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ARTICLE INFO ABSTRACT

Keywords: The treatment of melanoma remains a challenge, despite novel approaches recently becoming available for
Apoptosis disseminated tumors. RNA targeting is being intensively studied in various types of disease. The aim of the
CD45RO present study was to explore whether the in vivo use of a microRNA (miR)-204-5p inhibitor affected melanoma
xielie_a;gzngw progression, and whether its metastasis affects target organ remodeling. CD45RO", CD3", CD8™, forkhead box
miR-211 P3", smooth muscle a-actin™ cells in the lungs of B16 melanoma-bearing mice were evaluated using immuno-

histochemistry following miR-204-5p inhibitor transfection. Next, CD45RO expression in peripheral blood
mononuclear cells (PBMCs), as well as the apoptosis of these cells, were measured by flow cytometry. The results
revealed that the number of CD45RO" cells was decreased in the lungs of B16 melanoma-bearing mice and
CD45RO™ PBMCs following the use of an miR-204-5p inhibitor, which was associated with increased levels of
PBMC apoptosis. In conclusion, the findings of the present study suggested that targeting miR-204-5p in mela-
noma metastasis target organs could be used to develop novel approaches for the treatment of disseminated

microRNA LNA inhibitor

forms of the disease.

1. Introduction

Melanoma is a type of skin cancer with a high rate of cancer-
associated deaths; however, treatment of melanoma has markedly
improved within the last decade due to targeted and immunotherapy
within clinical practice [1,2]. Thus, the rates of overall survival in pa-
tients with melanoma have markedly increased [3]. While metastasis
plays a crucial role in patient outcome and therapeutic efficacy, the
molecular mechanisms underlying the specific processes associated with
melanoma require further elucidation.

Metastasis is a systemic process that is driven by numerous genetic
and epigenetic factors, and involves a precise interaction between pri-
mary tumors and metastasis target organs, which begins at the pre-
metastatic stage [4]. The target organs of metastasis provide a
microenvironment that facilitates the progression of distant secondary
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tumors [5]. Becoming obvious that cancer cells are able to migrate and
disseminate within various stages of primary tumors starting at early
stages [6]. Notably, intercellular communication between primary tu-
mors and distant organs is supported by exosomes that transport various
molecules, such as proteins and non-coding RNAs, from primary tumors
to parenchymal organs, thus stimulating their rearrangement [7,8].
MicroRNAs (miRNAs/miRs) are single-stranded small non-coding
RNAs that act as post-transcriptional regulators of gene expression
[9]. Since miRNAs are differentially expressed in different organs and
their expression is altered during the development of pathological states,
they are considered potential diagnostic markers and therapeutic tar-
gets. However, limitations such as poor intracellular uptake of miRNA
mimics/inhibitors and their degradation by endonucleases, markedly
hinder their therapeutic efficacy [10]. A locked nucleic acid (LNA) in-
hibitor specific to miR-122 has been shown to effectively inhibit
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hepatitis C virus replication in vivo [11]. Patisiran, whose action is
based on RNA targeting, has been approved for the treatment of he-
reditary transthyretin-mediated amyloidosis treatment [12].

The miR-204 family consists of miR-204-5p and miR-211. It was
previously found that miR-204-5p inhibition diminishes proliferation
but stimulates melanoma metastasis in vitro [13]. Several other studies
have demonstrated that miR-204-5p acts as a tumor suppressor to
diminish tumor growth and metastasis formation in various cancer cell
types [14-16]. Both of the aforementioned miRNAs were targeted using
the BRAFV600E-specific inhibitor, vemurafenib, to determine their
corresponding roles in melanoma. Notably, treatment with vemurafenib
increased the expression levels of miR-204-5p in BRAFV600E-positive
melanoma cells via phosphorylation of the STAT3 transcription factor.
Moreover, miR-204-5p overexpression impaired the migration of mel-
anoma cells. By contrast, miR-211 is controlled by the MITF transcrip-
tion factor, and the pigmentation of melanoma cells was enhanced
following treatment with vemurafenib. Notably, miR-211 over-
expression diminished sensitivity to vemurafenib [17]. Previous
research using a zebrafish melanoma model revealed that miR-204-5p
favors BRAFV600E-driven melanoma development [18]. These find-
ings indicate the potential role of miR-204-5p in melanomagenesis, and
highlights miR-204-5p as a potential target for the treatment of
melanoma.

