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ABSTRACT Neuroblastoma is a malignant solid tumor caused by the transformation of neural crest cells.
Neuroblastoma predominantly occurs in children and is associated with a poor prognosis. In this regard, the
development of novel approaches to neuroblastoma treatment, including combination therapy, is relevant.
DNA hypermethylation of neuroblastoma cells indicates that it is possible to use hypomethylating agents in
a combination therapy of the disease. In order to identify effective combinations of antitumor drugs, we ana-
lyzed the transcriptomic changes that take place in neuroblastoma SH-SY5Y cells after treatment with the
hypomethylating agent 5-azacitidine and then experimentally tested the effectiveness of these combinations.
Mithramycin A and lonafarnib were the two drugs that, in combination with 5-azacitidine, appeared to exert
a synergistic effect on SH-SY5Y cell death. These drugs inhibit the signaling pathway associated with the
transcription factor Spl and RAS-MAPK signaling pathway, which are activated by 5-azacitidine. An analysis
of the signaling pathways also revealed an activation of the signaling pathways associated with neuroblas-
toma cell differentiation, as well as apoptosis induction, as confirmed by multiplex and confocal microscopy.
Hence, by analyzing the changes in the signaling pathways, the mechanisms of cell death and cell adaptation
to hypomethylating agents can be understood, and this can be further used to develop novel therapeutic ap-
proaches to neuroblastoma therapy.

KEYWORDS pediatric malignant diseases, combination therapy, epigenetic regulators.

ABBREVIATIONS 5-Aza — 5-azacitidine; GD2 — disialoganglioside; ALK — anaplastic lymphoma kinase; MDM2 —
murine double minute 2; DMSO - dimethyl sulfoxide; PKB — protein kinase B; NGF — nerve growth factor;
ILK - integrin-linked kinase; TRK — tropomyosin receptor kinase; IGF1R - insulin-like growth factor 1;
MAPK - mitogen-activated protein kinase; ERK — extracellular signal-regulated kinase; EGFR — epidermal
growth factor receptor; FGFR — fibroblast growth factor receptor; JAK — Janus kinase; CHK - checkpoint
kinase; mTOR — mammalian target of rapamycin; RAF — Rapidly Accelerated Fibrosarcoma, serine/threonine
protein kinase; CDK — cyclin-dependent kinase; RTK — receptor tyrosine kinase; RAS — Rat Sarcoma, small
G protein.
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INTRODUCTION

Neuroblastoma is an extracranial solid tumor that is
the result of malignant transformation of neural crest
cells during the formation of the sympathetic nervous
system [1]. The five-year survival rate for children
with high-risk neuroblastoma (50% of the cases) is
approximately 60% [2]. The main treatment modalities
for high-risk neuroblastoma include intensive chemo-
therapy, radiation therapy, autologous stem cell trans-
plantation, and immunotherapy [3]. Targeted agents
are under development: they would target disialo-
ganglioside (GD2) [4], anaplastic lymphoma kinase
(ALK) [5—7], E3 ubiquitin-protein ligase (MDM2) [8],
and components of the signaling pathways such as the
PI3K/Akt/mTOR, Fos/Jun, and RAS-MAPK pathways
[9]. ALK inhibitors are already undergoing clinical tri-
als for the treatment of patients with recurrent and
refractory neuroblastoma [10]. The existing treatment
approaches to such patients sometimes fail the test
of effectiveness; therefore, combination therapies for
neuroblastoma are now being pursued [11].

Alterations in DNA methylation are frequently
observed in malignant cells of different origins, as
well as hypermethylation of tumor suppressor pro-
moters or global hypomethylation, in particular [12].
Two DNA methyltransferase inhibitors, 5-azacitidine
(5-Aza) and its analog decitabine, have been approved
for the treatment of myelodysplastic syndromes [13,
14]. 5-Aza is a hypomethylating agent and a synthetic
analog of cytidine. Incorporating 5-Aza into DNA dis-
rupts the activity of DNA methyltransferases, result-
ing in DNA hypomethylation and damage. The drug
has been approved for the treatment of patients with
acute myeloid leukemia and myelodysplastic syn-
dromes [15].

