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Abstract. Cytarabine is an important medicine for acute
myeloid leukemia (AML) treatment, however, drug resis-
tance hinders the treatment of AML. Although microRNA
(miRNA or miR) alteration is one of the well-recognized
mechanisms underlying drug resistance in AML, few studies
have investigated the role and function of miRNAs in the
development of cytarabine resistance. In the present study,
total RNA was isolated from parental HL60 and cytara-
bine-resistant HL60 (R-HL60) cells. Subsequently, miRNAs
and mRNAs were detected using small RNA sequencing
and gene expression array, respectively. Differentially
expressed mRNAs (DEMs) and differentially expressed
genes (DEGs) with more than two-fold changes between
HL60 and R-HL60 cells were screened out. Negatively
associated miRNA-mRNA pairs were selected as candi-
date miRNA-mRNA target pairs according to the miRDB,
Targetscan or miRTar databases. Functional enrichment
analysis of DEGs included in the candidate miRNA-mRNA
pairs was performed. The results indicated that 10 DEGs
(CCL2, SOX9, SLCS8AI, ICAM1, CXCLI0, SIPR2, FGFRI,
OVOL2, MITF and CARDI0) were simultaneously involved
in seven Gene Ontology pathways related to the regulation of
migration ability, namely the ‘regulation of cell migration’,
‘regulation of locomotion’, ‘regulation of cellular component
movement’, ‘cell migration’, ‘locomotion’, ‘cell motility’, and
‘localization of cell’. DEMs predicted to negatively regulate
the aforementioned 10 DEGs were paired with DEGs into
16 candidate miRNA-mRNA pairs related to the regulation
of migration ability. In addition, migration assays revealed
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that the migration ability of R-HL60 cells was greater than
that of HL60 cells. These findings provide a new perspective
for the treatment of cytarabine-resistant AML and advance
our understanding of altered migration ability underlying
cytarabine resistance development, specifically related to
miRNAs.

Introduction

Acute myeloid leukemia (AML) cells arise from hemato-
poietic stem cells (HSCs) or myeloid progenitors in which
key driver mutations have occurred (1). A subpopula-
tion of leukemic cells within the malignant population,
known as leukemia stem cells (LSCs), is considered to
have self-renewing stem cell properties and are capable of
initiating disease when engrafted into an immunocom-
promised host (2). The standard therapeutic approach for
AML is cytarabine-based therapy that starts with induction
chemotherapy [continuous infusion of cytarabine for 7 days
concurrent with short infusions of anthracycline on each of
the first 3 days (7+3 regimen)], followed by several cycles of
consolidation chemotherapy or allogeneic HSC transplanta-
tion (3,4). However, only ~70% of patients receiving standard
induction therapy achieve complete remission, and only
40% become long-term survivors (3,5). Older patients with
AML exhibit stronger intrinsic resistance and less tolerance
to chemotherapy than younger patients, resulting in a poor
response to standard induction therapy (6). Intensive therapy
with high-dose cytarabine improves the overall survival
rate and reduces AML recurrence; however, the risk of
drug-related side effects is also increased. AML treatment
in older patients has not improved significantly in recent
decades compared with that in younger patients (7). A more
thorough understanding of the drug resistance mechanisms is
required to provide effective cancer treatments and improve
outcomes.

Cytarabine is a pyrimidine analog and converts into the
triphosphate form within the cell. Cytarabine then incorpo-
rates into DNA strands during the S phase of the cell cycle
to inhibit DNA synthesis (8). Insufficient cellular uptake
and retention of cytarabine, overexpression of enzymes
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that inactivate cytarabine, increased cellular deoxycytidine
triphosphate (dCTP) pool, and increased DNA repair are
the main mechanisms of cytarabine resistance (7). Overall,
the reduced expression of human equilibrating nucleoside
transporter 1 (hENTI1) and deoxycytidine kinase (dCK)
play pivotal roles during the development of cytarabine
resistance in leukemia cells (7). However, other new
mechanisms associated with cytarabine resistance have been
discovered consecutively. In 2017, Farge et al reported that
AML cells have increased oxidative phosphorylation after
cytarabine treatment, and inhibition of oxidative phosphory-
lation could restore sensitivity to cytarabine (9). High-dose
cytarabine-based therapy causes a decrease of the cytidine
diphosphate pool that may accelerate the reduction of dCTP,
thereby obstructing DNA synthesis. In addition, high-dose
cytarabine treatment increases the AMP/ATP ratio that can
trigger AMP-activated protein kinase and subsequently
forkhead box class O, thereby promoting cell cycle arrest (10).
However, therapeutic strategies to overcome cytarabine
resistance have not been developed. A comprehensive under-
standing of the mechanisms underlying cytarabine resistance
is necessary to optimize cytarabine therapy.

