on
the ABI PRISM 3500 System (8 capillaries; Applied
Biosystems, United States) using five mononucleotide
markers (NR21, NR24, NR27, BAT25, and BAT26)
described in [5, 6].

The data were analyzed using Statistica 12.0.

RESULTS
The gene expression levels   in the primary tumor

and synchronous metastases were obtained for 40
patients with CRC. The median levels   of gene
expression and the results of the comparative analysis
are shown in Fig. 1.

Expression of the ZEB2, VIM, FLNA, and MUC2
genes in metastases was statistically significantly dif-
ferent from the data for the tumor (Table 2). Against
the reduced expression of the ZEB2, VIM, and MUC2
genes in the primary tumor, in metastasis, in comparison
to the samples of histologically unchanged mucous
membrane of the large intestine, the expression of the
ZEB2 gene did not change; the expression of the VIM
and MUC2 genes increased and decreased, respectively.
In contrast to the aforementioned three genes, there is a
further increase in the level of expression of the FLNA
gene in SLM compared with an increased expression of
this gene in the primary tumor.
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Fig. 1. Comparison of the expression of the genes in the primary tumor and synchronous liver metastases (SLM).
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Table 2. Expression levels of the genes in primary tumor
and SLM

Genes
Median expression, log10

pprimary tumor, 
n = 40

SLM,
n = 40

ZEB1 –0.16 –0.02 0.11
ZEB2 –0.29 0.04 0.004
VIM –0.33 0.24 <0.001
SFRP2 –0.88 –0.56 0.44
CDH1 –0.32 –0.12 0.54
FOXQ1 0.81 0.56 0.76
MACC1 0.72 0.84 0.08
PLS3 0.41 0.52 0.25
FLNA 0.37 0.65 0.04
MUC2 –1.15 –2.4 <0.001
TFF3 –0.25 –0.26 0.74
RARRES3 –1.0 –0.88 0.87
CFTR 0.18 0.08 0.6
TNC 0.19 0.41 0.09
In 10 genes (ZEB1, SFRP2, CDH1, FOXQ1,
MACC1, PLS3, TFF3, RARRES3, CFTR, and TNC) of
14, the expression levels in the primary tumor and
SLM were changed to a lesser extent (Table 2). Of
these 10 genes, increased expression was observed
among genes FOXQ1, MACC1, and PLS3; reduced
expression was observed among SFRP2, CDH1, and
RARRES3; and unchanged expression was noted
among ZEB1, CFTR, TNC, and TFF3.

To determine the dependence of the expression
level of genes in the SLM in respect of the primary
tumor, a correlation analysis was performed (Table 3).
In nine genes (ZEB1, ZEB2, CDH1, SFRP2, TNC,
MACC1, PLS3, FLNA, and RARRES3), the tendency
to increase the expression in the SLM was determined.
Separately, there is a strong relationship between the
expression of the PLS3 gene in metastasis and in the
primary tumor (r = 0.75). Expression of the FOXQ1,
MUC2, TFF3, and CFTR genes was suppressed more
strongly in SLM relative to the primary tumor. It is
worth noting that the decrease in the expression of the
MUC2 and TFF3 genes in SLM occurs even against
the suppressed expression of these genes in the pri-
mary tumor. Despite a statistically significant increase
in the expression of the VIM gene in the SLM (Table 2),
the relationship between the expression of this gene in
the SLM and primary tumor samples was not revealed
(Table 3).