Therefore, the present study aimed to further examine the effects of
miR-204-5p by exposing B16 melanoma-bearing mice to a miR-204-5p
LNA™ specific inhibitor (LNA-i-204-5p).

2. Materials and methods
2.1. Animals

C57BI6 female mice (age, 8 weeks) were purchased from the Russian
National Center for Genetic Resources of Laboratory Animals at the ‘SPF-
vivarium’ of the Federal Research Center Institute of Cytology and Ge-
netics, Siberian Branch of the Russian Academy of Sciences (Novosi-
birsk, Russia). Following a 2-week acclimatization period, mice with a
weight of 16.83-21.13 g were used in the study. Mice had ad libitum
access to food and water, and were maintained in a 12-h light/dark cycle
at 22-25 °C. The study was approved by the Local Ethics Committee of
the Krasnoyarsk State Medical University (approval no. 79/2017; date
issued, November 22, 2017). Due to ethical concerns, sample sizes be-
tween study groups (in particular, the control and inhibition groups)
were kept at low levels and were therefore unequal between groups. The
number of animals used in the groups did not exceed the maximum
recommended number for biomedical studies involving animals, and
was not less than the minimum number required for comparison by
nonparametric statistical methods.

2.2. Blood samples and peripheral blood mononuclear cell (PBMC)
culture

PBMCs were obtained from 5 healthy volunteers by separating buffy
coats at Ficoll-Paque gradients (Biolot, St. Petersburg, Russian Federa-
tion). Written informed consent was provided from the patients. PBMCs
were cultured in RPMI-1640 medium (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 300 mg l-glutamine, antibiotic-
antimycotic (Thermo Fisher Scientific, Inc.) and 10% fetal calf serum
(Thermo Fisher Scientific, Inc.) in a CO»-incubator (model no. MSO-
5AC; Sanyo Electric Co. Ltd.) at 37 °C and 5% CO;. All procedures
were performed in accordance with the Declaration of Helsinki.

2.3. miR-204-5p inhibition in vivo
B16 melanoma cells were purchased from the American Type Culture

Collection and defrosted for use in subsequent experiments. A cell sus-
pension (1 x 10%) was injected subcutaneously into the left lower flank
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of mice (0.5 ml/mouse). Next, 7 days after inoculation, when melanoma
cells had formed a palpable tumor, the mice were randomized into three
groups: i) The control group treated with sterile 0.01 M phosphate-
buffered saline (PBS; Control; n = 3); ii) the negative control group
transfected with Negative Control A miRCURY LNA™ (Qiagen AB,
Sollentuna, Sweden; Negative Control; n = 6); and iii) the experimental
group transfected with mmu-miR-204-5p miRCURY LNA™ (LNA-i-204-
5p) (Qiagen AB; n = 5) weekly at a dose of 25 mg/kg of animal weight.
LNA™ inhibitors are high-affinity analogs of RNA with a ribose ring
modification, making these compounds more specific and highly stable.
Thus, the optimal treatment protocol was determined based on the
manufacturer’s protocol, and our previous data [19]. Mice were
administered the calculated amount of inhibitor by subcutaneous in-
jection into the cervical fold once every 7 days, on days 7 and 14
following melanoma cell transplantation. On day 15, which corresponds
to the end of the pre-metastatic period and the beginning of the meta-
static period of transplanted melanoma [20], the animals were
sacrificed.