MicroRNAs (miRNAs or miRs) are highly-conserved
single-stranded noncoding RNAs of ~22 nucleotides (11).
In most cases, miRNAs induce mRNA degradation and
translational repression by complementary binding to the
3'-untranslated region of the target mRNA (12). Although
miRNAs do not participate in transcription and transla-
tion, they modify and control processes including cell
division, self-renewal, invasion and DNA damage (13).
MiRNA expression is known to be dysregulated in human
cancers (14,15). Dysregulated miRNA expression by several
mechanisms, such as copy number alterations, epigenetic
changes, location of miRNA near oncogenomic regions and
aberrant targeting of miRNA promoter regions, contribute
AML pathogenesis (16). However, chemotherapy for AML
often involves a combination of drugs that complicates
research; thus, the role of miRNAs in drug resistance has
not been thoroughly investigated. The role of miRNAs in
leukemogenesis is unquestionable and miRNAs may prove
to be an important addition to treatment of drug-resistant
cancers in the future (17). Before specific miRNAs can be
integrated into modern cancer therapies, clearly elucidating
their mechanisms is necessary.

The present study provided comprehensive findings on
differentially expressed miRNAs (DEMs) and differentially
expressed genes (DEGs) during the development of cytarabine
resistance in HL60 cells, revealing new opportunities for
refractory or cytarabine-resistant AML.

Materials and methods

Cell culture. The R-HL60 cell line was established through
the continuous treatment of parental HL60 cells (ATCC)
with increasing concentrations of cytarabine as previously
described (4). Both HL60 and R-HL60 cells were maintained
in RPMI-1640 medium (Cytiva) containing 10% fetal bovine
serum and 1% antibiotic-antimycotic solution (both from
Gibco; Thermo Fisher Scientific, Inc.) under a humidified
atmosphere of 5% CO, at 37°C.

RNA isolation. Total RNA from HL60 and R-HL60 cells was
extracted using TRIzol Reagent (Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. The RNA
samples were submitted to Welgene Biotech. Co., Ltd. for
small RNA sequencing and gene expression array analysis.
RNA quantity was determined using an ND-1000 spectropho-
tometer (NanoDrop Technologies; Thermo Fisher Scientific,
Inc.) and RNA quality was verified using an Agilent 2100
Bioanalyzer (Agilent Technologies, Inc.).

Small RNA sequencing. MiRNA sequencing libraries
were prepared using the QIAseq miRNA Library Kit (cat.
no. 331502; Qiagen GmbH) according to the manufacturer's
protocol, and were sequenced using the NextSeq 500/550 High
Output Kit (75 cycles; cat. no. FC-404-2005; Illumina, Inc.).
The loading concentration of the final library was 1.6 pM,
measured by High Sensitivity D1000 ScreenTape assay
(High Sensitivity D1000 ScreenTape, cat. no. 5067-5584;
and High Sensitivity D1000 Reagents, cat. no. 5067-5585;
Agilent Technologies, Inc.). The type of sequencing setup
was 75-bp single end. Sequencing data was processed using
the Illumina software program BCL2FASTQ v2.20.0.422
(https://support.illumina.com/sequencing/sequencing_soft-
ware/bcl2fastq-conversion-software/downloads.html).
Subsequently, the Trimmomatic v0.36 program (http:/www.
usadellab.org/cms/?page=trimmomatic) was implemented
to filter poor quality reads and trim poor quality bases on
the basis of the quality score. Qualified reads after filtering
low-quality data were analyzed using miRDeep2 v0.05 soft-
ware (https://github.com/rajewsky-lab/mirdeep2) and were
aligned to the reference genome downloaded from the
University of California Santa Cruz (UCSC) Genome Browser
(https://hgdownload.soe.ucsc.edu/downloads.html). miRNAs
were mapped to few genomic locations; therefore, only reads
that mapped perfectly to the genome with a <5-fold difference
were used for miRNA identification.