Somatic mutations of the KRAS, NRAS, BRAF,
and PIK3CA genes and the status of MSI were deter-
mined in the primary tumor and SLM. The total fre-
quency of mutations of the KRAS gene was 18/40
RUSSI
(45%) and the PIK3CA gene was 9/40 (23%) (Table 4).
Mutations in the NRAS and BRAF genes were not
found. The status of all primary tumors and SLM by
microsatellite markers was stable (MSS). The concor-
dance between primary tumor and SLM concerning
mutational and microsatellite status was 100%.
AN JOURNAL OF GENETICS  Vol. 54  No. 6  2018
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Table 3. Correlation of expression of genes between pri-
mary tumor and SLM

Genes r p

ZEB1 0.38 0.016
ZEB2 0.34 0.033
VIM 0.09 0.577
SFRP2 0.48 0.002
CDH1 0.62 0.0001
FOXQ1 0.42 0.007
MACC1 0.63 0.0001
PLS3 0.75* 0.0001
FLNA 0.63 0.0001
MUC2 0.42 0.007
TFF3 0.67 0.0001
RARRES3 0.62 0.0001
CFTR 0.58 0.0001
TNC 0.33 0.037

Table 4. Mutations of the KRAS and PIK3CA genes in the
primary tumor and SLM

Gene Tumor SLM

KRAS 18 (45%) 18 (45%)
PIK3CA 9 (23%) 9 (23%)
KRAS + PIK3CA 4 (10%) 4 (10%)
DISCUSSION

In 1976, P.C. Nowell hypothesized that most
tumors arise from a single cell of origin, and tumor
progression is the result of acquired genetic changes
within the original clone [7]. Later, in 1988, Fearon
and Vogelstein [8] proposed a model for the develop-
ment of colorectal cancer. According to this model,
the development and progression of the tumor begins
at the adenoma stage by the gradual accumulation of
genetic changes in it. At the first stage, a mutation in
the APC gene occurs in the colon mucosa cells, which
leads to the activation of the Wnt/β-catenin pathway
involved in cell differentiation and proliferation. As a
result, an adenoma is formed. At the next stage, the
KRAS acquires a mutation. Mutations in this proto-
oncogene lead to activation of the RAS/BRAF/MAPK
pathway, as a result of which the adenoma begins to
progress, changing in size. Moreover, the active
growth of the adenoma induced by the KRAS muta-
tion leads to its polyclonality and the formation of
cancer stem cells (CSC), which are distinguished by
the absence of a mutation in the APC gene [9]. It is
believed that the KRAS gene is a key driver in the for-
mation of CRC. According to the results of our study,
the frequency of mutations in the KRAS gene in CRC
was 45%, which indicates the presence of intratumoral
RUSSIAN JOURNAL OF GENETICS  Vol. 54  No. 6  
heterogeneity; i.e., during the invasion, cells with dif-
ferent molecular characteristics can bud from the
tumor: with or without mutation in the KRAS gene or
other molecular-genetic changes. The presence of
tumor heterogeneity is also confirmed by the com-
bined mutations of the KRAS and PIK3CA genes
detected both in the tumor and in its metastases (Table 4).
The total concordance of the mutational status of the
KRAS and PIK3CA genes between the primary tumor
and metastasis may indicate that the latter is formed
from predominant tumor subclones, and other sub-
clones may exist in a small amount and activate under
certain conditions [10].

Thus, liver metastases are less heterogeneous than
the primary tumor. Sadanandam et al. [11] identified
marker genes whose expression changes are associated
with different tumor subtypes developing from differ-
ent cells of the Lieberkun crypt. A classification is pro-
posed that includes six subtypes. The stem-like sub-
type is characterized by a high level of expression of
the SFRP2 gene. The inflammatory subtype has a high
level of expression of the RARRES gene. The transit-
amplifying (TA) subtype, which in turn is divided into
cetuximab-resistant (CR-TA) and cetuximab-sensi-
tive (CS-TA), is characterized by a change in the
expression of the CFTR and FLNA genes. Moreover,
the level of CFTR expression was increased in both the
cetuximab-resistant and cetuximab-sensitive subtypes
and FLNA was increased only in the cetuximab-resis-
tant subtype. The goblet-like subtype has a high level
of expression of the MUC2 and TFF3 genes. In the
enterocyte subtype, the biomarkers are the same as in
the goblet-like one. However, it has a lower level of
expression of the TFF3 gene.

