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Abstract—The Q6 1R mutation of the NRAS gene is one of the most frequent driver mutations of thyroid cancer. Tumors with
this mutation are characterized by invasion into blood vessels and formation of distant metastases. To study the role of this
mutation in the growth of thyroid cancer, we developed a model system on the basis of thyroid epithelial cell line Nthy-ori
3-1 transduced by a lentiviral vector containing the NRAS gene with the Q61R mutation. It was found that the expression
of NRAS(Q61R) in thyroid epithelial cells has a profound influence on groups of genes involved in the formation of inter-
cellular contacts, as well as in processes of epithelial—-mesenchymal transition and cell invasion. The alteration in the
expression of these genes affects the phenotype of the model cells, which acquire traits of mesenchymal cells and demon-
strate increased ability for survival and growth without attachment to the substrate. The key regulators of these processes are
transcription factors belonging to families SNAIL, ZEB, and TWIST, and in different types of tumors the contribution of
each individual factor can vary greatly. In our model system, phenotype change correlates with an increase in the expression
of SNAIL2 and TWIST?2 factors, which indicates their possible role in regulating invasive growth of thyroid cancer with the

mutation of NRAS(Q61R).
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Mutations in the RAS genes (NRAS, KRAS, and
HRAS) are the most frequently occurring driver muta-
tions in human tumors. They are found in 20-25% of all
human tumors [1]. The genes of this family encode small
GTPases transducing signals from growth factor receptors
to the RAS-RAF-MEK-ERK and PI3K-AKT-mTOR
signaling pathways. Oncogenic mutations impair the abil-
ity of these proteins to hydrolyze GTP, which results in

Abbreviations: EMT, epithelial-mesenchymal transition; TC,
thyroid cancer.
* To whom correspondence should be addressed.

their constitutive activation. Prevalence of different
mutations in these genes strongly varies depending on the
type of cancer. In thyroid cancer (TC) samples, muta-
tions have been found mainly in the NRAS gene (5-10%
of the total number of tumors). The most frequent (77%)
NRAS(Q61R) mutation in this gene results in glutamine
(amino acid 61) to arginine substitution in the NRAS
protein [2]. In cases where cells from biopsy of thyroid
nodules carried this mutation, the probability of tumor
malignancy was 74-88% [3]. The Q61R mutation in the
NRAS gene most often occurs in samples of follicular thy-
roid carcinoma and the follicular variant of papillary thy-
roid carcinoma [4]. Tumors with mutation in this gene are
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characterized by invasion into blood vessels and forma-
tion of distant metastases [5]. Some studies have shown
that NRAS mutations occur in distant metastases more
often than in primary tissues [6, 7].

The important stages of activation of invasive growth
of tumor cells are epithelial-mesenchymal transition
(EMT) and enhanced anchorage-independent cell
growth [8, 9]. Cells with such type of transformation are
characterized by enhanced expression of some key regu-
lators of this process: transcription factors of the SNAIL,
ZEB, and TWIST families [10, 11]. Transcription factors
of these three families regulate expression of a number of
genes responsible for cell morphology and establishment
of intercellular contacts [11]. Thus, EMT is accompanied
by an increase in the levels of vimentin (VIM),
fibronectin (FN1), and N-cadherin (CDH?2), as well as
decrease in the level of E-cadherin (CDH1) and occludin
(OCLN) [12, 13]. It is noteworthy that the contribution
of each individual transcription factor to the implementa-
tion of this process in different tumors may significantly
vary [11], and the role of particular factors involved in
EMT regulation in thyroid tumors with the NRAS(Q61R)
mutation has been poorly studied at present. Previously, it
has been shown that well-differentiated thyroid carcino-
mas are characterized by invasive growth mainly for
peripheral cells, and it is difficult to investigate this
process on the basis of data obtained for the complete
tumor [14].

For studying the processes caused by the appearance
of the Q61R mutation in the NRAS gene in TC cells, a
model system was developed on the basis of thyroid fol-
licular epithelial cell line Nthy-ori 3-1 transduced by
lentiviral vector expressing the respective oncogene. The
Nthy-ori 3-1 cell line was obtained from normal primary
cells immortalized with SV40 large T antigen [15] and
does not carry driver mutations, which makes it possible
to comprehensively assess the biological effects of the
NRAS(Q61R) mutation.