Gene expression array. A Low Input Quick Amp Labeling Kit
(cat. no. 5190-2305; Agilent Technologies, Inc.) was used to
amplify 200 ng of total RNA and fluorescent Cy3 dye (included
in the labeling kit; Agilent Technologies, Inc.) was used to label
RNA oligonucleotides. A total of 600 ng Cy3-labeled cRNA
was fragmented to an average size of 50-100 nucleotides by
incubation with fragmentation buffer at 60°C for 30 min.
Correspondingly fragmented labeled cRNAs were pooled and
hybridized to the SurePrint Microarray (Agilent Technologies,
Inc.) at 65°C for 17 h. The Cy3 microarray was scanned
at 535 nm with an Agilent microarray scanner, and the scans
were analyzed using Feature Extraction 10.7.3.1 software
(Agilent Technologies, Inc.).

MiRNA-mRNA network analysis. The DEGs and DEMs with
a fold change of =2 during the development of cytarabine
resistance in HL60 cells were selected. The miRNA target
genes were predicted using three online databases: miRDB,
TargetScan, and miRTarBase (18-20). The miRNA-mRNA
pairs with negative correlation were screened out on the basis
of the hypothesis that miRNA negatively regulates the target
mRNA. The miRNA-mRNA network was constructed by
using Cytoscape 3.8.2 software (21).
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Table I. Candidate miRNA-mRNA target pairs.

Small RNA sequencing Gene expression array
miRNA Fold change Up/Down mRNA (fold change)
hsa-miR-1-3p -5.74 Down SLC8AI (3.06), CCL2 (2.52), SOX9 (3.30), AIM2 (7.67)
hsa-miR-1255b-5p -2.34 GAS7 (2.15),ICAM1 (5.83), CPSI (2.03)
hsa-miR-1285-3p -2.57 SIPR2 (2.68), CXCLI0 (74.65)
hsa-miR-155-5p -152.00 CCL2 (2.52),ICAM1 (5.83)
hsa-miR-200c-5p -3.51 PSMB9 (2.28), CXCL10 (74.65)
hsa-miR-224-5p -7.62 PTX3 (2.75)
hsa-miR-3168 -109.00 TAGLN3 (2.30)
hsa-miR-34a-5p -2.05 CYBB (4.76), SPTBN1 (2.45), CD70 (11.63), BIRC3 (17.74)
hsa-miR-3609 -3.51 CXCLI0 (74.65), CPS1 (2.03), PMAIPI (2.06)
hsa-miR-548ag -2.35 PMAIPI (2.06)
hsa-miR-548q -5.23 ILIORA (2.26)
hsa-miR-96-3p -2.45 ARLAC (2.26)
hsa-miR-124-3p 6.32 Up MITF (-14.97), REEPI (-2.49), OVOL2 (-2.39), SMPDL3A (-2.18),
FGFRI (-11.23), PTPN14 (-2.58)
hsa-miR-1290 2.03 IKZF?2 (-12.80)
hsa-miR-146a-5p 90.38 CARDI10 (-3.37)
hsa-miR-3150a-3p 3.02 PTPNI14 (-2.58), CARD10 (-3.37)
hsa-miR-497-5p 2.18 Clorf226 (-2.08), CARDI10 (-3.37)

miRNA or miR, microRNA; Up, upregulated; Down, downregulated.

Functional enrichment analysis. Gene ontology (GO) analysis
was performed using ShinyGO 0.76 to determine the biological
functions of the DEGs included in the candidate miRNA-mRNA
network (22,23). Protein-protein interaction analysis in the
cluster associated with the regulation of cell migration, loco-
motion, cellular component movement, cell motility, and
localization was performed using STRING 11.5 (24).

