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Abstract

Chemotherapy resistance is a major obstacle in cancer therapy, and identifying novel druggable targets to reverse this phe-
nomenon is essential. The exosome-mediated transmittance of drug resistance has been shown in various cancer models
including ovarian and prostate cancer models. In this study, we aimed to investigate the role of exosomal miRNA transfer
in chronic myeloid leukemia drug resistance. For this purpose, firstly exosomes were isolated from imatinib sensitive (K562S)
and resistant (K562R) chronic myeloid leukemia (CML) cells and named as Sexo and Rexo, respectively. Then, miRNA
microarray was used to compare miRNA profiles of K562S, K562R, Sexo, Rexo, and Rexo-treated K562S cells. According to
our results, miR-125b-5p and miR-99a-5p exhibited increased expression in resistant cells, their exosomes, and Rexo-treated
sensitive cells compared to their sensitive counterparts. On the other hand, miR-210-3p and miR-193b-3p were determined
to be the two miRNAs which exhibited decreased expression profile in resistant cells and their exosomes compared to their
sensitive counterparts. Gene targets, signaling pathways, and enrichment analysis were performed for these miRNAs by Tar-
getScan, KEGG, and DAVID. Potential interactions between gene candidates at the protein level were analyzed via STRING
and Cytoscape software. Our findings revealed CCRS5, GRK2, EDNI, ARRBI, P2RY2, LAMC2, PAK3, PAK4, and GIT2 as
novel gene targets that may play roles in exosomal imatinib resistance transfer as well as mTOR, STAT3, MCL1, LAMCI, and
KRAS which are already linked to imatinib resistance. MDRI mRNA exhibited higher expression in Rexo compared to Sexo
as well as in K562S cells treated with Rexo compared to K562S cells which may suggest exosomal transfer of MDRI mRNA.
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Introduction Chemotherapy resistance is one of the obstacles in can-
cer therapy, and exosomal miRNAs have been investigated

Exosomes are extracellular vesicles that are released into  as key molecules that confer drug resistance (Taghvimi

the extracellular space and transfer a wide variety of bio-
components such as DNAs, circRNAs, mRNAs, proteins,
and miRNAs to other cells (Ratajczak et al. 2006; Simons
and Raposo 2009; Lee et al. 2011; Fischer et al. 2016).
Exosomes act as active signaling molecules between cancer
cells and surrounding cells in the tumor microenvironment
through the cargo they carry (Dai et al. 2020). miRNAs
constitute an important component of the genetic cargo
carried by exosomes. Recent findings have revealed that
miRNAs released from exosomes during malignant trans-
formation differ and changes in specific signaling path-
ways during carcinogenesis are mediated by the miRNAs
released by cancer cells (Palma et al. 2012; Yi et al. 2020).

Extended author information available on the last page of the article

Published online: 25 June 2024

et al. 2022). The transmittance of exosomal miRNAs has
been reported in cisplatin resistance in gastric and breast
cancers (Wang et al. 2019; Jing et al. 2022); gefitinib
resistance in lung cancer (Jing et al. 2018); 5-FU resist-
ance in colon cancer (Akao et al. 2014); and tamoxifen,
adriamycin, and docetaxel resistance in breast cancer
(Chen et al. 2014; Wei et al. 2014).

Another malignancy that is chemoresistant to therapy is
chronic myeloid leukemia which is cancer of the bone mar-
row attributed to the constitutively active BCR-ABL onco-
gene. The success of the first-line therapy option BCR-ABL
inhibitor imatinib has been opposed with drug resistance that
occurs due to both intrinsic and extrinsic factors including
ABL-kinase region mutations, BCR-ABL gene amplification/
overexpression, clonal evolution, the presence of CML stem
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cells, the overexpression of MDR1 (multidrug resistance pro-
tein 1), and decreased drug bioavailability (Apperley 2007).
Recent studies have reported that exosomes and exoso-
mal miRNAs may also play roles in the development of
malignant behavior and imatinib resistance in CML (Zhu
et al. 2014; Raimondo et al. 2015; Hrdinova et al. 2021).
Exosomal transfer of BCR-ABLI mRNA from malignant
cells to normal hematopoietic mononuclear cells was
reported to induce leukemic malignancy (Zhu et al. 2014)
whereas in another study exosomes derived from LAMAS84
chronic myeloid leukemia cells were shown to induce the
proliferation and survival of tumor cells both in vitro and
in vivo (Raimondo et al. 2015). LAMAS84 cell line-derived
exosomes were also used in other studies which reported
exosomal miR-126 as a mediator of communication
between human umbilical vein endothelial cells (Taverna
et al. 2014) and increased IL8 expression and tumor growth
in CML cells by exosomes (Corrado et al. 2014). Another
study analyzing the effects of CML derived exosomes on
human umbilical vein endothelial cells revealed that the
expression of ICAM-1 and VCAM-1 cell adhesion mole-
cules and angiogenesis were increased (Taverna et al. 2012).
When we searched for studies investigating the role of exo-
somal miRNAs in CML and drug-resistant CML, miRNAs
originating from K562 and K562 cell exosomes were ana-
lyzed in a study conducted in 2013, and the findings revealed
the presence of differentially expressed miRNAs (Feng et al.
2013). On the other hand in another study, the expression of
exosomal miRNAs from sensitive and resistant K562 cells
was compared and miR-365, which was found as the most
abundant exosomal miRNA in resistant cells was analyzed in
sensitive cells treated with exosomes from resistant cells (Min
et al. 2018). In this study, the difference in exosomal miRNA
expression between resistant and sensitive CML cells was ana-
lyzed, and the role of the most abundant miRNA was studied.
Unlike this study and in light of all related literature, we aimed
to identify miRNAs involved in exosomal resistance transfer
via a different approach by analyzing the miRNA profiles of
imatinib-resistant and sensitive K562 cells, exosomes derived
from them, and imatinib sensitive K562 cells treated with
resistant cell exosomes via microarray. Our study also revealed
novel interacting genes and proteins of identified significantly
differently expressed miRNAs by computational methods.

Materials and methods
Chemicals
RPMI 1640 medium, fetal bovine serum (FBS), penicil-

lin—streptomycin, and I-glutamine solutions were obtained
from Gibco (Thermo-Fisher Scientific Inc., MO, USA).
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Primary antibodies for TSG-101, Alix, and TAPA were
obtained from ATLAS; MDRI1 and calnexin were obtained
from Cell Signaling (Danvers, MA, USA); and secondary
anti-rabbit Ig G-HRP and anti-mouse Ig G-HRP antibodies
were obtained from Cell Signaling (Danvers, MA, USA).
Imatinib was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The loading buffer for the West-
ern blot was obtained from New England Biolabs (Beverly,
MA, USA). TRIzol was obtained from Invtirogen Biotech-
nology (Invitrogen, Carlsbad, USA). High Pure RNA Kkit,
Transcriptor High Fidelity cDNA Synthesis Kit, and SYBR
Green PCR Master Mix were obtained from Roche (Man-
nheim, Germany).