Genomic DNA hypermethylation in neuroblas-
toma cells is associated with a poor prognosis [16].
5-Aza was shown to induce the differentiation of
neuroblastoma cells, reduce proliferation and colony
formation, and to potentiate the cytotoxic effects of
agents such as doxorubicin, cisplatin, and etoposide
[17]. Decitabine has previously been tested in com-
bination with doxorubicin; however, phase I clinical
trials revealed the high toxicity associated with this
combination [18]. Inhibitors of epigenetic regulators,
such as histone deacetylase inhibitors, may exhibit
synergism when used in combination with recep-
tor tyrosine kinase inhibitors by upregulating their
expression [19]. Additionally, 5-Aza can significantly
affect the expression of the genes involved in onco-
genesis through DNA demethylation. Therefore, it
appears opportune to explore new therapeutic ap-
proaches that are based on the combination of 5-Aza
with other antitumor agents.

This study analyzed the changes in gene expression
and the activity of the signaling pathways in neuro-
blastoma SH-SY5Y cells exposed to 5-Aza in order
to identify the most effective combinations of 5-Aza
with various antitumor agents. The functional signifi-
cance of alterations in the signaling pathway activity
at the transcriptomic level was additionally examined
by investigating intracellular processes using fluores-
cence microscopy and assessing the synergistic ef-
fects of 5-Aza and inhibitors of different signaling
pathways. These findings can be used as a platform
for developing novel therapeutic approaches to treat
neuroblastomas susceptible to demethylating agents.

MATERIALS AND METHODS

Cell cultures and inhibitors
Cell lines derived from human malignant tumors,
including neuroblastoma SH-SY5Y, breast cancer
SK-BR-3, renal cell carcinoma 786-0, cervical cancer
SiHa, and ovarian cancer SK-OV-3 cells, were cul-
tured in RPMI-1640 medium (Capricorn Scientific,
Germany). Colorectal carcinoma HCT-116, lung ad-
enocarcinoma H1299, glioblastoma LN-18, and rhab-
domyosarcoma TE-671 cells were cultured in DMEM
medium (Capricorn Scientific). All the cell lines were
cultured at 37°C in a humidified atmosphere contain-
ing 5% CO,, supplemented with 10% fetal bovine se-
rum (Gibco, USA), 1 mM sodium pyruvate (Gibco),
2 mM L-glutamine (Gibco), 100 U/mL penicillin, and
100 pg/mL streptomycin (Capricorn Scientific). The
cells were passaged using phosphate-buffered saline
and trypsin (ThermoFisher Scientific). The SH-SY5Y,
H1299, LN-18, and TE-671 cells were provided by
the Heinrich Pette Institute for Experimental
Virology (Hamburg, Germany); the SK-BR-3 cells
were obtained from the collection of the Institute
of Cytology RAS (St. Petersburg, Russia); the re-
maining cell cultures came from the collection of
the Engelhardt Institute of Molecular Biology RAS
(Moscow, Russia). All the cell lines were regular-
ly tested for mycoplasma contamination every two
weeks using Hoechst-33342 DNA staining (Sigma-
Aldrich, USA).

All the inhibitors used in this study were dissolved
in dimethyl sulfoxide (DMSO); stock solutions were
stored at —80°C (Table S1).

RNA extraction

RNA for the transcriptome analysis was extract-
ed from 1x10% SH-SY5Y cells treated with 5 pM
5-Aza for 24 h. RNA extraction was performed us-
ing the phenol-chloroform method with the TRIzol
reagent (Ambion), followed by treatment with DNase
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(Zymo Research, USA) and purification using RNA
Clean & Concentrator-25 columns (Zymo Research),
in accordance with the manufacturers’ protocols.

The quantity of extracted RNA was measured
using the Qubit 4 fluorometer (Thermo Fisher
Scientific). Total RNA integrity was assessed using an
Agilent 2100 bioanalyzer (Agilent Technologies, USA).
The RNA integrity number (RIN) for each sample
was > 8.