MATERIALS AND METHODS

Cloning of lentiviral vectors containing wild type
NRAS gene-encoding sequence and the sequence with the
NRAS(Q61R) mutation. The NRAS gene with the Q61R
mutation was cloned using the commercially available
plasmid pBabeN-Ras-61K (Addgene, USA) [16] carrying
the human NRAS gene-encoding sequence with Q61K
mutation. The sequence with the NRAS(Q61R) mutation
was obtained using a two-step PCR protocol with
182A>G site-directed mutagenesis in codon 61 of the ini-
tial sequence. Analogously, the full-length wild type
NRAS gene-encoding sequence was obtained by intro-
ducing double substitution 181A>C/182A>G into the
NRAS gene sequence with the Q61K mutation. In both
cases, BamHI (5’-end) and Notl (3'-end) restriction sites
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were introduced into the sequences for cloning in the
lentiviral vector. (The sequences of primers are given in
Table S1 of the Supplement to this article on the website
of the journal (http://protein.bio.msu.ru/biokhimiya)
and Springer site (Link.springer.com)). Plasmid LeGO-
iPuro2 (Lentiviral Gene Ontology Vectors, Germany)
carrying a puromycin resistance gene was used as a
lentiviral vector.

Thyroid cell line maintenance and transduction by
lentiviral vectors. Immortalized Nthy-ori 3-1 thyroid
epithelial cells (Sigma, USA) were grown in RPMI-1640
medium (PanEco, Russia) with addition of 10% fetal calf
serum (Biosera, France), L-glutamine (2 mM), penicillin
and streptomycin, and sodium pyruvate (1 mM) (Thermo
Fisher Scientific, USA). This cell line was used to obtain
three derivatives transduced by three different variants of
lentiviral vectors: initial vector LeGO-iPuro2, vectors
iPuro2-NRAS(WT), and iPuro2-NRAS(Q61R) carrying
different variants of the human NRAS gene-encoding
sequences. Viral particles were obtained as described [17].
Selection on puromycin (final concentration, 1 pg/ml)
was performed for 14 days 48 h after the addition of the
viral particles. The incorporation of target genes was
additionally confirmed by real-time PCR using the
primers specific for mRNA of the lentiviral vector
(PURO-F/R; Table S1 in Supplement). The data are pre-
sented in Fig. S1 (Supplement). The change in the total
level of the NRAS gene mRNA in all Nthy-ori 3-1 cell
line derivatives was measured by real-time PCR with
NRAS-F/R primers (Table S1).

RNA isolation, cDNA synthesis, and quantitative
real-time PCR. Total RNA was isolated from different
Nthy-ori 3-1 derivatives with ExtractRNA reagent
(Evrogen, Russia) according to the manufacturer’s proto-
col. Reverse transcription was performed with 2 pg of
total RNA using an MMLV RT Kit (Evrogen) according
to the manufacturer’s protocol. The quantitative PCR
analysis was performed as described [18]. The sequences
of the primers are presented in the respective section of
Table S1.

Western blot analysis. Western blot analysis was per-
formed as described [19]. Cell lysates were mixed at a
ratio of 3 : 1 with 4x Laemmli sample buffer, incubated
for 5 min at 95°C, and applied to 10% polyacrylamide gel
(30 pug of protein per well). The phosphorylated variant of
protein Erkl/2 was analyzed with Phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) antibodies (Cell
Signaling, USA) diluted 1 : 2000 according to the manu-
facturer’s protocol; horseradish peroxidase conjugated
goat anti-rabbit IgG antibodies (Thermo Scientific,
USA) diluted 1 : 30,000 were used as secondary antibod-
ies. The content of total Erkl/2 was analyzed using
p44/42 MAPK (Erkl/2) antibodies (Cell Signaling)
diluted 1 : 2000 and peroxidase-conjugated goat anti-
mouse secondary IgG antibodies (Thermo Scientific)
diluted 1 : 30,000.
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Measurement of anchorage-independent cell growth.
The ability of cells to grow without a substrate was meas-
ured by the soft agar assay as described [20]. For this pur-
pose, the substrate of the above-described complete
medium for Nthy-ori-3-1 cell maintenance with 0.6%
agarose was poured onto the bottom of a 12-well plate.
After substrate solidification, the complete medium with
0.3% agarose was poured on top, where the studied Nthy-
ori-3-1 cell line derivatives were added (5000 cells per
well). After 24 h, the complete medium without agarose
was poured on top and changed once in 2-3 days. In a
week, the colonies containing more than 25 cells were
counted with a LEICA DMI4000B microscope at 100x
magnification.