2.4. miR-204-5p inhibition in vitro

When PBMCs had reached the final concentration of 1 x 10° cells/
ml, transfection experiments were performed using 1.5 pl Lipofect-
amine® 3000 (Thermo Fisher Scientific, Inc.)/500 pl cell suspension.
Anti-miR solutions containing DMEM culture medium supplemented
(Paneco, Moscow, Russian Federation) were added to the cells at a final
concentration of 25 nM. The medium was replaced 24 h after trans-
fection. Anti-miR™ miRNA Inhibitor Negative Control #1 (5 nmol
lyophilized pellets; Thermo Fisher Scientific, Inc.) was used as a control
for the miR-204-5p Anti-miR® miRNA Inhibitor (Thermo Fisher Scien-
tific, Inc.). The measurement of miR-204-5p expression is described
below. This experiment was repeated three times.

2.5. Tumor growth inhibition and mouse activity study

Tumor size was measured once every 2 days. Tumor volume was
calculated as follows: Tumor volume (mm®) = (tumor length x tumor
widthz) x 0.5. The growth inhibition index (%) was defined as: (Mean
volume of treated tumor - mean volume of control tumor)/mean volume
of control tumor x 100. At the end of the experiment, mice were
euthanized, the tumors were harvested, and bodies weight, internal
organs and tumor weights were evaluated. To estimate the effect of the
LNA inhibitor on mouse activity as a marker of drug toxicity, the activity
index was scored daily as follows: 0, death; 1, coma with lack of activity,
immobility and without reaction to tactile stimuli; 2, minimal motor
activity with active movements including weak, mostly involuntary re-
actions to tactile stimuli; 3, slow movement (animal moving a few steps
only when pushed) with the reaction to tactile stimuli being ‘avoidance’;
4, subnormal motor activity in the form of slow active movements along
the cage, the reaction to tactile stimuli being ‘avoidance-defensive with
attempts to bite’; and 5, normal motor activity, active movement across
the cage, with reaction to tactile stimuli being ‘avoidance with pro-
nounced defensive reactions’. The body weight of each mouse was
measured at the beginning of the experiment, prior to B16 melanoma
cell transplantation and once every 3 days.

2.6. Immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections (4-pm thick) were
immunostained with primary antibodies against CD45RO (dilution,
1:200), CD3 (dilution, 1:150), CD8 (dilution, 1:50), forkhead box P3
(FOXP3; dilution, 1:20) and smooth muscle a-actin (a-SMA; dilution,
1:800) (all from Thermo Fisher Scientific, Inc.). 3-Amino-9-ethylcarba-
zole was used as a chromogen. Negative controls were treated simi-
larly but without the primary antibody. Positively stained cells were
evaluated using an Olympus BX-41 microscope (Olympus Corporation,
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Tokyo, Japan) with an Infinity 2 Lumenera camera (Lumenera Corpo-
ration, Ottawa, Canada) and analyzed using commercial Infinity Cap-
ture and Infinity Analyze software (version 6.5.2, Lumenera
Corporation, Ottawa, Canada). The slides were viewed at a magnifica-
tion of x400, and 10 fields were randomly selected for further analysis
of antigen expression. Positively stained cells were calculated in each of
the 10 representative fields and averaged per group, and the mean cell
count score per organ per animal was obtained.

2.7. RNA isolation and reverse transcription-quantitative PCR (RT-
qPCR)

Total RNA was extracted from homogenized tissue samples or
cultured PBMCs using diaGene RNA isolation kit for cells (Dia-m, Mos-
cow, Russian Federation, https://www.dia-m.ru), according to the
manufacturer’s instructions, and then eluted with 50 pl nuclease-free
water. The concentration of total RNA and miRNA was quantified
using a Qubit® HS RNA Assay kit and Qubit® microRNA Assay kit
(Invitrogen; Thermo Fisher Scientific, Inc.), respectively, on a Qubit®
2.0 instrument (Invitrogen; Thermo Fisher Scientific, Inc.). To estimate
the efficiency of LNA-i-miR-204-5p transfection in mouse tumors and
melanoma metastasis target organs, miR-204-5p expression was
assessed in the tumor, and lungs and liver of the LNA-i-miR-204-5p
mice, compared with Negative Control and Control mice. Reverse
transcription reaction was performed using MMLV RT kit (Evrogen,
Moscow, Russia). RT-qPCR was performed using a total of 3 pl RNA
solution with 1.5 pl 5x RT primer from the corresponding microRNA kit
(cat. no. 4427975; Applied Biosystems; Thermo Fisher Scientific, Inc.),
and 1.5 pl of a random decanucleotide primer included in the MMLV RT
kit was heated in a thermostat at 70 °C for 2 min and subsequently
cooled on ice. A total of 5.5 pl of the reaction mixture was added to the
sample, consisting of 1 pl ANTP-mix, 1 pl 1,4-dithiothreitol, 2 pl 5X-first
standard buffer, 0.5 pl MMLYV reverse transcriptase and 1 pl nuclease-
free water. The mixture was subsequently incubated in a thermostat at
37 °C for 50 min, and the reaction was stopped by heating the samples
for 10 min at 70 °C.