RNA sequencing and transcriptome analysis

A total of 1 pg of RNA was used to prepare each
library. mRNA sequencing libraries were con-
structed using the TruSeq mRNA Library Prep Kit
(Illumina, USA), in accordance with the manufac-
turer’s instructions. Various single-index adapters
from the TruSeq RNA Single Index kits (Illumina)
were ligated to each sample to facilitate multi-
plex sequencing. DNA fragments 250-300 bp long
were selected using MagPure A4 XP magnetic
beads (Magen Biotechnology, China). The cDNA li-
braries were then enriched by PCR and purified.
Library quality was assessed using the Agilent 2100
Bioanalyzer. Equimolar amounts of the final librar-
ies were pooled and sequenced on the NextSeq 2000
platform (Illumina) in the single-end mode with a
sequenced read length of 101 bp. The sequencing
data were analyzed using the STAR aligner soft-
ware, version 2.7.4a [20], in the “GeneCounts” mode,
with the Ensembl human transcriptome annotation
(GRCh38 assembly version; GRCh38.89 transcript
annotation). Raw RNA-seq expression values (in the
ReadsPerGene format) were normalized according to
the DESeq2 standard [21]. Pathway activation levels
(PALs) were calculated for a total of 3024 pathways
using an open-access collection of molecular path-
ways retrieved from the Oncobox pathway databank
[22].

Analysis of the activity of signaling

pathways and CMAP analysis

The CMAP algorithm was employed to identify sim-
ilar or opposite effects [23]. This algorithm allows to
compare the changes in gene expression induced in
response to specific treatments and each perturbation
out of the hundreds of thousands cataloged in the da-
tabase. The CMAP algorithm indicates which pertur-
bation affected gene expression in a way most similar
or opposite to the analyzed treatment. In this study,
we compared the expression levels of the 100 genes
most significantly upregulated and the 100 genes most
significantly downregulated under the experimental
conditions. DMSO-treated SH-SY5Y cells were used
as controls.
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Measurement of cell survival

Cell survival was measured using the Cell Proliferation
Assay XTT kit (11465015001, Roche, Sigma-Aldrich,
USA) and an AbiCell Resazurin Cytotoxicity Assay Kit
(CEL-04-30ML, Abisense, Russia).

SH-SY5Y cells (2,500 cells per well in a 96-well
plate) were co-incubated with the compounds for six
days; the growth medium was then removed, and re-
sazurin or the XTT reagent was added to the cells.
After 4 hours of incubation at 37°C in the presence of
5% CO,, the cell signaling level was measured using
a Multiskan FC spectrophotometer by recording the
difference in absorbance at 570 nm and 620 nm for
resazurin, and at 450 nm and 605 nm for XTT. The
changes in cell’s survival ability caused by the cock-
tail of drugs was calculated as the difference between
the total effect of the drugs and the sum of their in-
dividual effects. The method used to measure the cell
survival and to calculate area under the curve (AUC)
was similar to that described previously [24]. In order
to calculate the AUC, the area under the cell survival
(%) vs. drug concentration curve was determined by
dividing the diagram into trapezoids. The AUC values
calculated for all the cell lines were used to obtain
the mean AUC value, which was then used for nor-
malization. The AUC value was normalized so that a
AUC equal to 1 corresponded to the mean AUC val-
ues across all the cell lines.

Cell counting on an automated microscope

Cell counting was performed on an automated fluo-
rescence microscope using the protocol for detecting
cells that express the ERK-KTR H2B-mRuby report-
er system, which was previously utilized in our labo-
ratory [25]. Each experiment was performed in three
replicates: four random imaging fields were selected
in each well to count cells. The cells were imaged at
four time points: 0, 24, 72, and 144 h. The images of
the cells were obtained using Leica DMI8 fluorescence
microscope (Leica, Germany); cell counts were com-
pleted using the Cellpose and CellProfiler software.

Assessing the cell death mechanisms

SH-SY5Y, cells were seeded into 96-well plates at a
density of 2500 cells per well. Staining was performed
72 h after the addition of 5-Aza. The following dyes
were used to visualize mitochondria, tubulin, lyso-
somes, Fe'l ions, caspases 3/7, nuclei, and DNA: TMRE
(Lumiprobe, Russia), Tubulin Tracker™ Deep
Red (Invitrogen, USA), LumiTracker® LysoGreen
(Lumiprobe), HMRhoNox-M (Lumiprobe), NucView®
488 (Biotium, USA), Hoechst-33342, and 7-amino-
actinomycin D (7-AAD) (BioinnLabs, Russia), respec-
tively. Staining was carried out at 37°C in an atmos-
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phere of 5% CO,. Imaging was performed using Leica
DMI8 fluorescence microscope. Supplementary Table
S2 summarizes the concentrations, staining durations,
and imaging parameters.