Cell transcriptome analysis. The total RNA of all the
studied Nthy-ori 3-1 cell line derivatives was obtained as
described. Two independent biological replicates were
obtained and analyzed for each of the derivatives contain-
ing lentiviral vectors with different variants of the NRAS
gene. The cDNA libraries were obtained using the
Bioscientific NEXTflex Rapid Directional gqRNA-Seq
Library Prep kit (Bio Scientific Corporation, USA)
according to the manufacturer’s protocol. The libraries
were sequenced with Illumina NextSeq (Illumina, USA).
Single reads of 75 bp in length were used. The results were
processed with CLC Genomics Workbench 8.5.1 with the
following parameters: quality factor, 0.005; allowance for
two ambiguous nucleotides; removal of one 5’'-terminal
nucleotide; removal of one 3’-terminal nucleotide;
removal of reads with a final length less than 25 bp. The
resultant sequences were mapped with CLC Genomics
Workbench 8.5.1 for the reference sequence of the Homo
sapiens (GRCh38) genome. The mapping was performed
with allowance for no more than two mismatches between
the nucleotides and the reference sequence. The level of
gene expression was determined as a number of reads
mapped to the respective gene. Library sizes were nor-
malized as described [18]. Differential gene expression
was calculated with DESeq2 1.20.0. The p-values for dif-
ferential expression are understood as adjusted p-values
from DESeq2. Correlation means the linear Pearson cor-
relation coefficient. When comparing expression in the
model and in the tumor, correlation was calculated by the
logarithmic forms of expression values. The p-values of all
correlations were below 107>, The resultant correlations
were compared by Fischer transformation. The initial
sequencing data are stored in the NCBI Short Read
Archive, project no. PRINA486710.

RESULTS

Expression of VRAS gene with Q61R mutation in
Nthy-ori 3-1 cells activates intracellular signaling cas-
cades RAS-RAF-MEK-ERK and PI3K-AKT-mTOR. The
effect of constitutive expression of NRAS(Q61R) on the
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activation of RAS-RAF-MEK-ERK and PI3K-AKT-
mTOR pathways was assessed in the first stage of this
work. One of the key steps of activation of the RAS-RAF-
MEK-ERK signaling pathway is the phosphorylation of
Erk1/2 (p44/42 MAPK) kinase [21]. Western blot analy-
sis showed that transduction of Nthy-ori 3-1 cells by a
construct with mutant variant of the NRAS gene actually
results in appearance of the phosphorylated form of
Erkl1/2 kinase in these cells. At the same time, cell trans-
duction by the initial lentiviral vector and the vector car-
rying the wild type NRAS gene has no effect on phospho-
rylation of this kinase (Fig. 1a). Thus, the activation of
the MAPK cascade is caused exactly by the mutant pro-
tein but not by the effects associated with incorporation
of the vector into the genome or with overexpression of
the NRAS gene. In addition to this signaling cascade,
NRAS activates the PI3K-AKT-mTOR signaling pathway.
Previously, it was shown that the activation of this cascade
is accompanied by enhanced expression of cyclin D1
(CCNDI) [22]. Real-time PCR showed that the expres-
sion of cyclin DI is significantly more intensive (more
than 5-fold) only under the transduction of Nthy-ori 3-1
cells by a lentivirus carrying the NRAS gene with the
Q61R mutation (Fig. 1b). The results of transcription
analysis of TC samples [23] demonstarte that the level of
CCNDI expression in tumors containing this driver
mutation is ~4-6 times higher than in normal tissue
(Fig. 1d), which corresponds to the change in gene
expression in the presented model line.