Amplification of the obtained cDNA was performed on a StepOne™
Real-Time PCR-System using 2 pl per sample (Applied Biosystems;
Thermo Fisher Scientific, Inc.) with the following thermocycling con-
ditions: 50 °C for 2 min; 95 °C for 10 min; and 40 cycles of 95 °C for 15 s
and 60 °C for 1 min. The fluorescent signal of carboxy-X-rhodamine
(ROX) was subsequently detected. The reaction mixture used to deter-
mine the expression of both miRNA and mRNA in a total volume of 18 pl
consisted of 1 pl 20x specific primers, 8 pl 2.5-fold reaction mixture for
RT-qPCR in the presence of ROX (Syntol, Moscow, Russian Federation,
http://www.syntol.ru) and 9 pl nuclease-free water. The reaction was
performed on a StepOne™ Real-Time PCR system (Thermo Fisher Sci-
entific, Inc.). The relative expression of miRNA was calculated using the
2725C method and is expressed as fold-change as was described previ-
ously [21]. The geometric mean of U6snRNA and SnoRNA234 (cat. nos.
RT001973 and RT001234, respectively; Thermo Fisher Scientific, Inc.)
was used as a control reference for miRNA target.

2.8. Flow cytometry for apoptosis and CD45R0O expression detection

PBMC:s from healthy volunteers were transfected with miR-204-5p or
negative control and incubated in 24-well plates at 37 °C in 5% CO3 for
48 h. The cells were stained using the Annexin V-FITC/7-Amino-
actinomycin D (7-AAD) kit (cat. no. IM3614; Beckman Coulter, Inc.,
Quebec, Canada), according to the manufacturer’s instructions. The
proportion of viable (Annexin V~/7-AAD"), early apoptotic (Annexin
V' /7-AAD) and late apoptotic/necrotic (Annexin V" /7-AAD™) cells was
detected with Cytomics FC-500 using a NAVIOS laser flow cytometer
(both Beckman Coulter, Inc.) and Navios™ cytometer running Cytom-
etry List Mode Data Acquisition and Analysis Software version 1.3 (all
from Beckman Coulter, Inc.). The experiments were performed in
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triplicate. The percentage of CD45RO cells was assessed after staining
with CD45RO0-electron coupled dye (Beckman Coulter, Inc.). Annexin-V
and 7-AAD staining was further analyzed on gated CD45RO cells, and
the levels of apoptosis in CD45RO cells were calculated as a percentage
of the Annexin-V*/7-AAD” CD45RO cells among the 7-AAD" cells. This
experiment was repeated three times.