In order to determine what cells or subpopulations
of cells are more often metastasized to the liver, we
performed a comparative analysis of the expression of
the SFRP2, RARRES, CFTR, FLNA, MUC2, and
TFF3 genes, proposed by the authors of [11]; FOXQ1,
MACC1, PLS3, and TNC, associated with a high met-
astatic potential [12–15]; and ZEB1, ZEB2, VIM, and
CDH1, associated with the epithelial-mesenchymal
transition (EMT) [16], between the samples of pri-
mary tumors and metastases. In our study, for 10 of the
14 genes, the expression values in tumors and SLMs
coincide. However, these values are multidirectional.
An increased level of expression is observed among the
FOXQ1, MACC1, and PLS3 genes. Reduced expression
is observed among CDH1, SFRP2, and RARRES3.
Unchanged expression is seen among ZEB1, CFTR,
TNC, and TFF3. As already mentioned, high expres-
sion of the FOXQ1, MACC1, and PLS3 genes is associ-
ated with unfavorable prognosis, high metastatic
potential, and rapid growth of tumor and metastases.
The low level of expression of the SFRP2 and
RARRES3 genes indicates the absence or very low
concentration of stem-like and inflammatory cells in
the tumor and SLM. Reduced expression of the CDH1
gene indicates a violation of intercellular adhesion
2018
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[17]. In addition, low expression of CDH1 is associated
with EMT. The EMT program plays an important role
in the formation and differentiation of various organs
and tissues during embryonic development. As a
pathological process, EMT triggers a tumor progres-
sion, forming the ability of cells to migrate, invade the
adjacent stroma, and reach the bloodstream. In the
development of EMT in cancer cells, the transcription
profile of a significant number of genes changes—
some transcription factors (ZEB1/2, SNAIL1/2,
VIM, etc.) and mesenchymal markers are overex-
pressed, and epithelial phenotype markers (CDH1)
are suppressed [16]. In our study, the expression of the
ZEB1, ZEB2, and VIM genes in the primary tumor is
low, but in metastases, the expression of ZEB2 and
VIM is increased, and ZEB1 tends to increase (Table 2).
Expression of markers of the goblet-like subtype
(MUC2 and TFF3) is reduced both in the primary
tumor and in metastasis. Interestingly, the expression
of the MUC2 gene is 2 times lower in metastasis rela-
tive to the primary tumor (p = 0.001), which may indi-
cate that the metastasis contains a very small amount
of mucin-producing cells, and a low expression level
of this gene can be a marker of liver metastases. The
expression of the CFTR and FLNA genes in the pri-
mary tumor is increased, which indicates the presence
of a subpopulation of cells with a cetuximab-resistant
subtype. In metastases, the level of CFTR expression is
lower relative to the primary tumor and does not differ
from that in normal mucosa. Expression of FLNA,
conversely, in metastases is significantly increased rel-
ative to the primary tumor.

Summarizing the results, we should emphasize that
statistically significant differences between the pri-
mary tumor and metastasis have been revealed by
expression levels of the following genes: ZEB2 (p =
0.004), VIM (p < 0.001), FLNA (p = 0.04), and MUC2
(p < 0.001). In conclusion, it should also be noted that
the high level of concordance of the primary tumor
and metastasis for the mutation status, in particular,
for the KRAS gene, confirms the fact that the material
of the primary tumor is sufficient to select the drug
treatment of CRC. Further investigation of the hetero-
geneity of primary and secondary tumor lesions can
potentially influence the choice of drug therapy and
determine the prognosis of the disease.

The work was carried out within the framework of
the registered prospective study “Effects of Gene
expression pattern and RAS/BRAF Mutations on the
Course of Colorectal Cancer” ISRCTN18093312
(https://doi.org/10.1186/ISRCTN18093312).
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