Transwell migration assay. A Transwell chamber consisting
of an upper and a lower chamber separated by a porous
membrane was used for the cell migration assay. Cells were
suspended in serum-free RPMI-1640 medium and plated in the
upper chamber with 8-ym pores (Guangzhou Jet Biofiltration
Co., Ltd.), adjusting the cell concentration to 2.5x10° cells/ml.
RPMI-1640 medium with 10% fetal bovine serum was added
to the lower chamber. The Transwell chamber was incubated
in an incubator with 5% CO, at 37°C, and then the cells in the
lower chamber were collected and counted by Cell Counting
Kit-8 (CCK-8) assay (Energenesis Biomedical Co., Ltd.) after
incubating for 24 and 48 h. In detail, a 200-ul volume obtained
from the lower chamber was transferred to a 96-well plate,
then 20 ul CCK-8 solution was added per well and incubation
followed for 2 h. Subsequently, the specific absorbance and
reference absorbance of each well were measured at 450 and
650 nm, respectively, by an enzyme-linked immunosorbent
assay reader (Epoch2; Agilent Technologies, Inc.).

Statistical analysis. Data were analyzed using GraphPad
Prism 5.0 (GraphPad Software Inc.; Dotmatics). A Student's

paired t-test was used to determine the differences between
the experimental and control groups. Data are representative
of three independent experiments, with values presented as
the mean + standard deviation and P<0.05 was considered to
indicate a statistically significant difference.

Results

DEGs and DEMs between HL60 and R-HL60 cells. To
investigate the alterations of miRNA and mRNA profiles
during the development of cytarabine resistance in HL60
cells, miRNA and mRNA profiles of HL60 and R-HL60
cells were determined using small RNA sequencing and
gene expression array analysis, respectively. The flowchart of
candidate miRNA-mRNA target pair selections and subse-
quent functional enrichment analysis is displayed in Fig. 1.
The standard setting for identifying DEMs was >1 read per
million (RPM). DEMs and DEGs, with an adjusted P-value
<0.05 were considered statistically significant and selected for
further investigation. In the present study, the experimental
design of previous studies was referred to and DEMs and
DEGs whose expression changes between HL60 and R-HL60
cells were =2-fold were selected for analysis (25,26). Small
RNA sequencing data revealed that there were 75 DEMs
with a =2-fold difference between HL60 and R-HL60 cells,
of which 34 DEMs had higher expression levels in R-HL60
than those in parental HL60 cells, and 41 DEMs had lower
expression levels in R-HL60 than those in parental HL60 cells.
Gene expression array data showed that there were 274 DEGs
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Figure 1. Flowchart of candidate miRNA-mRNA target pair selection. Expression profiles of miRNA and mRNA in HL60 and R-HL60 cells were detected
using small RNA sequencing and gene expression array, respectively. Expression of miRNAs and mRNAs with a =2-fold difference between HL60 and
R-HL60 cells were selected. Putative target gene sets of DEMs were predicted using three databases (miRDB, Targetscan, and miRTar). A miRNA-mRNA
network with negative associations was integrated and functional (GO) analysis was performed. miRNA, microRNA; DEMs, differentially expressed mRNAs;

GO, Gene Ontology; DEGs, differentially expressed genes.

with a =2-fold difference between R-HL60 and HL60 cells,
of which 185 DEGs had higher expression levels in R-HL60
than those in parental HL60 cells, and 89 DEGs had lower
expression levels in R-HL60 than those in parental HL60
cells. Negatively associated miRNA-mRNA pairs predicted
using the miRDB, Targetscan, or miRTar database were
selected as candidate miRNA-mRNA target pairs. Candidate
miRNA-mRNA target pairs including 17 DEMs (5 upregulated
miRNAs and 12 downregulated miRNAs) and 28 DEGs (19

upregulated genes and 9 downregulated genes) are presented
in Table I. Heat maps revealing the hierarchical clustering of
17 DEMs and 28 DEGs are shown in Fig. 2, and the candidate
miRNA-mRNA network was visualized using Cytoscape
3.8.2 software (Fig. 3).