The increased amount of template RNA of a particu-
lar gene in the total RNA of the cell population can be evi-
dence of both enhanced expression of this gene in all cells
and high gene expression only in a fraction of cells, where-
as drastic decrease in expression of this gene in a small
group of cells has a weak influence on the average level of
its expression. The average level of expression of a partic-
ular gene can significantly decrease only if it changes in a
considerable portion of the cells in the population. Thus,
the change in expression of the gene at a substantial
decrease in the level of its mRNA is a better representation
of homogeneity of transcription programs of a cell popu-
lation. Therefore, we additionally studied the level of
mRNA in the fibulin 1 (FBLNI) gene, the expression of
which in thyroid tumors with Q61R mutation of the NRAS
gene is ~5-fold lower compared to normal tissue (accord-
ing to data from [23]) (Fig. 1e). The data of quantitative
RNA assay in Fig. Ic show that the level of expression of
fibulin 1 in Nthy-ori 3-1 cells transduced by the vector
with the mutant NRAS gene is also ~5-fold lower com-
pared to the initial cell line, which confirms the homo-
geneity of transcriptomes of the resultant cell population.

Expression of the NRAS(Q61R) oncogene leads to
changes in expression of a number of genes involved in for-
mation of cell—cell contacts, regulation of cell motility,
and angiogenesis. Comparative analysis of transcriptomes
of the initial Nthy-ori 3-1 cells and its three derivatives
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NRAS(Q61R) EXPRESSION AFFECTS Nthy-ori 3-1 CELLS

d

CCND1 expression CCND1 expression

419

8- 8-
*
. .
B 6 T _ 6
2 0]
n i & 1
a & 24 24
$ & e 7
QD 9 o 21 -+ o 27
2 = —
SEEE Nl ; . .
& <&* N | NRAS(Q61R
T e o = Total ERK @&Qd & %é\ . oq_;s orma y qu 2 )
o ‘\Qy & Thyroid gland tissue
= ¥ » Application <
control Nthy-ori 3-1 cell line derivatives
é\ '3- C FBLN1 expression e FBLN1 expression
o
(¢ 1.5 1.5
$ 9 o
& &P F
L2 SN S T T = ° ——
3 1.0 T T 3 107
wes  P-ERK 2 1 2
(V]
S 054 2 051
*
s [ IRE Application *
- “ L control 00 IJ—E| 0o
' y y y < ’ Normal  NRAS(Q61R)
@&Q 40‘}0 'o{{\ 90“\ tumor
\gy ‘\q? Thyroid gland tissue

Nthy-ori 3-1 cell line derivatives

Fig. 1. Analysis of the effect of mutant protein NRAS with Q61R mutation on Nthy-ori 3-1 cells. a) Analysis of phosphorylation of protein
Erkl1/2 (p44/42 MAPK) by the Western blot method. Results of analysis for total and phosphorylated Erk1/2 are given on the top and at the
bottom of the figure, respectively. In both cases, application control is presented (Ponceau S staining of the membrane). The samples are
denoted as “Empty” for Nthy-ori 3-1 cells not transduced by the lentiviral vector, as “Vector” for cells transduced by the initial vector, as
“NRAS WT” and “NRAS Q61R” for cells transduced by the vector carrying the encoding sequence of the wild type NRAS gene and the NRAS
gene with Q61R mutation, respectively. b, ¢) Results of quantitative analysis of mRNA of the CCNDI and FBLN1 genes, respectively. The
Nthy-ori 3-1 cell line variants are denoted as in panel (a). The data are normalized for the results obtained for initial Nthy-ori 3-1 cells. Mean
values of four independent experiments = SEM are presented; *, reliable difference from results obtained for non-transduced cells, “Empty”
(p <0.001 by Student’s #-test). d, e) Relative expression of the CCND1 and FBLN1 genes in normal thyroid gland tissue and in thyroid gland
tumors carrying the NRAS(Q61R) mutation. The data for calculations were taken from [28]. The presented levels of expression were normal-
ized for the mean values of expression of the respective genes in normal thyroid gland tissue. Mean values for each type of tumor = SEM are
given; *, reliable difference from the results obtained for normal tissue (p < 0.001 by Student’s #-test).