Cell culture

K562S and K562R cells were cultured in RPMI-1640
medium supplemented with 10% FBS (fetal bovine serum),
100 U/ml penicillin, and 100 pg/ml streptomycin in an
atmosphere of 95% air-5% CO, at 37 °C. Exosome-free
FBS was used in all studies. K562R cells were obtained
from Prof. Carlo Gambacorti-Passerini, and their resistance
to imatinib was increased up to 5 pM by incubating cells
with increasing doses of imatinib. K562S cells were cul-
tured in parallel with K562R cells without treatment with
imatinib. In our past studies, we reported the genotypic and
phenotypic characteristics of imatinib sensitive and resistant
cells (Hekmatshoar et al. 2018, 2023). The administration of
imatinib to resistant cells was discontinued two weeks before
the start of the experiments to avoid any cytotoxic effects.

Isolation and characterization of exosomes

Exosomes were isolated from the medium of K562S and
K562R cells (Fig. 1-1) according to the procedure of the
miRCURY exosome isolation kit. Briefly, 10 ml volume
of cell supernatant without cell debris was mixed with
exosome precipitation solution. The tube was placed
in the refrigerator at 4 °C and incubated for 1 h. After
incubation, miRCURY/supernatant mixture was centri-
fuged at 3200 x g for 30 min. At the end of centrifuga-
tion, the exosomes appeared as white pellets at the bot-
tom of the tube. Exosomal pellets were resuspended in
sterile distilled water for particle analysis by Zeta Sizer
Nano ZS (Malvern Instruments, Worcestershire, UK) at
25 °C (Sezgin-BayindirAntep and Yuksel, 2015). Protein
content of exosomes was determined after the exosomes
were lysed with lysis buffer. The proteins were analyzed
using the steps mentioned below for characterization of
the exosomes. Exosomes obtained from K562S and K562R
cells were named Sexo and Rexo, respectively (Fig. 1-1).

Cellular and exosomal proteins were isolated using the
lysis buffer (Active Motif Lysis Buffer AM1) of the protein
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Fig. 1 Schematic workflow of the methodology. 1 Exosome isolation, characterization and labeling. 2 Microrarray analysis of cellular and exo-
somal miRNAs and subsequent bioinformatic analysis are presented as a schematic workflow. Figure is created with BioRender

isolation kit in accordance with the manufacturer’s pro-
tocol. The protein concentration was determined by the
Bradford method using a spectrophotometer. Proteins
were separated via electrophoresis on a 10% SDS poly-
acrylamide gel and transferred to polyvinylidene difluoride
(PVDF) membranes. After 1.5 h of blocking with 5% milk
powder in PBS (phosphate buffered saline), the mem-
branes were incubated with anti-calnexin, anti-Tsg101,
and anti-TAPAI1 primary antibodies at 4 °C overnight and
washed for 30 min with PBS-Tween solution. The next day,
the membranes were incubated with an HRP-conjugated
secondary antibody for 1 h at room temperature. After
incubation and washing, the membranes were visualized
under a CCD camera system using enhanced chemilumi-
nescence (ECL) kit (Fig. 1-1).

Labeling exosomes and incubation of cells
with labeled exosomes

After isolation, the exosomes were incubated with
Vybrant™ DiO dye (Fig. 1-1) which enables the follow-up
of exosomes entering the cell via fluorescence microscopy
and flow cytometry. Briefly, the following steps were fol-
lowed. Exosomes were diluted with 100 pl of PBS. 5 pl/
ml DiO dye was added to the pellet, and after mixing well,
the mixture was stirred for 30 min and incubated at room
temperature. After incubation, the cells were washed with
1 ml of PBS and after the washing step, the mixture was

centrifuged at 3000 g for 30 min. The pellet was then
diluted with 50 pl of PBS. Unstained exosomes were used
as controls for flow cytometry analysis (Accuri C6) (Koc
et al. 2018) and fluorescence microscopy.

RNA extraction and microarray

RNA was isolated from different exosomes and cell prepa-
rations using total exosomal RNA, and a miRNA isolation
kits in accordance with the manufacturer’s instructions
(Fig. 1-2). The RNA was quantified spectrophotometri-
cally and its quality was analyzed using an Agilent 2100
Bioanalyzer. To characterize the miRNA expression pro-
files of exosomes and exosome-treated cells and to detect
differences in the expression profiles of the cells, a miRNA
microarray was performed. In this sense, miRNAs from
K562S, K562R, Sexo, Rexo, and K562S + Rexo were
labeled using an exosomal RNA Flash Tag RNA labeling
kit in accordance with the recommendations of the Affym-
etrix manufacturer. Next, cells were washed under standard
conditions using an Affymetrix Fluidics Station 450 and
a hybridization oven 640. Affymetrix Gene Array 3000
scanner was used to process the images, and Affymetrix
miRNA QC Tool software was used to analyze the raw data
files of the samples. The Affymetrix Gene Chip miRNA
3.0 Array included 19,724 probes and 1733 human adult
miRNAs (Fig. 1-2). Pairwise comparisons of groups were
made to exclude miRNAs with less than two fold changes.
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Bioinformatic analysis
Target gene analysis

TargetScan was used to identify miRNA targets. For selected
miRNAs, target genes were also analyzed with KEGG (the
Kyoto Encyclopedia of Genes and Genomes) database, and
predominant biological pathways were determined for the
selected miRNAs (Fig. 1-2).

Functional network establishment of miRNA target hub
gene candidates

The functions of the overlapped differentially
expressed (DE) miRNAs were identified by enrichment
analysis on KEGG and GO pathways using the Database
for Annotation, Visualization and Integrated Discovery
v6.8 (DAVID) (https://david.ncifcrf.gov) which is a
widely used well-grounded program that has different
annotation tools to picture biological functions of pro-
teins or genes. Gene ontology (GO) annotation includes
three categories among which are biological process
(BP), cellular component (CC), and molecular function
(MF) that are used to demonstrate links between the
gene and function. Pathway screening and significant
functionality were determined by using the cut-off value
which was set to p < 0.05.

miRNA-gene network construction and prognostic analysis

Three prominent programs were used to predict DE miRNA
target genes among which were TargetScan (Lewis, Burge
& Bartel, 2005) and miRDB (Wong & Wang, 2015) which
possess known and validated miRNA interactions. The
genes that were predicted by these two programs were cho-
sen as DE miRNA targets and enabled the construction of a
miRNA-gene network. MCODE, CytoHubba, and miRNA-
gene networks were collectively used for identification of
hub genes.

PPI network construction and app analysis

Predictions of interactions at the protein level between gene
candidates were uncovered by using the Search Tool for
the Retrieval of Interacting Genes database (version 10.0,
http://string-db.org). Significance was adopted as a com-
bined score of > 0.9 (high confidence score). Construction
of PPI network was achieved by Cytoscape software (ver-
sion 3.8.2, http://www.cytoscape.org/). PPI network mod-
ules were analyzed by another application, The Molecular
Complex Detection (MCODE) app (Bandettini et al. 2012).
Cut-off criteria was determined as MCODE scores >3 and
the number of nodes > 5 with the default parameters (degree
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cut-off =2, node score cut-off =0.2, k-score =2, and max.
depth =100). In addition, exploration of PPI network hub
genes was made possible by CytoHubba, a Cytoscape plugin
which has a user-friendly interface to discover crucial nodes
in biological networks. Its computation uses 11 methods
including MCC which successfully performs in the PPI net-
work (Chin et al. 2014). Gene module pathway enrichment
analysis was made by DAVID.