Four images of the cells co-incubated with
the compound at each concentration were recorded,;
the experiment was performed in two replicates. In
the images, individual cells were identified using the
Cellpose and CellProfiler software. The protocols for
cell segmentation and fluorescence intensity measure-
ments had been published previously [24]. The activi-
ties of the mitochondria, lysosomes, and Fe® ions were
quantified using the integral fluorescence intensity
of each cell. The percentage of stained cells was de-
termined in the CellProfiler software to analyze the
caspase 3/7 activity and identify dead cells by 7-AAD
staining.

Confocal microscopy

The cells were fixed with a 4% formaldehyde solution
(Sigma-Aldrich, USA) in 0.1 M phosphate-buffered
saline (PBS) for 15 min and subsequently blocked us-
ing a solution containing 1% bovine serum albumin
(BSA) (PanEco, Russia), 22.52 mg/mL glycine (Sigma-
Aldrich), and 1% Tween (Sigma-Aldrich) in PBS.
Alexa Fluor® 647-conjugated antibodies (ab194322,
Abcam, UK) were utilized to study the distribu-
tion of TRK receptor proteins in the cytoplasm. The
cells were co-incubated with antibodies overnight
at a 1 : 100 antibody dilution in a 1% BSA solution
in PBS. Coverslips were placed cell-side down onto
glass slides containing 8 pL of the Slowfade gold me-
dium (Invitrogen, USA) with 1 pg/mL DAPI (Sigma-
Aldrich), and sealed with nail polish. Nuclei were vis-
ualized using DAPI staining. The data were obtained
by confocal microscopy using Leica TCS SP5 laser
scanning microscope (Leica) equipped with an HCX
PLAPO CS 63%1.4 oil-immersion objective lens. The
recorded confocal images (8-bit format) were analyz-
ed in the LAS AF 4.0 software.

Data analysis

Statistical tests and data visualization were conducted
using the GraphPad Prism 8.0, Python, and LAS AF
software. The mean values and standard deviations
(SD) or cell viability assessment were calculated using
R and GraphPad Prism 8.0.

RESULTS

To assess the selectivity of 5-Aza toward neuroblas-
toma cells, we evaluated the effect of 5-Aza at con-
centrations ranging from 0.25 to 20 uM on various

human cancer cell lines, including neuroblastoma
SH-SY5Y, breast cancer SK-BR-3, renal cell carci-
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Fig. 1. Toxicity assessment of 5-azacitidine for human
neuroblastoma SH-SY5Y cells. (A) Sensitivity of malignant
cells of different origins to 5-azacitidine (5-Aza) within

72 h. The cells were treated with the drug at concen-
trations of 0.25—20 pM; the figure shows the AUC (area
under the curve) values. (B) Survival of neuroblastoma
SH-SY5Y cells after 5-Aza treatment for 72 h. The graphs
show the average value of three replicates and the stand-
ard deviation (SD). Cells incubated with dimethyl sulfoxide
(DMSO) were used as controls

noma 786-0, cervical cancer SiHa, ovarian cancer
SK-OV-3 colorectal carcinoma HCT-116, lung adeno-
carcinoma H1299, glioblastoma LN-18, and rhabdo-
myosarcoma TE-671 cells (Fig. 1A). The neuroblas-
toma SH-SY5Y cells were the ones most susceptible
to 5-Aza (Fig. 1B).

Neuroblastoma SH-SY5Y cells were obtained
by cloning a neuroblastoma SK-N-SH cell line
[26]. SH-SY5Y is the cell line used in research
most commonly: according to the data available at
https://pubmed.ncbi.nlm.nih.gov/, the SH-SY5Y cell
line was utilized in 13,789 publications, while the next
most frequently used cell line, NMB, was mentioned
in 5,338 publications. The SH-SY5Y cells harbor a
mutation in the ALK gene (F1174L) [27] and are suit-
able for cell differentiation studies [28]. These cells
exhibited the highest sensitivity to 5-Aza; so, further
studies were performed using this cell culture.