transduced by an “Empty” viral vector, as well as vectors
containing the wild type NRAS gene and the gene with the
Q61R mutation is presented in Table S2, Supplement
(with normalized expression of the genes). The correla-
tion between RNA-Seq results obtained for the initial
cells and the cells transduced by the “Empty” vector is
more than 0.99, suggesting low effect of transduction on
the levels of gene expression. The correlation between
transcriptome data obtained for the initial cells and the
cells transduced by the vectors with the wild type and
Q61R-mutated NRAS genes is 0.98 and 0.92, respectively.
Both derivatives with overexpression of different NRAS
gene variants demonstrate similar levels of mRNA of the
NRAS gene, which are ~4-fold higher than its levels in the
non-transduced cells and the cells transduced by the
“Empty” vector (Fig. 2).
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The comparison of transcriptomes of these two cell
line derivatives made it possible to identify the genes with
expression varying only under the influence of overex-
pression of the oncogene with the studied driver muta-
tion. The comparison of transcriptomes of two derivatives
with overexpression of different NRAS gene variants
revealed ~1200 differentially expressed genes (p < 0.05)
(Table S3, Supplement). The functional annotation of
this list of genes was performed using DAVID bioinfor-
matics resources [24, 25] (Tables S4 and S35,
Supplement). Partially overlapping functional clusters
obtained as a result of analysis contained gene groups
such as “Positive Regulation of Endothelial Cell
Migration”, “Endothelial Growth Factor Signaling
Pathway”, “Extracellular Matrix Receptor Signaling
Pathway”, “Focal Adhesion”, “Cell-Cell Contacts”,
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Fig. 2. Quantitative analysis of NRAS gene expression in the Nthy-
ori 3-1 cell line derivatives. The samples are denoted as “Empty”
for Nthy-ori 3-1 cells not transduced by the lentiviral vector, as
“Vector” for cells transduced by the initial vector, as “NRAS WT”
and “NRAS Q61R” for cells transduced by the vector carrying the
encoding sequence of the wild type NRAS gene and the NRAS gene
with Q61R mutation, respectively. The data are normalized by the
level of expression of B-actin and divided by gene expression in
non-transduced cells. Mean values of four independent experi-
ments = SEM are presented; *, reliable difference from the results
obtained for non-transduced cells, “Empty” (p <0.01 by Student’s
t-test).

“Membrane Anchor Proteins”, and integrins. The
changes in expression of the genes from these groups may
directly influence tumor aggressiveness. For example, the
presence of the studied driver mutation in the cells leads
to enhanced expression of the FNI and CDH2 genes
involved in the migration of TC cells [26, 27], as well as
the VEGFA, NRP1, and NRP2 genes (Table S3) involved
in the stimulation of angiogenesis [28, 29]. On the other
hand, Nthy-ori 3-1 transduction by the vector carrying
NRAS(Q61R) results in reduced expression of PRKCG and
enhanced expression of NECTIN3 and WNTS5A. These
changes in mRNA levels of the above-mentioned three
genes are associated with reduced metastatic ability of
tumor cells [30-32].

The analysis also showed the enrichment of gene
groups “Type I Interferon Signaling Pathways” and “Virus
Protection”. A number of works have shown that the AKT-
mTOR-STAT signaling pathway plays a key role in tran-
scriptional response to type I interferon [33, 34]. However,
our experiment showed a decrease in transcription of some
genes (such as OAS2, MX1I), the expression of which was
expected to increase under the activation of this signaling
pathway. According to our data, the level of STAT-induced
STAT inhibitors such as the SOCS gene family increases
under the constitutive expression of NRAS(Q61R) (Table
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S3), which may lead to decrease in the activity of the AKT-
mTOR-STAT signaling cascade [35].

Thus, the expression of the NRAS(Q61R) oncogene
in the human thyroid epithelial cell line leads to changes
in expression of a number of genes involved in cell growth
and migration processes important for carcinogenesis.
The chosen model system was assessed in respect of rep-
resenting the changes in the transcriptomes of tumors
with the respective driver mutation.

Profile of expression of Nthy-ori 3-1 cell line trans-
duced by the vector carrying the NRAS gene with Q61R
mutation is similar to profiles of expression of thyroid
tumors containing this driver mutation. Our model was
verified by comparing its transcriptome with the tran-
scriptomes of tumors containing the same driver mutation
and tumors containing another mutation characteristic of
TC: BRAF(V600E). For this purpose, we used published
data of transcriptome analysis of 57 samples of normal
human thyroid tissue, 28 samples of TC with Q61R muta-
tion in the NRAS gene, and 239 samples of tumors with
another widespread TC driver mutation, BRAF(V600E)
[36]. For more illustrative correlation analysis, we select-
ed the genes with most significantly different expression in
tumors and in normal tissue. For each group of tumors,
we compiled a list of 500 genes with the most reliable
(minimum p-values) changes in expression relative to
normal tissue. The correlation between the values of
expression of these genes in our model line and in tumors
with the NRAS(Q61R) mutation was 0.55; for the values
of gene expression in tumors with the BRAF(V600E)
mutation, it was 0.38 (p-value of the difference between
the correlations was 0.0003), indicating the higher simi-
larity between the model line transcriptome and the tran-
scriptome of tumors with the same driver mutation.