Determination of specific gene expressions
by real-time PCR

RNA extraction from cell pellets and exosomes was per-
formed by using TRIzol (Invitrogen) as described by the
manufacturer. The expression of the MDRI and MCLI
mRNAs were determined. 1000 ng of RNA from each sam-
ple was converted to cDNA by Transcriptor High Fidelity
cDNA Synthesis Kit (Roche) by following the protocol of
the manufacturer. SYBR Green PCR Master Mix (Roche)
was used for quantitative real-time RT-PCR which was per-
formed on LC480 device. HPRT (hypoxanthine phosphori-
bosyl transferase) (Zand et al. 2024) was used as a house-
keeping gene to detect mRNA expression in each sample.
The cycling conditions were 10 min at 95 °C, 30 s at 95 °C,
30 s at the annealing temperature, and 30 s at 72 °C. PCR
products were separated and visualized via 2% agarose gel
electrophoresis (Karabay et al. 2024). Agarose gel and melt
curve analysis were used to test whether the correct PCR
products were amplified.

Cell viability assays and IC50 calculations

The effect of imatinib on K562S, K562S + Rexo and K562R
cells was determined with an MTT (methyl thiazole tetrazo-
lium) assay. Briefly, cells were seeded and incubated with
0.037-40 pM imatinib for 48 h. 20 pl of MTT (0.5 mg/ml)
solution was added to each well for incubation at 37 °C for
4 h (Ozkan et al. 2021). After the incubation period, the
formazan crystals were dissolved in a solubilizing agent, and
absorbance at 550 nm was measured. Untreated cells served
as controls, and their viability was set to 100%. The viability
of treatment groups was calculated accordingly. The IC50
of imatinib was calculated with GraphPad Prism software.

Statistical methods and calculations

Statistical analyses of the biological data which was in
triplicate were conducted using GraphPad. A paired #-test
was used to compare two datasets. The data is shown as the
mean + SD. Normality was verified using the Shapiro—Wilk
or Kolmogorov—Smirnov test. Based on the normality of
the data, comparisons between two groups were carried out
using the 7-test. Microarray data was analyzed as duplicate.
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Specific databases were used for bioinformatic analyses,
and data with P <0.05 were considered to be statistically
significant.

Results

Characterization of exosomes by western blot
and particle size analysis

Western blot results showed that negative exosomal marker
calnexin was expressed in cells and but not in exosomes.
The positive exosomal markers Alix, TSG101, and TAPA1
(CDS81) were detected in the exosomal protein lysate which
enabled confirmation of exosome isolation (Fig. 2A). In
addition, it has been shown that Rexo, which originates
from K562R cells, expresses very high levels of MDRI1,
an important mediator of drug resistance whereas K562S
cells and their exosomes exhibit undetectable levels of this
protein. These results supported the successful isolation of
exosomes (Fig. 2A). Particle size analysis of the exosomes
obtained from the Sexo and Rexo groups showed that they
had exosomal characteristics (Fig. 2B, C).

Labeling exosomes with DiO for cellular uptake
Next, we confirmed the uptake of Rexo by K562S cells with
fluorescence microscopy and flow cytometry. K562S cells

incubated with DiO stained Rexo for 48 h were success-
fully visualized under a fluorescent microsope. The figure
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-
4

Fig.2 Characterization of exosomes via western blotting and particle
size analysis. A Positive and negative exosomal markers in K5628S,
K562R cells, Sexo, and Rexo by western blot. Representative parti-

shows that the fluorescently labeled exosomes entered the
cell (Fig. 3A). Uptake of DiO labeled exosomes by K562S
cells was also confirmed by increased fluorescence intensity
observed via flow cytometry (Fig. 3B).

Microarray analysis of miRNAs in K562S, K562R
cells, Sexo, Rexo, and K562S + Rexo

We carried out microarray analysis of miRNAs in K5628,
K562R, K562S + Rexo, Sexo, and Rexo. The data obtained
from microarray analysis of miRNAs from K562S and
K562R cells revealed that 207 miRNAs were differentially
expressed between these two groups. Among the differen-
tially expressed miRNAs, 11 miRNAs exhibited signifi-
cantly increased expression in K562R cells compared with
K5628 cells, while the remaining 196 miRNAs exhibited
significantly decreased expression in K562R cells (at least
2.0-fold change) (Fig. 4A).

Microarray analysis of Sexo and Rexo miRNAs revealed
that 228 miRNAs were differentially expressed between
these two groups. Among the differentially expressed
miRNAs, 35 miRNAs exhibited increased expression in
the Rexo group compared to the Sexo group, while the
remaining 193 miRNAs exhibited decreased expression
in the Rexo group. A comparison of the miRNA profiles
between Rexo and Sexo is also illustrated by the hierarchi-
cal clustering plot (Fig. 4B).

A comparison of the miRNA profiles between Rexo-
treated K562S cells and K562S cells revealed that 224
miRNAs were differentially expressed between these two
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A K562S cells with DiO labelled Rexo

r
Fluorescent microscopic images

Light microscopic images

K562S cells without DiO labelled Rexo
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Light microscopic images
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Fluorescent microscopic images

B K562 cells without
DiO labelled Rexo

K562S cells with
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Count

Fig.3 Microscopic and flow cytometric analysis of K562S and
K562S +Rexo. A Fluorescence microscopic and light microscopic
images of K562S cells incubated with DiO labeled Rexo (both
white light and fluorescence were used to show the cells clearly with
labeled exosomes) are shown in the left panel. Fluorescent and light
microscopic images of K562S cells without labeled Rexo are shown

groups. Among the differentially expressed miRNAs, 33
miRNAs exhibited increased expression in K562S com-
pared to K562S + Rexo, while the remaining 191 miR-
NAs exhibited decreased expression in K562S compared
to K562S +Rexo. A comparison of the miRNA profiles of
K562S and K562S +Rexo is also shown by hierarchical
clustering plot (Fig. 4C). A summary of differentially and
commonly expressed miRNAs in all groups is also shown
with a Venn diagram (Fig. 4D).

When the three groups of differentially expressed
miRNAs, K562R vs K562S, Sexo vs Rexo, and K5628
vs K562S + Rexo were intersected, 28 mRNAs were
determined, and the results are given in Table 1 with fold
change values.
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on the right panel. The images show that the fluorescently labeled
exosomes entered the cells. B Representative flow cytometry plots of
K562S cells with or without DiO labeled Rexo. C Bar graph of the
percentage of K562S cells with or without DiO labeled Rexo. Uptake
of DiO labeled exosomes by K562S cells was confirmed by signifi-
cant (****P <(0.0001) increase in fluorescence intensity

Among these 28 miRNAs, miR-99a-5p and miR-125b-5p
were found as the most abundantly expressed two miRNAs
in resistant cells compared to sensitive cells with 22.96 and
20.92 fold expression changes, respectively. When we ana-
lyzed the expression of these two miRNAs in other groups,
we also found that they exhibited higher expression in Rexo
than in Sexo and in K562S + Rexo than in K5628S cells. The
expression levels of miR-99a-5p and miR-125b-5p were
found as 8.63-fold and 9.52-fold higher in Rexo than Sexo
and 5.91-fold and 4.63-fold higher in K562S + Rexo com-
pared to K5628S, respectively. Besides these two miRNAs
with increased expression, miR-210-3p and miR-193b-3p
were the only two miRNAs with decreased expression in the
groups expressed above. Volcano plots of all of the miRNAs



Naunyn-Schmiedeberg's Archives of Pharmacology

A

V_(miRNA-4_0.
W_(miRNA-4_...
N_(miRNA-4_0.

M_(miRNA-4_0...