Functional enrichment analysis of DEGs. Functional
enrichment analysis was performed for 28 DEGs included
in the candidate miRNA-mRNA target pairs. The histogram
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Figure 2. Heatmaps of DEMs and DEGs. The hierarchical clustering of 17 DEMs (left) and 28 DEGs (right) included in candidate miRNA-mRNA target
pairs was performed. Upregulated and downregulated genes are colored in red and green, respectively. DEMs, differentially expressed mRNAs; DEGs,

differentially expressed genes; miR, microRNA.

of the top 20 most-enriched GO pathways is displayed in
Fig. 4A, and genes involved in the GO pathways are listed
in Table II. The hierarchical clustering tree revealed the
relationships between similar sets of data (Fig. 4B). In addi-
tion, 10 genes (CCL2, SOX9, SLC8AI, ICAMI, CXCLI0,
SIPR2, FGFRI, OVOL2, MITF and CARDI0) were
simultaneously involved in seven GO terms related to the
regulation of migration ability, namely ‘regulation of cell
migration’, ‘regulation of locomotion’, ‘regulation of cellular
component movement’, ‘cell migration’, ‘locomotion’, ‘cell
motility’, and ‘localization of cell’. The modulation of
migration ability is considered as a possible therapeutic
target in refractory AML (27), therefore, the present study

focused on analyzing the candidate miRNA-mRNA pairs
associated with the modulation of migration ability. The
candidate miRNA-mRNA pairs involved in these GO terms
associated with the regulation of migration ability are listed
in Table III. Among them, SIPR2 was not present in the
STRING database; therefore, protein-protein interaction
analysis was performed for the remaining nine genes in the
cluster (Fig. 4C). In addition, the interactive graph displays
the percentage of shared gene members for the enriched GO
terms (Fig. 4D).

Comparison of migration ability between HL60 and R-HL60.
Transwell migration assays were used to compare the migration
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Figure 3. MiRNA-mRNA network. Candidate miRNA-mRNA target pairs including 17 differentially expressed mRNAs and 28 differentially expressed genes
were integrated in the network. Circles and diamonds represent mRNA and miRNAs, respectively. Upregulated and downregulated genes are colored in orange
and green, respectively. The size of the pattern represents the fold change in expression between HL60 and R-HL60 cells. miRNA, microRNA.

ability of HL60 and R-HL60 cells. The results showed that the
migration ability of R-HL60 cells was ~2-folds higher than
that of parental HL60 cells following incubation for 24 h, and
was ~3-folds higher than that of parental HL60 cells following
incubation for 48 h (Fig. 5).

Discussion

Cytarabine is the main drug used for AML treatment,
however, drug resistance hinders the achievement of
complete remission. Although miRNAs are known to be
often dysregulated in AML, the role of miRNAs in the
development of drug resistance has not been thoroughly
investigated. The present study, to the best of the authors'
knowledge, is the first to comprehensively compare the
integrated miRNA-mRNA network between HL60 and
R-HL60 cells, and reveal that 16 miRNA-mRNA pairs,
including miR-1-3p/CCL2, miR-1-3p/SOX9, miR-1-3p/
SLCS8AI, miR-155-5p/CCL2, miR-155-5p/ICAMI,
miR-1255b-5p/ICAM 1, miR-200c-5p/CXCLI10, miR-3609/
CXCLI10, miR-1285-3p/SIPR2, miR-1285-3p/CXCLI10,

miR-124-3p/FGFR1, miR-124-3p/OVOL2, miR-124-3p/
MITF, miR-146a-5p/CARDI10, miR-497a-5p/CARDI0, and
miR-3150a-3p/CARDI0,participate in the regulation of migra-
tion ability during the development of cytarabine resistance
in HL60 cells (Table III). Among them, miR-1-3p targeting
CCL2 (28); miR-1-3p targeting SOX9 (29); miR-1-3p targeting
SLC8AI (30); and miR-146-5p targeting CARDI0 (31) have
been confirmed by luciferase assay in previous studies. In
addition, miR-1-3p (32), miR-1255-5p (33), miR-200c-5p (34),
miR-155-5p (35), miR-1285-3p (36), miR-124-3p (37) and
miR-146a-5p (38,39) have been also reported to regulate cell
migratory behavior in several cell models.