Expression of the NRAS(Q61R) oncogene influences
transcription of a number of genes involved in EMT and
invasive growth and leads to changes in cell morphology
and enhanced anchorage-independent cell growth. The
analysis of the transcriptomes of cell lines variants showed
that the expression of the NRAS(Q61R) protein has a
substantial effect on the level of some genes involved in
the regulation of invasive cell growth. As mentioned
above, the important steps of activation of invasive growth
of tumor cells are the activation of EMT processes and
increase in anchorage-independent cell growth.
According to our data, expression of the NRAS gene with
the Q61R mutation in the thyroid epithelial cell line acti-
vates expression of the SNAI2 gene and reduces expres-
sion of the SNAII gene, which encode SNAIL2 and
SNAILI1 proteins, respectively (Fig. 3a). The TWIST2
gene expression also increases in our model system. The
expression of some other genes of these families (SNAI3,
ZEBI, ZEB2, and TWISTI) does not vary significantly.
The expression profiling data show (Fig. 3a) that the
transduction of Nthy-ori 3-1 cells by the vector carrying
the NRAS gene with the Q61R mutation leads to an

BIOCHEMISTRY (Moscow) Vol. 84 No. 4 2019
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Fig. 3. Analysis of signs of EMT in Nthy-ori 3-1 cells after transduction by vectors carrying the NRAS gene with the Q61R mutation. a) Results
of quantitative (transcriptome) analysis of genes involved in EMT and invasive growth processes. The data show the level of mRNA in the cells
expressing NRAS(Q61R) normalized by the level of mRNA of the respective genes in Nthy-ori 3-1 cells not transduced by the NRAS gene-
carrying vector (p < 0.05 according to DESeq?2 calculations). b) Microphotographs (100x magnification) of different Nthy-ori 3-1 cell line
variants. The samples are denoted as “Empty” for Nthy-ori 3-1 cells not transduced by the lentiviral vector, as “Vector” for cells transduced
by the initial vector, as “NRAS WT” and “NRAS Q61R” for cells transduced by the vector carrying the encoding sequence of the wild type
NRAS gene and the NRAS gene with Q61R mutation, respectively. ¢) Results of testing the cells for ability to grow in soft agar. The data are
normalized by the results obtained for Nthy-ori 3-1 cells not transduced by the lentiviral vector. Mean values of four independent experi-
ments = SEM are presented; *, reliable difference from results obtained for non-transduced cells, “Empty” (p < 0.001 by the Student’s #-test).

increase in mRNA levels of vimentin (VIM), fibronectin
(FN1), and N-cadherin (CDH2), which is characteristic
of EMT, as well as a decrease in the levels of E-cadherin
(CDH1) and occludin (OCLN).

Morphological features of EMT are smaller number
of cell—cell and cell—substrate contacts and transition
from polygonal to elongated and spindle-shaped cells
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[37]. The photographs (Fig. 3b) show that cell transduc-
tion by the vector with the mutant NRAS gene leads to the
changes in cell morphology: the cells become more elon-
gated and have a smaller surface for contacting other cells.

Additionally, the changes in mRNA levels of some
other genes involved in the processes of invasive growth
and metastasis were analyzed (Fig. 3a). The analysis
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showed that the expression of the NRAS gene with the
Q61R mutation leads to a significant increase in the
expression of the CD44 and ANO1 genes encoding adhe-
sion protein and chloride ion carrier, respectively. The
association with anchorage-independent tumor cell
growth and metastasis has been shown for both proteins
[38, 39]. In addition, the expression of the oncogene
results in higher level of expression of some genes
involved in the rearrangement of intercellular martrix
(MMPI, SERPINE2 genes) [40]. The anchorage-inde-
pendent cell growth was evaluated by soft agar assay [9].
This test (Fig. 3c) shows that the cells expressing the
mutant NRAS are most capable of such type of growth.
Thus, the expression of the mutant NRAS gene in Nthy-
ori 3-1 cells leads to changes in transcription of some
genes involved in invasive growth, and these changes are
represented in the phenotype of these cells.