2.9. Detection of inflammatory cytokines by ELISAs

The serum levels of inflammatory markers, including IL-1p, IL-6 and
TNF-a, were detected using commercial mouse TNF-a (cat. no. BMS607-
3; Invitrogen; Thermo Fisher Scientific, Inc.), IL-1a (BMS611; Invi-
trogen; Thermo Fisher Scientific, Inc.) and IL-6 (BMS603-2, Invitrogen;
Thermo Fisher Scientific, Inc.) ELISA kits. A total of 50 pl serum samples
were added to the prepared microwells of the plate and diluted twice
with the sample solvent. To quantify the relative protein levels, standard
solutions of various concentrations were added to additional wells
instead of samples. To the resulting mixtures, 50 pl diluted biotin con-
jugate was added and the mixture was incubated for 2 h at room tem-
perature. Subsequently, 100 pl streptavidin-HRP was added and
incubated for 1 h at room temperature. The microwells were washed
multiple times and stained with tetramethylbenzidine. The intensity of
staining was assessed using an EFOS-9305 spectrophotometer (Shvabe
Photosystems, Moscow, Russian Federation, https://www.shvabe.com)
at a wavelength of 620 nm. The concentration of substances was
calculated on the basis of a calibration curve constructed from the data
of a titration of standard solutions. Detection of inflammatory cytokines
was performed three times.

2.10. Statistical analysis

Statistical analysis was performed using Statistica 14.0 software
(StatSoft, Moscow, Russia). The normality of the data was assessed using
the Kolmogorov-Smirnov test. Non-parametric Kruskal-Wallis H-test
was used for multiple comparisons. Mann-Whitney U test was used for
comparisons between two independent groups. Data are presented as
the mean + standard error of the mean. P < 0.05 was considered to
indicate a statistically significant difference.

3. Results
3.1. miR-204-5p expression is decreased in the lungs

First, it was investigated whether the miR-204-5p LNA inhibitor af-
fects miRNA levels in tumor cells and in distant metastasis target organs:
the lungs and liver. No changes were observed in the miRNA expression
in melanoma tumor cells (Fig. 1, a), while a significant decrease in miR-
204-5p expression was observed in the lungs of LNA-i-miR-204-5p-
treated animals, compared with the Control and Negative Control
groups (Fig. 1, b). In the liver tissue, no changes in miR-204-5p
expression levels were observed in the LNA-i-miR-204-5p group as
compared to the Control and Negative Control groups (Fig. 1, c).

Lungs are common site for metastatic development in the B16 mel-
anoma model and one of the most common melanoma metastasis target
organs in humans [22]. In the present study, it was further examined
whether lung tissue undergoes a transformation during melanoma pro-
gression and miR-204-5 inhibition.

3.2. The number of CD45RO cells are decreased in LNA-i-miR-204-5p-
transfected B16 melanoma-bearing mice

The lung, a target organ of melanoma metastasis, is characterized by
a shift towards the pro-inflammatory phenotype, which corresponds to
metastasis target organ rearrangement [23]. Therefore, lymphocytic
infiltrate characterization was carried out and the presence of
cancer-associated fibroblasts in the lungs was evaluated. Positivity of
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Fig. 1. Validation of the expression of miR-204-5p in melanoma tumor tissue and melanoma metastasis target organs (lungs and liver). (a) No changes were observed
in the relative expression of miR-204-5p in the tumors of C57Bl16 B16 melanoma-bearing mice. (b) MiR-204-5p was downregulated in the lungs of the LNA-i-miR-204-
5p group compared with the Negative Control, Control groups. (c) The level of miR-204-5p expression in the liver did not change significantly. *P < 0.05 in LNA-i-
miR-204-5p versus Control; **P < 0.05 in LNA-i-miR-204-5p versus Negative Control.

cells for CD45R0, CD3, CD8, FOXP3 and a-SMA was evaluated, due to
their presence in tumor microenvironment infiltrates [24]. According to
the immunohistochemistry results, only CD45RO™" cells were found to be
decreased in the LNA-i-miR-204-5p group, by > 4-fold compared with
the Control group and >10-fold compared with the Negative Control
group (Fig. 2, a-f). A relatively small CD45RO™ cell population was
identified among the total number of cells in the lungs. Therefore, to
confirm the possible effect of miR-204-5p on the number of CD45RO™"
cells, an attempt was made to reproduce the effect on PBMCs by trans-
fecting them with a miR-204-5p inhibitor. Due to difficulty obtaining the
required amount of mouse PBMCs, experiments were carried out in vitro
using human leukocytes. Despite species differences between mice and
humans, the regulation of miRNAs and their corresponding biological
effects are conserved. The transfection efficacy was determined by
evaluating the miR-204-5p expression using RT-qPCR, which was found
to be decreased in the miR-204-5p inhibitor group compared to the
Negative Control group (Fig. 3, f). No changes were observed in the
apoptotic rate of the entire population of isolated PBMCs, whereas the
number of Annexin®/CD45RO™ cells was found to be increased, as
compared to the Negative Control (Fig. 3, a-e).