In order to identify which cellular processes are af-
fected by 5-Aza in neuroblastoma cells, we conduct-
ed a transcriptome analysis of the cells treated with
5 uM 5-Aza for 24 h and compared the findings to
those for the transcriptome of SH-SY5Y cells exposed
to DMSO for 24 h. The transcriptome analysis data
are reported as signaling pathway activities and gene
expression profiles (Fig. 2A).

The most prominent positive changes in signaling
activity were observed in the pathways associated
with transcription factors AP1, ATF6, and Spl, as well
as protein kinase B (PKB) activation; nerve growth
factor (NGF) processing; cell cycle arrest mediated
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by glucocorticoid receptors; the integrin-linked kinase
(ILK) mediated signaling pathway, and the PI3K/Akt/
mTOR pathway (Fig. 2A4). The most prominent nega-
tive changes were detected in the pathways associ-
ated with NGF-independent activation of receptor
tropomyosin kinase A (TRKA), cell cycle, DNA repli-
cation involving the transcription factor E2F, the mi-
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5-Aza_1

Fig. 2. Changes in the signaling pathways in
human neuroblastoma SH-SY5Y cells after
treatment with 5-azacitidine (5-Aza). (A)
Pathway activation strength (PAS) in SH-
SY5Y cells after treatment with 5 uyM 5-Aza
for 24 h according to the results of the
Oncobox analysis [22]. The data are shown
separately for each replicate. Pathway
- activation strength: the positive changes
a0 are shown in red; the negative changes
2 are shown in black. The signaling pathways
20 that may contribute to the progression
“ of malignant tumors and incur statistically
significant changes are shown. (B) Cellular
processes that are altered in SH-SY5Y cells
after treatment with 5 uyM 5-Azafor 24 h
according to the CMAP analysis. The dots
indicate cellular processes from the CMAP
analysis. Different colors indicate the
classes of cellular processes with a reliable
result according to the CMAP analysis. The
results are shown as the inverse of the deci-
mal logarithm of g-values after correction
for multiple values (-log'fdr_q) and con-
nectivity scores (raw_cs) and the degrees
of similarity between differentially activated
genes and the analyzed effect. Positive
raw__cs values indicate identical changes in
gene expression in response to treatment

5-Aza_2
5-Aza_3

Cellular processes with 5-Aza and specified perturbations,
3 B2 Proteasome activation while the negative values indicate opposite
| Apoptosis changes in gene expression in response to

Cellcycle treatment with 5-Aza and specified pertur-
Receptor signal transduction bations

DNA repair

& MAPK signaling pathway

# | Transcription

togen-activated protein kinase (MAPK) pathways, and
apoptosis mediated by the insulin-like growth factor 1
receptor (IGF1R).

In order to determine what antitumor agents and
cellular processes may exert a similar —or opposing —
effect on the cellular transcriptomes, we conducted
the CMAP analysis [23] (Tables S3 and S4; Figs. 2
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and 3). Our analysis revealed significant alterations in
the cellular processes in SH-SY5Y cells treated with
5-Aza (Fig. 2B). Such alterations were primarily relat-
ed to the processes associated with the regulation of
apoptosis and the cell cycle, proteasomal activity, re-
ceptor signaling, and the MAPK pathway (in particu-
lar, those associated with extracellular signal-regulat-
ed kinase (ERK) and TRK). Opposing changes were
observed for the processes related to the response to
DNA damage and transcription.

Inhibitors of the epidermal growth factor re-
ceptor (EGFR), the fibroblast growth factor recep-
tor (FGFR), Janus kinase (JAK), cell cycle check-
point kinase (CHK), and DNA repair affected gene
expression in a manner similar to that for 5-Aza
(Fig. 3). 5-Aza was found to be one of the com-
pounds eliciting comparable effects, attesting to the
validity of the observed transcriptomic changes.
Opposing effects were induced by inhibitors of his-
tone deacetylases, mTOR, topoisomerase, RAF ser-

Mechanism of action

retinoid receptor agonist

5 Abl inhibitor

CHK inhibitor

EGFR inhibitor

FGFR inhibitor

FLT3 inhibitor

HDAC inhibitor

JAK1 /2 inhibitor

mTOR inhibitor

NFKB inhibitor

RAF /MEK inhibitor

DNA topoisomerase inhibitor
histone methyltransferase inhibitor
DNA repair inhibitor