DISCUSSION

Although most of the driver mutations in genes of the
RAS family are functionally altogether similar, different
mutations in various types of epithelial tissue can to a
greater or lesser extent activate particular elements of sig-
naling cascades. The studies performed in different model
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cell lines make it possible to estimate the branching of
oncogenic pathways, which may be important for select-
ing therapeutic targets. For example, it has been previ-
ously reported that the activation of EMT in cells with a
driver mutation in the HRAS(V'12) gene of this family may
occur due to suppressed expression of protein p63, and
the suppression of its expression per se can be sufficient
for phenotypic changes [41]. Another article reported
that the activation of EMT in cells with HRAS gene over-
expression required high level of expression of the
LTB4R2 gene [42]. However, the expression of the
respective TP63 and LTB4R2 genes (Table S3) in the
Nthy-ori 3-1 cell line used in the present work is at a
background level in all derivatives, which does not pre-
vent the cells from demonstrating phenotypic changes in
response to expression of the NRAS(Q61R) oncogene. It
has also been shown that enhanced expression of tran-
scription factor SNAILI plays a key role in the develop-
ment of EMT in melanoma and lung cancer cells with
driver mutations in the RAS and RAF genes [43, 44].
However, our data show that the expression of
NRAS(Q61R) leads to a significant decrease in the
mRNA Ievel of this factor (Fig. 3a). The difference in
EMT regulation between our model and other experi-
mental systems can be accounted for by the type of tissue
and particular driver mutation; however, taken together,
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Fig. 4. Relative level of expression of genes involved in EMT, angiogenesis, and invasive cell growth. The ratio of gene expression in Nthy-ori
3-1 cells transduced by the vector carrying the NRAS gene with the Q61R mutation and in initial cells is denoted by black “Model”; the ratio
of gene expression in tumors with the same mutation and in normal tissue is denoted by gray “Tumor”. Unreliable changes (p > 0.05 in the
model, p > 0.001 in the tumor, according to DESeq?2 calculations) are denoted by dash-dotted filling.
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these data demonstrate a branched regulatory system that
needs a complex method for blocking.

In organisms, tumor cells interact with other cells,
which may have a significant effect on cancer cells due to
both signaling molecules and immune editing [45]. As a
result, the effect of a driver mutation on tumor cell phe-
notype may vary under the influence of external factors.
In this context, it would be interesting to study genes with
expression varying in the model cell lines but almost
invariable or changing in the opposite direction in real
tumors with the respective driver mutation. For example,
the data of expression anaylsis of TC samples [36] show
that the expression of some genes involved in EMT and
cell invasion processes (SNAI2, TWIST2, VIM, and
ANOI), as well as a number of genes of proinflammatory
cytokines and angiogenesis factors (VEGFA, CXCLI,
CXCLS, IL1B and IL6) in tumors with the NRAS(Q61R)
mutation, is on average nearly the same or lower than in
normal tissue. However, the level of expression of these
genes is substantially higher in the Nthy-ori 3-1 cell line
containing the NRAS gene with the Q61R mutation
(Fig. 4). It is noteworthy that the enhanced expression of
the SNAIL, ZEB, and TWIST factors has not been found
at all in TC samples with the given mutation (Fig. 4),
which is in good agreement with the fact that the pheno-
type of such tumors is similar to the phenotype of normal
tissue. However, the suppressed expression of the VEGFA
and SNAI2 genes in TC cells leads to impaired metastasis
[46, 47] and the high expression of cytokines CXCLI1,
CXCLS, and IL1B in TC cells also positively correlates
with metastasis frequency [48, 49]. This suggests that the
expression of these genes is suppressed in most of the cells
of thyroid tumors with the NRAS(Q61R) mutation, while
the enhanced expression of these genes under the influ-
ence of the given driver mutation occurs only in peripher-
al tumor cells and during metastasis. This assumption is
partially confirmed by the data that the expressions of
some genes involved in EMT (VIM and RUNX2) are sub-
stantially higher in the periphery of TC samples com-
pared to the central area [20].

Thus, the cell line expressing the NRAS gene with the
Q61R mutation can be a useful model of TC with the
given driver mutation. Our model can be used to study the
most motile and migrating tumor cells, which are an
important therapeutic target.
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