Negative control LNA-i-miR-204-5p

CD45RO

CD3

CD8

3.3. No toxic manifestations were observed in mice given LNA-i-miR-204-
5p

Finally, it was determined whether the administration of miR-204-5p
inhibitor had toxic effects on the treated animals. For this purpose, the
weight and motor activity of animals were measured, internal organs
were assessed using histopathological analysis and the organs were
weighed. No loss in body weight was observed across the groups and
animals of all three studied groups exhibited the same dynamics in terms
of changes in body weight (Fig. 4, d). The activity index was decreased
in the Negative Control and LNA-i-miR-204-5p groups compared with
the Control group on days 9 and 10, whereas animals in the LNA-i-miR-
204-5p group had a lower activity index compared with the control
group on days 7-11 (Fig. 5, a). The mass of the liver, kidney, lung, heart,
spleen and brain, as well as tumor mass and volume, were similar in all
three groups (Fig. 4, a-c, Fig. 5, b).
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Fig. 2. Immunovisualization of lymphocytic infiltrates and a-SMA™ cells in the lungs of C57Bl6 B16 melanoma-bearing mice. Immunostaining for (a) CD45RO", (c)
CD3", (e) CD8™, (d) FOXP3" and (f) a-SMA™ cells in the Negative Control and LNA-i-miR-204-5p groups (magnification x100). (b) Number of CD45RO-positive cells
was decreased in the LNA-i-miR-204-5p compared with the Negative Control and Control groups. *P < 0.05 in Negative Control versus Control; **P < 0.001 in LNA-i-
miR-204-5p versus Control; ***P < 0.001 in LNA-i-miR-204-5p versus Negative Control.
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Fig. 3. Apoptosis and CD45RO expression in human
PBMCs following transfection with the miR-204-5p
inhibitor. A Dot plot diagrams of (a) Annexin V-
FITC/7-AAD assay, (c¢) CD45RO, (e) Annexin V-FITC/
CD45RO evaluation. (b) MiR-204-5p inhibitor trans-
fection increased apoptosis in human PBMCs (*P <
0.05). (d) MiR-204-5p inhibitor transfection
increased apoptosis in CD45RO™ cells compared with
Negative Control (*P < 0.05). (f) Decreased miR-204-
5p relative expression in PBMCs following miR-204-
5p inhibitor transfection (*P < 0.05). CD45RO
apoptotic cells were defined as Annexin®™/CD45RO™
cells.
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Fig. 4. C57Bl6 B16 melanoma-bearing mice treated with PBS (Control), Negative control a miRCURY LNA™ (Negative Control), and the mmu-miR-204-5p miR-
CURY LNA™ inhijbitor (LNA-i-miR-204-5p). No changes in (a) tumor weight and (c) tumor volume at autopsy were observed within the three groups. No differences
were found in the volumes of tumor nodes (b), as well as in the body weight of animals (d) recorded every three days during the experiment.
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Fig. 5. Mice activity and plasma levels of the pro-inflammatory cytokines of C57Bl6 B16 melanoma-bearing mice following LNA-i-miR-204-5p transfection. (a) The
activity index was decreased in the Negative Control and LNA-i-miR-204-5p groups compared with the Control group on days 9 and 10, whereas the LNA-i-miR-204-
5p group exhibited a lower activity index compared with the Control group on days 7-11. (b) Image of the lungs, liver and spleen of animals in the Control, Negative
Control and LNA-i-miR-204-5p group. Their mass, as well as the mass of the tumors, heart and brain, did not differ among the three studied groups. (c) The serum
levels of tumor necrosis factor-o and IL-1 were not altered in the Control, Negative Control and LNA-i-miR-204-5p groups, whereas IL-6 levels were increased in the
LNA-i-miR-204-5p compared with the Control and Negative Control. *P < 0.05 in LNA-i-miR-204-5p versus Control; **P < 0.05 in LNA-i-miR-204-5p versus Negative

Control; ***P < 0.05 in Negative Control versus Control.