DNA synthesis inhibitor

cyclin-dependent kinase inhibitor

Fig. 3. Identifying drugs with
an effect similar to that of
5-azacitidine (5-Aza) on the
gene expression of human
neuroblastoma SH-SY5Y cells
using CMAP. The cells were
treated with 5 yM 5-Aza and
co-incubated with the drug for
24 h. The dots indicate the ef-
fects of inhibitors, small hairpin
RNAs, or overexpression of
certain genes. Different colors
indicate the classes of inhibi-
tors. Drugs with a statistically
significant maximal effect are
shown. The results are pre-
sented as the inverse of the
decimal logarithm of g-values
after correction for multi-

ple values (-log'fdr_q) and
connectivity scores (raw_cs)
and the degrees of similarity
between differentially activat-
ed genes and the analyzed

effect. Positive raw_cs values
indicate identical changes in
gene expression in response
to treatment with 5-Aza and
specified perturbations, while
the negative values indicate
opposite changes in gene
expression in response to
treatment with 5-Aza and
specified perturbations

ine/threonine kinase, tyrosine kinase Abl, and the
transcription factor NF-kB. Inhibitors of cyclin-de-
pendent kinases (CDKs), receptor tyrosine kinase
(RTK) FLT3, and DNA synthesis had different ef-
fects on gene expression.

We uncovered increased activities for seven apop-
tosis signaling pathways (Table S3). Since there exist
several cell death mechanisms, we aimed to assess
how 72 h treatment with 5-Aza would affect caspase
3/7, the mitochondria and lysosome activities, the Fe**
content, and the number of dead SH-SY5Y cells. An
up to 26% increase in the percentage of apoptotic
cells was detected using fluorescent dyes (Fig. 44,B),
thus attesting to the enhanced activity of the apop-
tosis signaling pathways. The lysosomal activity in
SH-SY5Y cells was increased after 5-Aza treatment
(Fig. 5A,B). A slight decline in mitochondrial activ-
ity and increased Fe?" levels were observed; however,
these changes were minor and were likely to be re-
lated to cell death (Fig. 5C,D).
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Fig. 4. The contribution of apoptosis to the death of human neuroblastoma SH-SY5Y cells after treatment with 5-azac-
itidine (5-Aza) for 72 h. (A) Caspase 3 /7 and 7-aminoactinomycin D (7-AAD) staining in SH-SY5Y cells after treatment
with 10 pM 5-Aza. (B) Apoptotic cells (green and yellow) in a population of SH-SY5Y cells after treatment with 5-20 uM
5-Aza. Cells were imaged using an automated fluorescence microscope. Cells co-incubated with dimethyl sulfoxide
(DMSO) were used as control. The analysis was performed based on an assessment of the fluorescence intensity of dyes
in 350-2,500 cells; the standard deviation (SD) was estimated for the average values for eight images for each 5-Aza
concentration. Statistical significance was determined vs. DMSO using the Mann—Whitney U test (**p <0.01)

In vitro studies have demonstrated that NGF can
inhibit the proliferation of neurogenic cancer cell lines
and induce their differentiation [29]. Since 5-Aza af-
fects the activity of the signaling pathways mediated
by NGF and its receptor TRKA, we assessed the dis-
tribution of TRK receptors within the cytoplasm of
SH-SY5Y cells treated with 10 yM 5-Aza for 72 h
(Fig. 6).

The observed increase in the intensity of the stain-
ing of SH-SY5Y cells with anti-TRK antibodies can
explain the enhanced activity of the NGF- and TRK-
mediated signaling pathways at the gene expression
level.

Based on our findings (Tables S3 and S4; Figs. 2
and 3), we selected 18 drugs that should be further
tested, in combination with 5-Aza. In particular, we
chose a number of inhibitors targeting RTK, histone
deacetylases, the MAPK pathway, the cell cycle, as
well as proteasomes, glucocorticoid receptors, DNA
synthesis, DNA damage repair, apoptosis inducer, and
the activator of the p38 signaling pathway (Table 1).