13
Is.n

0.45
id

Condition
M K5625-Rexo
[WK5625

:
4

ata

miRNA-4_0...

(

D_(miRNA-4_0...
E_(miRNA-4_0
W_(miRNA-4_0...

V.

Fig.4 Heatmap plot and Venn diagram of cells. A Comparisons
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including miR-99a-5p, miR-125b-5p, miR-210-3p, and
miR-193b-3p can also be seen as volcano plot (Fig. 5). The
expression of miR-99a-5p and miR-125b-5p is representa-
tively shown in the plot (Fig. 5).

Functional enrichment analysis of differentially
expressed genes (DEGs)

When the three groups were compared, the miRNAs whose
expression increased or decreased in common in each group
were selected with Venn diagram (Fig. 4D). According to
the analysis results, the expression of two miRNAs miR-
99a-5p and miR-125b-5p increased in common in all three
groups, while the expression of two miRNAs miR-210-3p

0.35
b
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E
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ing heat map plots. D Venn diagram of common miRNAs is shown
by intersecting differentially expressed miRNAs between S vs
R, Sexo vs Rexo and K5628S vs Rexo-treated K562S groups

and miR-193b-3p decreased in common in all three groups.
The target genes of these 4 selected miRNAs were predicted
by the mirDB program. Based on these estimations, a total
of 972 target genes were found for miRNAs with increased
expression and 417 target genes were found for miRNAs
with decreased expression.

The potential target genes of these 4 miRNAs, which are
thought to be responsible for drug resistance transmission,
were subjected to GO and KEGG pathway analyses, and
Cytoscape software was used to construct a possible func-
tional protein—protein interaction (PPI) network.

It has been found that miRNAs with increased expres-
sion play a role in a total of 7 pathways, among which is the
MAPK signaling pathway with 5 genes for miR-99a-5p and
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Table 1 List of 28 mi RNAs K562R vs K5625 Rexo vs Sexo K5625+Rexo vs K5625
with expression fold changes miRNA (Fold change) (Fold change) (Fold change)
found in th§ intersection set in < hsamiR-99a5p > 22.96 8,63 5,91
the Venn diagram < amR135b 5 2092 9,52 463
<__hsa-miR-210-3p " ~> -3,39 -3,25 -2,82
hsa-miR-4467 -4,96 -3.35 4,04
hsa-miR-3162-5p -4,69 =3,59 2,36
hsa-miR-3196 2,03 -2,1 3,04
hsa-miR-4516 -2,06 2,24 4,02
hsa-miR-4763-3p -2,52 -2,01 3,16
hsa-miR-4649-Sp -4,62 -2,87 391
hsa-miR-2861 -2,04 -2,6 2,41
hsa-miR-7845-5p -2,97 2,16 3,06
< hsamiR-193b-36-> -2,53 20,8 -2,57
hsa-miR-3135b -4,22 -3,49 4,26
hsa-miR-6800-5p -2,27 -2,84 3,28
hsa-miR-7108-Sp -2,09 3,23 2,83
hsa-miR-3937 -2,38 -2,84 394
hsa-miR-5001-5p -3,15 -2,58 2,84
hsa-miR-4651 -2,86 -2,85 4,45
hsa-miR-1227-Sp -2,64 -2,87 2,73
hsa-miR-6790-Sp -2,82 -2,69 348
hsa-miR-4663 -2,74 2,39 -2,85
hsa-miR-4507 -2,43 2,2 6,69
hsa-miR-3940-S5p -2,15 -3,54 2,75
hsa-miR-937-5p -2,16 -2,3 5.66
hsa-miR-6726-5p =2,5 +2,35 87
hsa-miR-3921 -2,2 312 -2,68
hsa-miR-1587 -2,56 -3,02 9.4
hsa-miR-7-1-3p -2,2 3,37 2,19
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Fig.5 Volcano plots of differentially expressed miRNAs in the
groups. A Sexo vs Rexo (the miRNAs in the Sexo and Rexo groups
are depicted as green and red dots respectively). B K562S vs K562R
(miRNAs of the K562S and K562R groups are depicted as green

and red dots respectively). C K562S +Rexo vs K562S (miRNAs
of K562S +Rexo and K562S groups are depicted as green and red
dots, respectively). Two upregulated miRNAs, miR-99a-5p and miR-
125b-5p, are representatively shown with blue arrows in each plot
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23 genes for miR-125b-5p. In addition to the MAPK sign-
aling pathway, endocytosis (19 genes), signaling pathways
regulating the pluripotency of stem cells (15 genes), HIF-1
signaling pathway (12 genes), and the phosphatidylinositol
signaling system (10 genes) were found as interacting path-
ways (Fig. 6A).

According to the pathway analyzes of the target genes
of miR-210-3p and miR-193b-3p whose expression was
decreased, the pathway in which the genes were most
enriched was pathways in cancer (19 genes). The other
pathways in which the genes were enriched are PI3K-
Akt signaling pathway (15 genes), Ras signaling pathway
(13), Wnt signaling pathway (10 genes), transcriptional
misregulation in cancer (10 genes), ErbB signaling path-
way (9 genes), FoxO signaling pathway (9 genes), acute
myeloid leukemia (7 genes), and chronic myeloid leukemia
(7 genes) (Fig. 7A).

GO enrichment analysis

GO enrichment analysis, including biological process,
molecular function, and cellular component, was performed
with DAVID software to comprehensively investigate the
biological functions of the target genes.

Target genes of the miRNAs with increased expression
exhibited increased enrichment in the analysis of the bio-
logical processes especially transcription, DNA-templated
(125 genes) and protein phosphorylation (33 genes) in BP,
cell junction (36 genes), and postsynaptic density (20 genes)
in CC. In MF, it was found to be enriched in ATP binding
(97 genes) and protein serine/threonine kinase activity (30
genes). Other enriching processes are shown in Fig. 6B.

The target genes of the miRNAs with decreased expres-
sion were enriched in the transcription, DNA-templated (57
genes) in the BP category, the Golgi membrane (24 genes) in
the CC category and DNA binding (48 genes), transcription

KEGG

hsa04150:mTOR signaling pathway

hsa04070:Phosphatidylinositol signaling system

hsa04066:HIF-1 signaling pathway

hsa04910:Insulin signaling pathway

hsa04550:Signaling pathways regulating pluripotency of stem cells

hsa04144:Endocytosis

G0:0045499~chemorepellent activity
GO0:0004672~protein kinase activity
G0:0004674~protein serine/threonine kinase activity
G0:0005524~ATP binding

T T T 1
10 15 20

Count

O -
3, ]

GO terms

. Molecular function
Cellular component

[ Biological process

G0:0044322~endoplasmic reticulum quality control compartment:
G0:0014069~postsynaptic density