3.4. IL-6 plasma levels are elevated in LNA-i-miR-204-5p-transfected
mice

Additionally, in the context of studying the toxicity of the use of the
miR-204-5p LNA inhibitor in animals - TNF-a and IL-1 levels were not
altered across the groups, whereas IL-6 was elevated in the LNA-i-miR-
204-5p group, compared with the Control and Negative Control groups
(Fig. 5, c).

4. Discussion

Since the first RNA interference-based [25] drug for hereditary
amyloidosis treatment was approved, a new challenge has emerged in
attempting to further develop RNA targeting and its application as a
therapeutic tool. The tissue and disease specificity of miRNAs render
them potential molecules for targeting various cancer types. Our pre-
vious studies revealed that miR-204-5p inhibitor application in vitro
resulted in a decrease in the percentage of S-G2-phase™ cells, but pro-
moted melanoma cell migration in vitro [13]. It was therefore examined
whether the modulation of miR-204-5p levels in vivo affects melanoma
growth and progression. B16 melanoma-bearing mice were systemically
treated with an miR-204-5p-specific LNA inhibitor. First, it was deter-
mined whether the aforementioned inhibitor could reach tumor cells
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and cells in target organs of melanoma metastasis (lungs and liver).
Indeed, miR-204-5p levels were found to be decreased in the lungs, but
not in the tumor tissue. It is well established that blood supply to the
tumors occurs through altered vasculature [26,27]. In addition, B16
melanoma cells are characterized by the phenomenon of vasculogenic
mimicry in vivo [28], which potentiates drug resistance [29-31]. Poor
penetration of LNA-i-miR-204-5p may also be due to its lower rate of
diffusion to cancer cells, as a result of the relatively high interstitial fluid
pressure [32]. Current research has focused on targeting
oncogenic/onco-suppressive miRNAs for experimental cancer therapy.
Previous studies have demonstrated the use of miR-155 targeting in
xenograft mouse models containing lymphoma cell lines, where reduced
miR-155 expression levels were associated with diminished tumor
growth. Moreover, an miR-182 inhibitor was used in melanoma-bearing
immunodeficient mice, and the dissemination of melanoma cells to
distant organs was evaluated using in vivo imaging. The level of mac-
rometastasis was reduced in the liver of anti-miR-182-treated animals,
highlighting the pro-oncogenic and prometastatic role of miR-182 [33].
However, several limitations of miRNA-based therapy within clinical
applications remain, including a lack of efficient delivery into the cells,
pleiotropic functioning of miRNAs and rapid plasma degradation
[34-36].