We simultaneously treated the cells with 2.5 uM
5-Aza and a second inhibitor at a pre-determined ef-
fective concentration that reduced cell viability by
20-50% within 72 h. The cells were subsequently in-
cubated for another 144 h; cell viability was measured
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using a resazurin dye to assess the effectiveness of
the drug combinations (Fig. 7A).

The two most effective combinations — 5-Aza with
axitinib, a multikinase inhibitor, and mithramycin A,
a DNA synthesis inhibitor — were identified. However,
since this cell proliferation assessment method shows
changes in the cellular metabolic activity [24], we test-
ed the viability of the cells treated with combinations
of inhibitors and 5-Aza by counting the cells on an
automated fluorescence microscope (Fig. 7B,C, S1).
We observed that the findings differed from those
obtained in the experiment using resazurin dye: the
highest effectiveness was attributable to the com-
binations of 5-Aza with mithramycin A and lona-
farnib, a small G protein inhibitor (RAS) (Fig. 7C).
Combinations of mithramycin A or lonafarnib with
5-Aza at concentrations that have no significant ef-
fect on cell proliferation led to substantial inhibition
of SH-SY5Y cell growth and almost entirely stopped
their proliferation.

DISCUSSION

We analyzed the changes in the transcriptome of hu-
man neuroblastoma SH-SY5Y cells treated with 5-Aza
in a search for potential drugs that could be used in
combination with 5-Aza. The mechanisms through
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Fig. 5. Changes in the lysosomal activity in human neuroblastoma SH-SY5Y cells after treatment with 5-azacitidine
(5-Aza) for 72 h. (A) Lysosome staining in SH-SY5Y cells after treatment with 10 uM 5-Aza. Cells were imaged using a
fluorescence microscope. Lysosomes are shown in yellow; nuclei, in blue; mitochondria, in magenta; tubulin, in gray.
(B) Changes in the lysosomal activity in SH-SY5Y cells after tfreatment with 5-20 uM 5-Aza. (C) Changes in the mito-
chondrial activity in SH-SY5Y cells after tfreatment with 5-20 uM 5-Aza. (D) Changes in the Fe" iron content in SH-SY5Y
cells after treatment with 5-20 pM 5-Aza. Cells co-incubated with dimethyl sulfoxide (DMSO) were used as controls.
The distributions of the integrated dye intensity in 350—2500 cells are shown; the average values for each of the eight
images are shown with dots; the standard deviation (SD) for the average values for the images is also indicated. Statisti-
cal significance was determined vs. DMSO using the Mann—Whitney U test (**p < 0.01)

which 5-Aza can induce cell death in SH-SY5Y cells
were also identified.

5-Aza was found to affect the NGF-activated sig-
naling pathways: it increases the intensity of cell
staining using anti-TRK antibodies and alters the cell
morphology. Earlier, it was demonstrated that 5-Aza

induces the differentiation of neuroblastoma cells [30].
Among other factors, its action may have to do with
the activation of cell differentiation. Some studies
suggest that, in differentiated neuroblastoma cells, the
absence of NGF induces apoptosis [31]. Differentiation
induction by retinoic acid [32, 33] is extensively uti-
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DAPI panTRK

DMSO

5-Aza
10 pM

lized to treat low-risk neuroblastoma and as mainte-
nance therapy for the more aggressive forms of the
disease [34]. A combination of 5-Aza and retinoic acid
was shown to enhance the differentiation of neuro-
blastoma cells [35]. 5-Aza increases caspase 3/7 activ-
ity, which may be associated with cell differentiation
and upregulation of the TRK receptor expression in
the absence of NGFE

We observed an increased lysosomal activity in
SH-SY5Y cells. 5-Aza has also been shown to induce
autophagy in acute myeloid leukemia cells [36]. A hy-
pothesis has been put forward that 5-Aza can trigger
various neuroblastoma cell death pathways; however,
further research is needed to verify this hypothesis.
A transcriptome analysis of SH-SY5Y cells revealed
alterations in the pathways linked with mitochondria
and cell death; nonetheless, we have detected no sig-
nificant changes in mitochondrial activity.