G0:0030054~cell junction

G0:1904380~endoplasmic reticulum mannose trimming
G0:0097192~extrinsic apoptotic signaling pathway in absence of ligand
G0:0008630~intrinsic apoptotic signaling pathway in response to DNA damage:
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Fig.6 KEGG and GO enrichment analysis of highly expressed miR-
NAs. A KEGG pathway analysis of the 2 miRNAs with increased
expression (miR-99a-5p, miR-125b-5p). The P significance val-
ues of KEGG pathway analyses were 0.0388, 0.0066, 0.0141,
0.0057, 0.0433, and 0.0195, respectively, for pathways between
hsa04144:Endocytosis and hsa04150:mTOR signaling pathway.
B GO analysis of the 2 miRNAs with increased expression (miR-
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99a-5p, miR-125b-5p). The corrected p value of less than 0.05
revealed the pathways in which the genes were most enriched. P sig-
nificance values of GO terms were 0.0031, 0.0340, 0.0105, 0.0084,
0.0062, 0.0115, 0.0059, 0.0016, 0.0227, 0.0064, 0.0141, 0.0233, and
0.0100, respectively, for pathways between BP GO:0006351 ~ tran-
scription, DNA-templated and MF GO:0045499 ~ chemorepellent
activity
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Fig.7 KEGG and GO enrichment analysis of lowly expressed miR-
NAs. A KEGG pathway analysis of the 2 miRNAs with decreased
expression (miR-210-3p, miR-193b-3p). P significance values of
KEGG pathway analyses were 0.0049, 0.0323, 0.0068, 0.0051,
0.0167, 0.0135, 0.0019, and 0.0067, respectively, for pathways
between hsa05200:Pathways in cancer and hsa05220:Chronic
myeloid leukemia. B GO analysis of the 2 miRNAs with decreased

factor activity, and sequence-specific DNA binding (35
genes) in the MF category (Fig. 7B).

Screen modules and the top 10 hub genes of the PPI
network via Cytoscape software

To evaluate the PPI information, we analyzed the target
genes of the selected miRNAs via the use of the STRING
database. According to the profile obtained from the
STRING tool, the PPI network of target genes of miRNAs
with increased expression contained 956 nodes and 274
edges, and the PPI enrichment p value was 0.00151. The
highest number of modules was selected using the MCODE
plugin, as the PPI network contains a large number of nodes
and interactions.

Next, the modules of the PPI network were scanned by
the Cytoscape software (version 3.7.1) plugin Molecular
Complex Detection (MCODE) with the following default
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expression (miR-210-3p, miR-193b-3p). The corrected p value of
less than 0.05 revealed the pathways in which the genes were most
enriched. P significance values of GO terms were 0.0248, 0.0066,
0.0027, 0.0212, 0.0034, 0.0115, 0.0423, 0.0140, and 0.0058, respec-
tively, for pathways between BP GO:0006351 ~ transcription, DNA-
templated, and MF GO:0004702 ~receptor signaling protein serine/
threonine kinase activity

parameters: degree cut-off =2, node score cut-off =0.2,
k-score=2, and max. depth=100. In this study, criteria of
11 modules were determined with MCODE scores > 3 nodes
(Table 2). The PPI network of target genes of increased miR-
NAs contained 414 nodes and 117 edges, and the PPI enrich-
ment p value is 0.0092.

Based on the highest degree of linkage, the top
10 genes were selected as target hub genes using the
Cytoscape plugin CytoHubba. The ten genes with the
highest ranking scores (CCR5, GRK2, EDNI, ARRBI,
P2RY2, PPP2CA, PPP2R5C, MTOR, STAT3, and MCLI)
stood out as target hub genes of miRNAs whose expres-
sion increased by applying CytoHubba add-on. These
10 genes (Fig. 8) are involved in chemokine signaling
pathway, HIF-1 signaling pathway, PI3K-Akt signaling
pathway, AMPK signaling pathway, microRNAs in can-
cer, and endocytosis pathways.
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Table 2 Determination of
criteria of 11 modules with
MCODE (molecular complex
detection) scores >3 nodes
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Target hub genes of upregulated miRNAs
Nodes

Edges Node Ids
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W O W W O W W AN A

3

CCRS5, ARRBI, GRK2, P2RY2, EDN1

PPP3CA, PPP1R9B, PPP2R5C, PPP2CA

LPCAT4, LCLAT1, MBOAT2, CDS2

UBE2W, UBE2R2, UBE2G1

PIP4K2B, PIK3RS, PI4K2B

TRAF6, UBE2L3, BMPR2, SMURF1, ITCH, BMPR1B, CER1
RAP1A, RAP1B, GAB2

ENPP1, UCK2, ENTPD1

RYBP, SUV39H1, E2F3, E2F2, PCGF6, BAP1, CBX7
MED20, CCNC, CDK19

DICER1, PRKRA, AGO2

Target hub genes of downregulated miRNAs
Nodes

Edges Node Ids

10

3
3

LAMC2, LAMC1, PAK3, PAK4, GIT2
AP2M1, KCNQ5, CLTC
ACVRIB, INHBB, ACVR2A

Based on the highest degree of association in target hub
genes of miRNAs with decreased expression, the top 10
genes were found to be LAMC2, PAK3, PAK4, LAMCI,
GIT2, KRAS, PIK3RI, UBA52, NCORI, and BDNF
(Fig. 9). The target hub genes of the miRNAs whose
expression decreased were involved in the focal adhesion,
ErbB signaling pathway, regulation of actin cytoskeleton,

Fig.8 Protein—protein interac-
tion (PPI) analysis and target
PPI hub gene module of miR-

NAs with increased expression.

The first 10 genes of the MMC
method were chosen using
CytoHubba plugin. A more
forward ranking is represented
by a redder color

J

Ras signaling pathway, PI3K-Akt signaling pathway, and
pathways in cancer pathways.

Verification of miRNAs by identifying the expression
of their target genes via RT-PCR

The expression of the target mRNAs of miR-193b-3p was
determined via RT-PCR for miRNA verification. According
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¥

Y
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Fig.9 Protein—protein interac-
tion (PPI) analysis and target
PPI hub gene module of miR-
NAs with decreased expression.
The first 10 genes of the MMC
method were chosen using
CytoHubba plugin. The more
forward ranking is represented
by a redder color

to TargetScan, ABCBI (MDR]I) is a predicted mRNA tar-
get of miR-193b-3p. In addition, overexpression of miR-
125b-5p and miR-99a-5p was reported to accompany
increased MDRI in cisplatin resistant ovarian cancer cell
lines (Kazmierczak et al. 2022). However, downregulation
of miR-210-3p was reported to increase renal cell carcinoma
chemotherapy resistance and high MDR1 expression (Li
et al. 2018). In addition to MDR1, MCLI was reported to
be a predicted and an experimental target of miR-193b-3p
by TargetScan. It was shown that the expression of MCLI
is downregulated by overexpressed miR-193b-3p (Braconi
et al. 2010; Chen et al. 2010a; Mao et al. 2014). Moreo-
ver, when miRNA-gene interaction database TarBase was
searched by searching for validation of interactions between
“hsa-miR-193b-3p” and “MCL1” and “hsa-miR-193b-3p”
and “ABCB1 (MDR1)” using https://dianalab.e-ce.uth.gr/
tarbasev9/interactions link, we found that hsa-miR-193b-3p
targets and downregulates MCL1 (Chen et al. 2010a;
Skalsky et al. 2012; Whisnant et al. 2013; Balakrishnan
et al. 2014; Boudreau et al. 2014; Erhard et al. 2014; Yu
et al. 2015; Gillen et al. 2016; Krell et al. 2016; Gay et al.
2018; Nowakowski et al. 2018; Liu and Wang 2019) and
MDRI1 (Boudreau et al. 2014) in multiple cell lines. The
interactions provided from TarBase are also given as Sup-
plementary data. In light of all these findings, we intended

@ Springer

to analyze the changes in the expression of the MDRI and
MCLI genes in our samples. miR-125b-5p also targets
MCLI to suppress its activity yet we found increased MCL1
expression which may result from the contrary effects of
different miRNAs or biological components (Jia et al. 2012).
Our findings revealed that the expression of both MDR/ and
MCLI was higher in resistant cells, in Rexo and in Rexo-
treated sensitive cells than in K5628S cells, Sexo, and K562S
cells, respectively, which supported the findings in the litera-
ture (Fig. 10A, B). The gene expression changes we obtained
are consistent with those of previously reported gene targets
of miR-193b-3p. In addition, our results suggest the trans-
port of MDRI to sensitive leukemia cells by exosomes from
resistant leukemia cells.