Several studies have reported associations between
miRNAs and AML outcomes. For example, patients with
high expression levels of miR-126-5p/3p had poor survival.
Transfection of the mimic miR-126-5p into an AML cell line
(KG-1) resulted in decreased sensitivity to cytarabine (40).
A specific anti-miR-21 oligonucleotide (AMO-miR-21)
inhibited cell viability and induced apoptosis in HL60 cells.
AMO-miR-21 in combination with cytarabine enhanced the
sensitivity to cytarabine and promoted cytarabine-induced
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Figure 4. Functional enrichment of candidate DEGs. Genes involved in the candidate miRNA-mRNA network were considered as candidate targets and their
functional enrichment was analyzed. (A) Histogram of the top 20 most-enriched GO terms of candidate DEGs. (B) A hierarchical clustering tree summarizes
the association between significant GO terms. GO terms shared by a high percentage of gene members are clustered together. The size of the dots indicates
the significance of the P-value. (C) Ten genes (CCL2, SOX9, SLC8AIL, ICAMI1, CXCLI10, SIPR2, FGFRI, OVOL2, MITF and CARDI0) were simultane-
ously involved in seven GO pathways, including regulation of ‘cell migration’, ‘regulation of locomotion’, ‘regulation of cellular component movement’, ‘cell
migration’, ‘locomotion’, ‘cell motility’, and ‘localization of cell’. A network cluster analysis of protein-protein interaction was performed using the STRING
software. (D) An interactive graph revealed the association between enriched GO terms. Two terms (nodes) are connected if they share 220% of gene members.
Darker nodes represent more significantly enriched gene terms. Larger nodes represent larger gene sets. Thicker edges represent more overlapped genes.
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Table II. Top 20 most-enriched GO pathways involved in the development of cytarabine resistance in HL60 cells.

Enrichment Fold

GO ID FDR enrichment GO pathway mRNA

GO0O:0071456  0.001178771  18.33655084  Cellular response ICAM1 PMAIPI CYBB SLCSAI PSMB9
to hypoxia

GO0:0036294 0.001178771  17.54618227  Cellular response to ICAM1 PMAIPI CYBB SLCS8AI PSMB9
decreased oxygen levels

GO:0071356  0.001178771  13.09613175  Cellular response to BIRC3 ICAMI CCL2 CD70 AIM2
tumor necrosis factor

GO0:0031667 0.003377186  9.21671159  Response to nutrient CPS1 ICAMI1 PMAIPI CYBB CXCLIO SLCS8AI
levels

GO0:0030334 0.001169267 7.745545153  Regulation of cell FGFRI ICAMI CARDIO CCL2 SOX9 CXCLI0
migration SLCSAI MITF SIPR2

GO:0040012  0.001169267 6.938717532  Regulation of FGFRI ICAMI CARDIO CCL2 SOX9 CXCLIO0
locomotion SLCSAI MITF SIPR2

GO0:0019221 0.001551712  6.749370836  Cytokine-mediated BIRC3 ICAMI CCL2 ILIORA CD70 AIM2
signaling pathway CXCLIO PSMB9

GO:0051270  0.001169267  6.709968603  Regulation of cellular FGFRI ICAMI1 CARDIO CCL2 SOX9 CXCLIO
component movement SLC8AI MITF SIPR2
GO:0071345 0.001169267  6.22433377  Cellular response to BIRC3 ICAMI CCL2 ILIORA SOX9 CD70
cytokine stimulus PTPNI14 AIM2 CXCLIO PSMB9
GO0:0034097 0.001169267  5.798738299  Response to cytokine BIRC3 ICAM1 CCL2 ILIORA SOX9 CD70
PTPNI14 AIM2 CXCLI1I0 PSMB9