Mithramycin A is an antibiotic active against lung,
esophageal [37], colorectal cancer [38], as well as leu-
kemia cells [39]; however, this drug has been found
to be highly toxic [40]. Lonafarnib has been tested
in combination with ALK inhibitors in ALK-mutant
neuroblastoma cells both in vitro and in vivo [41]. It
has been demonstrated that both mithramycin A and
lonafarnib can reduce DNA methylation levels [42, 43].
The enhanced effectivity of 5-Aza in SH-SY5Y cells
when used in combination with these drugs can po-
tentially be mediated by their effects on DNA meth-
yltransferase 1 (DNMT1). Furthermore, neuroblas-
toma cells are strongly dependent on the activation
of certain growth factor receptors [44, 45]. 5-Aza trig-
gers several RTK-mediated signaling pathways, while
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Merged

Fig. 6. The distribution of TRK
proteins in the cytoplasm of
human neuroblastoma SH-
SY5Y cells after treatment
with 10 pM 5-azacitidine (5-
Aza) for 72 h. Cells co-incu-
bated with dimethyl sulfoxide
(DMSO) were used as con-
trols. Cells were imaged by
confocal microscopy using an-
1i-TRK antibodies (Alexa647,
magenta) and by staining the
nuclei of fixed cells with DAPI

(gray)

Table 1. Selected drugs for assessing the effectiveness
of their synergistic action on SH-SY5Y cells when used in
combination with 5-azacitidine

Drug Inhibitor class

Axitinib, entrectinib,

gefitinib, sorafenib Tyrosine kinase inhibitors

Leslhnosita, o, Histone deacetylase inhibitors

vorinostat
Bortezomib Proteasome inhibitor
Dexamethasone Glucocorticoid receptor inhibitor,

differentiation agent

Lonafarnib, PD184352 MAPK inhibitors

DNA synthesis inhibitor, inhibitor

I RC L of Spl transcriptional activity

Activator of the JNK/p38 MAPK

Metformin pathway

SL2EEL gelbnciclll; Cell cycle inhibitors

volasertib
Staurosporine Apoptosis inducer, PKC inhibitor
Talazoparib DNA damage response inhibitor
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A 5-Aza 2.5 M
Axitinib 0.5 pM 3
Mithramycin A 15 nM
Dexamethasone 25 pM
BI2536 10 nM
Gefitinib 1 pM
PD184352 10 nM
Palbociclib 0.1 uM
Metformin 50 uM
Entinostat 1 pM
Talazoparib 25 nM
Staurosporine 10 nM
Volasertib 25 nM
Belinostat 0.1 pm [105| [ ] 10
Lonafarnib 5 pM | 11.1
Vorinostat 1 yM | 11.1
Entrectinib 1 uM | 14.5
Sorafenib 2.5 yM | 20.5
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Fig. 7. The effectiveness of combinations of 5-azacitidine (5-Aza) and antitumor drugs against human neuroblastoma
SH-SY5Y cells. The cells were simultaneously treated with 2.5 uM 5-Aza and an antitumor drug (the drugs and their
concentrations are shown in the figure) and co-incubated for 144 h. Cells co-incubated with dimethyl sulfoxide (DMSQO)
were used as controls. (A) The heatmap showing the synergistic effect of a combination of 5-Aza and inhibitors belong-
ing to different classes for SH-SY5Y cells. (B) Images of SH-SY5Y cells expressing the ERK-KTR H2B-Ruby reporter sys-
tem after treatment with a combination of 2.5 yM 5-Aza and 15 nM mithramycin A (Mith) for 144 h. Cells were imaged
by fluorescence microscopy. (C) The diagrams of changes in the number of SH-SY5Y cells after simultaneous addition
of 2.5 yM 5-Aza and 15 nM mithramycin A or 5 uM lonafarnib. The diagrams show the average value of three replicates

and the standard deviation (SD)
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lonafarnib can block signal transduction from RTK by
inhibiting RAS [41].

CONCLUSIONS

The analysis of the changes in the transcriptome of
cells exposed to 5-Aza has identified drugs that exert
a synergistic effect on neuroblastoma cell death and,
in particular, the synergistic effect of a combination
of 5-Aza and mithramycin A and lonafarnib against
neuroblastoma SH-SY5Y cells. Further studies fo-
cusing on the effectiveness of drug combinations can
pursue a more thorough analysis of the mechanism of
the synergistic effect of these drugs and test the drug
combinations in other neuroblastoma models. ®
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