Determination of IC50 of imatinib in K5628S,
K562S + Rexo, and K562R cells

We characterized the phenotypic and genotypic features of
the K562S and K562R cells that we used in this study in
our previous studies. Our past findings revealed that fac-
tors such as suppression of apoptosis, increased autophagy,
and increased MDRI gene expression play a role in the
development of imatinib resistance, while no change was
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Fig. 10 Changes in the expression of MDRI and MCLI genes and
the target regions of genes for hsa-miR-193b-5p. A MDR1 mRNA
expression in K5628S, K562R, Sexo, Rexo, and K562S +Rexo. MDR1
mRNA expression was found as significantly different between Sexo
vs. Rexo (P=0.0004), S vs. R (P=0.0005), and S vs. S+Rexo
(P=0.0003). B MCL1 mRNA expression in K562S, K562R, Sexo,
Rexo, and K562S +Rexo. MDR1 mRNA expression was found as
significantly different between Sexo vs. Rexo (P=0.0262), S vs. R
(P=0.0015), and S vs. S+Rexo (P=0.0003). C Position of genes
and predicted pairing of target gene and miRNA sequences, accord-
ing to TargetScan. For MCLI1, TargetScan link was https://www.

detected in Ber-Abl gene expression (Hekmatshoar et al.
2018, 2023).

In the present study, we determined the IC50s of
imatinib in K562S, K562S + Rexo, and K562R cells as
0.969 pM, 1.422 pM, and 27.97 pM, respectively (Fig. 11
B, D, F). Our results revealed that Rexo treatment of
K562S cells increased the IC50 of imatinib. However, this
increase was still much lower than the IC50 of imatinib
in K562R cells. This finding may support the increase
in MDR1 gene expression, which increased with Rexo
treatment but did not reach the level in resistant cells. In
Fig. 11A, C, E, cell morphology can be seen in sensitive
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targetscan.org/cgi-bin/targetscan/vert_80/view_gene.cgi?rs=ENS
T00000369026.2&taxid=9606&members=miR-193-3p&showcn
c=0&shownc=0&showncf1=&showncf2=&subset=1; for MDRI
(ABCB1), TargetScan link was: https://www.targetscan.org/cgi-bin/
targetscan/vert_80/viewA_gene.cgi?rs=ENST00000265724.3 &taxid
=9606&members=miR-193-3p&showcnc=0&shownc=0&shownc_
nc=&showncfl=&showncf2=&subset=1;bin/targetscan/vert_80/
view_gene.cgi?rs = ENST00000265724.3&taxid = 9606 &mem-
bers = miR-193-3p&showecnc = 0&shownc = O&shownc_
nc = &showncf1 = &shownef2 = &subset =1

and resistant cells with or without imatinib (0.6 uM for
K562S; 20 pM imatinib for K562R) treatment for 48 h.

Discussion

In this study, we determined that a large number of miR-
NAs are expressed significantly different between K562R
and K562S cells and between Rexo and Sexo. In a previ-
ous study, the miRNA profiles of imatinib-resistant and
imatinib-sensitive K562 cell-derived exosomes were com-
pared, and the miRNA with the most significant fold change
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Fig. 11 Microscopy images of K562S, K562S+Rexo and K562R
cells upon imatinib exposure and IC50 graphs for imatinib. A Repre-
sentative microscopy image of K562S cells with or without imatinib
(0.6 pM). B Effect of different concentrations of imatinib and cal-
culation of its IC50 in K562S cells. C Representative microscopy

was determined to be miR-365 which was also shown to
be transferred to sensitive cells via exosomes (Min et al.
2018). In the same study, 6 miRNAs that showed signifi-
cant decreases in resistant cells compared to sensitive cells
exhibited similar expression changes in our study. On the
other hand, one of the commonly found miRNAs, and miR-
629-5p exhibited decreased expression in Rexo in our study
contrary to the findings of this study (Min et al. 2018). Apart
from these miRNAs, no common miRNAs were found in
our study.

According to our data, intersecting differentially
expressed miRNAs between K562S and K562R cells, their
exosomes and K5628S cells and K562S cells treated with
Rexo revealed 28 commonly expressed miRNAs. Among
these miRNAs, miR-99a-5p and miR-125b-5p exhibited
increased expression in resistant profile. On the other hand,
miR-210-3p and miR-193b-3p were found as the only two
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image of K562S +Rexo with or without imatinib (0.6 pM). D Effect
of different concentrations of imatinib and calculation of its IC50 in
K562S +Rexo. E Representative microscopy image of K562R with
or without imatinib (20 pM). F Effect of different concentrations of
imatinib and calculation of its IC50 in K562R

miRNAs with decreased expression in resistant profiles
among these 28 miRNAs. Three of these miRNAs have
been reported in the literature for their association with leu-
kemogenesis and therapy response. However, their role in
exosomal transfer of resistance profile has not been reported
before, and we reveal their involvement in exosomal resist-
ance transfer for the first time.

In the literature, increased expression of miR-99a-5p was
reported in nonmuscle invasive bladder cancer (Kaba et al.
2023), cisplatin-resistant esophageal cancer cells (Pandey
et al. 2023), topotecan resistant ovarian cancer cell lines
(Stasiak et al. 2022), cisplatin resistant ovarian cancer cell
lines (Kazmierczak et al. 2022), diffuse large B-cell lym-
phoma with chemotherapy resistance (Feng et al. 2019),
and signet-ring cell carcinoma, a histological subtype of
gastric cancer (Saito et al. 2020). In parallel with these
studies, it has been shown that exosomal miR-99a-5p is
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elevated in the serum of ovarian cancer patients and pro-
motes cancer cell invasion by increasing fibronectin and vit-
ronectin expression in adjacent peritoneal mesothelial cells
(Yoshimura et al. 2018). On the contrary, some studies have
reported decreased expression of this miRNA in cancer. Its
expression has been shown to decrease in head and neck
squamous cell carcinoma (Chen et al. 2018), doxorubicin-
resistant breast cancer cells (Garrido-Cano et al. 2022), oral
squamous cell carcinoma (Sun and Yan 2021), and breast
cancer tissues (Garrido-Cano et al. 2020). Its overexpres-
sion has been found to reduce human oral carcinoma cell
proliferation (Shi et al. 2017), and breast cancer progression
(Qin and Liu 2019) and its downregulation were reported
to mediate bladder cancer formation (Liu et al. 2019b).
All these findings reveal mixed functions for miR-99a-5p
some of which reveal tumor suppressor activity whereas
others indicate oncogenic functions. This discrepancy may
stemmed from different sample sources of miRNAs or dis-
tinct cancer types.