GO:0016477  0.00133677  5.120395328  Cell migration FGFRI ICAMI CARDIO CCL2 SOX9 OVOL2
CXCLIO SLC8AI MITF SIPR2
GO:0051707 0.001178771  4.799341602 Response to other CPSI BIRC3 ICAM1 CCL2 ILIORA PMAIPI
organism AIM2 PTX3 CYBB CXCLI0O PSMB9
GO0:0043207 0.001178771  4.796770985 Response to external CPS1 BIRC3 ICAMI CCL2 ILIORA PMAIPI
biotic stimulus AIM2 PTX3 CYBB CXCLI0 PSMB9
GO:0048870  0.002712992  4.584137709  Cell motility FGFRI ICAMI CARDIO CCL2 SOX9 OVOL2
CXCLIO SLC8AI MITF SIPR2
GO:0051674 0.002712992 4.584137709  Localization of cell FGFRI ICAMI1 CARDIO CCL2 SOX9 OVOL2
CXCLI0 SLC8AI MITF SIPR2
GO:0040011  0.00133677 451845178  Locomotion FGFRI ICAMI CARDIO CCL2 SPTBNI SOX9

OVOL2 CXCLIO SLC8AI MITF SIPR2

GO, Gene Ontology; FDR, false discovery rate.
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Figure 5. Comparison of the migration ability between HL60 and R-HL60 cells. HL60 and R-HL60 cells migrated to the lower chamber of a Transwell
chamber after incubation for 24 and 48 h, and were then collected and counted using a CCK-8 assay. R-HL60 cells had a higher migration ability than parental
HL60 cells. Data are presented as the mean + standard deviation of three independent experiments. "P<0.05 indicated a statistically significant difference
compared with HL60 cells.
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Table III. Integration of miRNA-mRNA pairs involved in the regulation of cell migration behavior or ability during the develop-

ment of cytarabine resistance in HL60 cells.

miRNA Up/Down mRNA Up/Down GO pathway

hsa-miR-1-3p Down CCL2,S0X9,SLCS8AI Up * Regulation of cell migration

hsa-miR-155-5p CCL2,ICAM1 ¢ Regulation of locomotion

hsa-miR-1255b-5p ICAM1 * Regulation of cellular component
movement

hsa-miR-200c-5p CXCLIO e Cell migration

hsa-miR-3609 * Locomotion

hsa-miR-1285-3p SIPR2,CXCLI0 ¢ Cell motility

hsa-miR-124-3p Up FGFRI,OVOL2, MITF Down ¢ Localization of cell

hsa-miR-146a-5p
hsa-miR-497a-5p
hsa-miR-3150a-3p

CARDI0

miRNA or miR, microRNA; GO, Gene Ontology; up, upregulated; down, downregulated.

apoptosis. These effects of AMO-miR-21 may be partially
due to upregulated PDCD4, a direct target of miR-21 (41). In
addition, miRNA-181a overexpressed in AML cells down-
regulated the expression of ataxia telangiectasia mutated
(ATM), a DNA damage response protein. Thus, DNA damage
could not be repaired by ATM, leading to uncontrolled
growth and drug resistance in AML cells (42). However, it is
considered that comparing drug-resistant cells with parental
cells would reveal the actual mechanisms of drug resistance
more effectively than studying chemotherapy sensitivity on
parental cells alone.

Unlike solid cancers, which gradually acquire motility,
leukemia has inherent cell motility ability as leukocytes
that move throughout the vascular system. The precise loca-
tion of leukemia origin is often unknown, which has led to
controversy about whether leukemia should be considered
a metastatic disease (1). Even so, widespread organotropic
dissemination is a common feature of liquid and solid
cancers. It was revealed that high-dose cytarabine treatment
inhibited the migratory ability of the C1498 AML cell line
and that of the MLL-AF9 oncogene-induced AML mouse
model (27,43). However, proliferative C1498 cells could
restore migratory ability after relapse (27). Although the
association between migration ability and chemotherapy
resistance is complex and not yet clarified, modulation of
migration ability is considered as a possible therapeutic
target in refractory AML (27).

The lack of validation in other drug-resistant cell lines
and clinical specimens is a limitation of the present study.
However, the study revealed the possible mechanisms
underlying the regulation of cell migration ability during the
development of cytarabine resistance in HL60 cells. This may
assist in the development of targeted therapies for modulating
cell migration in refractory AML.
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