It was further investigated whether miR-204-5p induced changes in
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pro-inflammatory cells in the lungs. Melanoma infiltration occurs
through a polymorphic group of immune cells, mainly effector CD8 T
cells, regulatory T cells and natural killer cells [37]. It is not well known
how T cells participate in the reorganization of melanoma metastasis
target organs due to tumor dissemination or premetastatic niche for-
mation. Therefore, cytotoxic, memory and regulatory T cells, as well as
a-SMA expression, which are linked to cancer-associated fibroblasts,
were evaluated in the lungs of mice following treatment with
LNA-i-miR-204-5p. No expression differences were observed in the
CD3", CD8" and FOXP3™ cells, whereas a prominent reduction was
observed in the number of CD45RO™" cells, which correspond to memory
cells. CD45RO is an isoform of the common leucocyte antigen expressed
on activated and memory T cells, as well as on B cells, monocytes,
macrophages and granulocytes [38]. The CD45RO isoform of a
receptor-type protein tyrosine phosphatase was shown to be able to
translocate to lipid rafts resulting to the decrease of its soluble
compartment on the cell membrane surface following IL-6 treatment,
which was associated with changes in the CD45RO cell proliferation rate
[39]. IL-12 was found to alter CD45RO distribution within rafts and the
soluble fraction, thereby altering receptor-type protein tyrosine phos-
phatase accessibility to substrates, and modifying signaling and T cell
activation [40]. The depletion of CD45RO™ cells may be due to their
apoptosis [41,42]. Therefore, the experiment was replicated in human
PBMCs, and the results revealed that the number of Annexin™/CD45R0™
cells was increased following miR-204-5p inhibitor transfection,
compared with the Negative Control group. Numerous studies have
shown that miR-204-5p is involved in apoptosis [43,44]. MiR-204-5p
inhibition has been shown to induce apoptosis in human B cells via
endoplasmic reticulum stress proteins [45]. MiR-204-5p overexpression
increased the sensitivity of neuroblastoma cells to chemotherapeutic
agents cisplatin and etoposide by directly binding to its target genes,
apoptosis-related BCL2 and neurotrophic receptor tyrosine kinase 2
[46]. In addition, miR-204-5p has been shown to bind to the CD5 mRNA
isoform, which is predominant in unstimulated cells, thereby causing a
delayed T cell activation and altered Fas-mediated apoptosis in T cells
[471.

The findings of the present study revealed that IL-6 was increased in
the serum of LNA-i-miR-204-5p-treated mice, which could be a result of
the direct activation of macrophages by antisense oligonucleotides via
toll-like receptors [48]. IL-6 alters T cell responses in the lung, including
CD4 and CD8 T cell differentiation, and Th1 polarization [49]. The lack
of any alterations in CD8 and FOXP3™" cells in the lungs suggested that
CD45RO alterations in lung tissue are more likely to be mediated by
miR-204-5p expression alterations, rather than by the systemic effect of
IL-6 elevation. However, IL-6 could affect mouse activity and lead to its
decrease as well as a weight of mice [50-52].

Based on antisense oligonucleotide biodistribution [26], organs with
the highest concentrations are the liver and kidneys. In the present
study, it was shown that the modulation of miRNA expression occurred
in the lungs. Lungs are often affected during the dissemination of various
tumors, including melanoma. However, CD45RO cell depletion could
affect the immune response and favor melanoma progression, which is
consistent with previous studies reporting that miR-204-5p functions as
a tumor suppressor [53,54]. The specific role of miR-204-5p in the
regulation of leucocyte differentiation is yet to be fully elucidated.
However, an immune-deficient mice model of breast cancer demon-
strated increased expression levels of CD4" and CD8" in the tumor
microenvironment following miR-204-5p overexpression, in addition to
a higher level of CD45™ cells in the tumor and spleen. These increased
levels were a result of the direct activation of the PI3K/Akt signaling
pathway by miR-204-5p [55]. Moreover, the effects of miR-204-5p in
adipose-derived stem cell differentiation was revealed by targeting the
PI3K/Akt signaling pathway [56]. Previous studies also demonstrated
that miR-155 played a key role in determining the phenotype of
tumor-infiltrating immune cells, as miR-155-knockout B16F10 mela-
noma mice exhibited an increased tumor burden compared with
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wild-type animals. Notably, miR-155 affected T-cell activation and
interferon-¥y production [57]. Furthermore, T-cell development was
altered in CD45-knockout mice, as T-cells were less sensitive to
apoptotic stimuli [58]. Therefore, additional studies are required to
further clarify whether CD45RO downregulation mediated by the in-
hibitor LNA-i-miR-204-5p affects the antitumor immune response.

In conclusion, results of the present study demonstrated that the
miR-204-5p LNA-specific inhibitor targets metastatic melanoma that has
spread to distant organs, such as the lungs and liver. Treatment with
LNA-i-miR-204-5p resulted in CD45RO" cell depletion in the lungs,
consistent with the findings determined using in vitro miR-204-5p tar-
geting in human blood mononuclear cells. Further investigations are
required to clarify the specific role of miR-204-5p in immune cells, as
selective targeting of miRNA expression levels may act as a novel
approach for adjuvant chemotherapy.
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