In leukemia, miR-99a upregulation was reported to
be associated with stemness of acute myeloid leukemia
cells and to be correlated with leukemia progression and
worse overall survival. It was also reported that miR-99a
was upregulated in imatinib-resistant K562 cells and that
its ectopic expression induced leukemic cell survival after
exposure to chemotherapeutic agents (Si et al. 2016). Our
findings of high miR-99a-5p expression in drug-resistant
K562 cells and their exosomes support and contribute to
these findings by demonstrating the exosomal transfer of
miR-99a in imatinib resistance of CML for the first time.

The other highly expressed miRNA that we detected in
resistant cells and their exosomes was miR-125b-5p. Both
tumor promoting and tumor suppressing activities of miR-
125b-5p have been reported in the literature. miR-125b-5p
was reported to increase in different cancers including breast
cancer (Incoronato et al. 2019), lung adenocarcinoma (Zey-
bek et al. 2019), multiple myeloma (Jiang et al. 2018), cis-
platin and sorafenib-resistant cancers (Hirao et al. 2021;
Tan et al. 2022; Roska et al. 2023), and diffuse large B-cell
lymphoma (Feng et al. 2019). Its overexpression was shown
to be associated with inflammation induced colon cancer
(Abramczyk et al. 2023) whereas its exosomal delivery from
cancer associated fibroblasts was reported to induce the
metastasis and invasion of pancreatic cancer (Guo, Li and
Sun, 2023). In addition, silencing miR-125b-5p was reported
to inhibit the malignant behaviors of nasopharyngeal carci-
noma cells (Peng et al. 2020). On the other hand, in a num-
ber of other studies, miR-125b-5p was linked to tumor sup-
pressor activity. Its upregulation was reported to be linked to
decreased ovarian tumor growth (Liu et al. 2019a), reversal
of colon cancer drug resistance (ParkJeong and Kim, 2020,
Shi et al. 2020), and increased tamoxifen sensitivity of breast
cancer cells (Li et al. 2019) and suppression of growth in

different types of cancers (Guo et al. 2019, Liu Chen and
Wang, 2020, Huang et al. 2022, Pan et al. 2023, Tan et al.
2023).

Most importantly, when we checked the literature find-
ings for the involvement of miR-125b in leukemia, miR-
125b overexpression was reported to accelerate the onco-
genic nature of the BCR-ABL oncoprotein as a trigger to
induce primary lymphoid or myeloid leukemia and was
therefore to be considered a therapy target (Bousquet et al.
2010). In parallel with the findings of this study and with
the literature findings which associate oncogenic activity
and chemotherapy resistance with miR-125b-5p, we found
increased expression of this miRNA in resistant cells and
their exosomes which may support possible exosomal trans-
portation to mediate imatinib resistance.

Considering the groups we compared, two miRNAs,
miR-210-3p and miR-193b-3p, exhibited decreased expres-
sion in the resistance profile. In the literature, increased
miR-210-3p expression was reported in pancreatic cancer
(Qu et al. 2017), small-cell lung cancer (Han et al. 2020),
and breast cancer (Gong et al. 2020) whereas miR-210-3p
was postulated to be a hypoxia induced miRNA in breast
cancer, lung cancer, and glioblastoma (Gong et al. 2020;
Liu et al. 2021; Arora et al. 2022). Oncogenic activity has
been reported for this miRNA in the progression of lung and
endometrial carcinoma (Han et al. 2020; Dai et al. 2022). On
the other hand, in a study, it was reported that the desired
pathological response was achieved with high expression of
miR-210-3p in breast cancer (Lisencu et al. 2022). These
studies collectively reported the different activities of miR-
210-3p in different cancer types. In contrast to our findings
of decreased exosomal expression of miR-210-3p in imatinib
resistance, exosomal miR-210-3p was shown to be upregu-
lated in osimertinib-resistant non-small-cell lung cancer cell
lines (Hisakane et al. 2021).

In addition to miR-210-3p, we detected decreased expres-
sion of miR-193b-3p in resistant cells, their exosomes, and
sensitive cells treated with Rexo. Our findings support the
literature data which reports 4.4-fold significant down-
regulation of miR-193b-5p expression in imatinib-resistant
CML patients compared to patients who respond to imatinib
(Ramachandran et al. 2017). Various studies have reported
the tumor suppressor activity of miR-193b-3p in different
cancer types including melanoma, breast cancer, epidermal
squamous cell carcinoma, lung cancer, and gastric cancer
(Li Yan and Shao, 2009, Chen et al. 2010a; Gastaldi et al.
2014; Song et al. 2018; Choi et al. 2019). On the other hand,
differently from our findings pointing out decreased expres-
sion in resistance, miR-193b-3p was reported to be enriched
in exosomes of cisplatin resistant seminoma cells (Wang
et al. 2022).

Another striking finding we determined was higher
MDRI and MCLI gene expression in exosomes derived
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from imatinib resistant cells as well as Rexo-treated K562S
cells compared to K562S cells, revealing that MDRI is an
important mediator of drug resistance and is transferred
from sensitive cells to resistant cells. Our results support the
findings of previous reports of in vitro exosomal transfer of
MDRI/P-gp mRNA and protein from doxorubicin resistant
human osteosarcoma (Torreggiani et al. 2016), docetaxel
resistant prostate cancer (Corcoran et al. 2012), and breast
cancer (Lv et al. 2014) cells to their sensitive counterparts
as well as in vivo data showing intercellular transfer of P-gp
in tumor cells (Levchenko et al. 2005).

In the literature, the role of MDRI1 in the response to
imatinib in CML patients has been investigated in various
studies. In one of the studies, lower MDRI mRNA levels
were reported in patients who showed an optimal response
to the drug compared to patients who did not show an
optimal response and showed resistance (Bedewy et al.
2019). In another study, patients with a high fold increase
in MDRI gene expression were found to be less prone to
early and major molecular response, and it was suggested
that fold changes in MDRI mRNA could be used to deter-
mine imatinib response. Additionally, progression to blast
crisis and the emergence of mutations have been reported in
patients exhibiting high MDRI (Eadie et al. 2017). Acceler-
ated phase (AP) and blastic crisis (BC) CML patients were
reported to express higher MDRI expression compared to
chronic phase (CP) CML patients supporting these findings
(Solali et al. 2013). In another study, secondary imatinib
resistance was linked with high MDR1 expression (Zhang
et al. 2009). On the other hand, it has been reported that 6
and 12 months of imatinib treatment did not create a signifi-
cant difference in MDRI levels in different cell populations
of CML patients between pre-treatment and post-treatment.
Researchers stated that the observation time and number of
patients in their study were limited, but they still reported
that a significant number of patients were able to respond
optimally despite having high MDRI levels (Razga et al.
2011). Similarly, in another study, MDRI mRNA expres-
sion was not shown to be correlated with molecular response
in CML patients. However, it was stated that the findings
obtained in this study should be confirmed with a larger
number of patients (Malhotra et al. 2015).

In the literature, multiple studies on cell lines have shown
that continuous imatinib exposure leads to an increase in MDRI
expression and imatinib resistance (Tang et al. 2011, Kosztyu
et al. 2014, Eadie et al. 2016, Hekmatshoar et al. 2018).

Besides MDR1, MCL1 was extensively studied in can-
cer and overexpression, and amplification of MCLI, a Bcl-2
family member anti-apoptotic protein, has been linked with
poor prognosis in various solid (Maroufi et al. 2020) and
hematological cancers including AML and lymphoma (Wei
et al. 2020; Wang et al. 2021). In a study, it was reported that
MCLI was expressed in all CML patient samples studied,
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regardless of the phase of CML disease, and that immune-
reactive MCL1 exhibited higher expression in bone marrow
mononuclear cells of CML patients than in normal bone
marrow. In the same study, the CML cell line K562 was also
used, and it was reported that MCL1 blockade increased
the imatinib response in both sensitive and resistant cells
(Aichberger et al. 2005).

In parallel with these results, in a study using cell lines
and CML samples, the combined treatment of imatinib and
563845, a MCL1 inhibitor, was reported to exhibit apop-
totic effects on primary human CD34 + CML stem/progeni-
tor cells and sensitive and resistant cell lines. Since these
stem/progenitor cells are mainly responsible for the emer-
gence of therapy resistance after long-term tyrosine kinase
inhibitor treatment, combinational therapy of MCL1 inhibi-
tion and TKIs may aid in reversal of resistance (Malyukova
et al. 2021). On the other hand, in another study conducted
on chronic phase CML patients, no correlation was found
between MCLI level and assessment of prognosis, but
researchers suggested that the role of MCL1 in the develop-
ment of drug resistance should be further examined with
other studies using more samples (Darojat et al. 2023).

Collectively, data from various clinical and cell line stud-
ies suggest that MDRI and MCLI may play an active role
in chemotherapy response and imatinib resistance and our
findings may suggest the involvement of these genes in exo-
somal resistance transfer.

In addition, we used various bioinformatic tools to analyze
the interacting genes and protein interaction networks of the
discovered miRNAs. STRING analysis of the PPI network and
determination of target hub genes using Cytoscape revealed
ten genes with the highest ranking scores for each set of miR-
NAs with increased or decreased expression. Among these
genes, MTOR (Burchert et al. 2005), STAT3, MCLI (Bewry
et al. 2008), LAMCI (Zhang et al. 2022), and KRAS (Agar-
wal et al. 2007) have been reported to play roles in imatinib
resistance in chronic myeloid leukemia in parallel with our
findings. Other genes such as CCR5, GRK2, EDNI, ARRBI,
P2RY2, PPP2CA, PPP2R5C, LAMC2, PAK3, PAK4, LAMCI,
GIT2, PIK3RI1, UBA52, NCORI, and BDNF may be revealed
as novel genes related to imatinib resistance. We also found
that these genes are involved in the PI3K-Akt signaling path-
way, microRNAs in cancer, Ras signaling pathway, and cancer
pathways which collectively take part in the progression of
cancer and development of chemotherapy resistance.

Taken together, our results reveal that the transfer of miR-
NAs and MDRI via exosomes may serve as a mechanism of
imatinib resistance development in chronic myeloid leukemia.
miR-210-3p, miR-193b-3p, miR-125b-5p, and miR-99a-5p
may be involved in the resistance processes by targeting dif-
ferent signaling events and genes, and targeting these miR-
NAs may be examined as a therapeutic strategy to overcome
imatinib resistance.



Naunyn-Schmiedeberg's Archives of Pharmacology

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00210-024-03198-1.

Acknowledgements We thank Assoc. Prof. Zerrin Sezgin Bayindir
from Ankara University Faculty of Pharmacy, Department of Phar-
maceutical Technology, and research assistant Stimeyye Celik from
Ankara Medipol University, Department of Pharmaceutical Technol-
ogy, for performing the nanotracking measurements.

Author contribution Arzu Z. Karabay: project administration, con-
ceptualization, methodology, data curation, formal analysis, writ-
ing—original draft, and writing—review and editing. Tulin Ozkan:
conceptualization, methodology, data curation, conceptualization, for-
mal analysis, and writing—review and editing. Aynur Karadag Gurel,
Asli Koc, Fugen Aktan, Zeliha Buyukbingol, and Asuman Sunguroglu:
methodology and writing—review and editing. Yalda Hekmatshoar:
methodology, data curation, and writing—review and editing. The
authors declare that all data were generated in-house and that no paper
mill was used.

Funding Open access funding provided by the Scientific and Tech-
nological Research Council of Tiirkiye (TUBITAK). This study was
supported by the Scientific and Technological Research Council of
Turkiye (TUBITAK 1001 Project no. 115Z400).

Data availability Data supporting the findings of this study are avail-
able to readers upon reasonable request.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abramczyk J, Milkiewicz M, Hula B, Milkiewicz P, Kempinska-
Podhorodecka A (2023) The role of hsamiR-125b-5p inter-
action with S1P/Ceramide Axis in the potential development
of inflammation-associated coloncancer in primary sclerosing
cholangitis. Int J Mol Sci 24(11):9175

Agarwal A, Eide CA, Harlow A, Tyner JW, Mauro MJ, Corless CL,
Heinrich MC, Druker BJ, Deininger MW (2007) An activating
KRAS mutation in imatinib resistant chronic myeloid leuke-
mia. Blood 110:1006

Aichberger KJ, Mayerhofer M, Krauth MT, Skvara H, Florian S,
Sonneck K, Akgul C, Derdak S, Pickl WF, Wacheck V, Selzer
E, Monia BP, Moriggl R, Valent P, Sillaber C (2005) Identi-
fication of mcl-1 as a BCR/ABL-dependent target in chronic
myeloid leukemia (CML): evidence for cooperative antileuke-
mic effects of imatinib and mcl-1 antisense oligonucleotides.
Blood 105:3303-3311

Akao Y, Khoo F, Kumazaki M, Shinohara H, Miki K, Yamada N
(2014) Extracellular disposal of tumor-suppressor miRs-145
and -34a via microvesicles and 5-FU resistance of human colon
cancer cells. Int J Mol Sci 15:1392-1401

Apperley JF (2007) Part I: mechanisms of resistance to imatinib in
chronic myeloid leukaemia. Lancet Oncol 8:1018-1029

Arora L, Patra D, Roy S, Nanda S, Singh N, Verma AK, Pal D (2024)
Hypoxia-induced miR-210-3p expression in lung adenocar-
cinoma potentiates tumor development by regulating CCL2
mediated monocyteinfiltration. Mol Oncol 18(5):1278-1300

Balakrishnan I, Yang X, Brown J, Ramakrishnan A, Torok-Storb B,
Kabos P, Hesselberth JR, Pillai MM (2014) Genome-wide analy-
sis of miRNA-mRNA interactions in marrow stromal cells. Stem
Cells 32:662-673

Bandettini WP, Kellman P, Mancini C, Booker OJ, Vasu S, Leung SW,
Arai AE (2012) MultiContrast Delayed Enhancement (MCODE)
improves detection of subendocardial myocardial infarction by
lategadolinium enhancement cardiovascular magnetic resonance:
a clinical validation study. Journal of Cardiovascular Magnetic
Resonance 14:1-10

Bedewy AML, Elmaghraby SM, Kandil NS (2019) ABCB1 and BMI1
mRNA expression in patients with chronic myeloid leukemia:
impact on imatinib efficacy. Blood Res 54:57-62

Bewry NN, Nair RR, Emmons MF, Boulware D, Pinilla-Ibarz J, Hazle-
hurst LA (2008) Stat3 contributes to resistance toward BCR-ABL
inhibitors in a bone marrow microenvironment model of drug
resistance. Mol Cancer Ther 7:3169-3175

Boudreau RL, Jiang P, Gilmore BL, Spengler RM, Tirabassi R, Nelson
JA, Ross CA, Xing Y, Davidson BL (2014) Transcriptome-wide
discovery of microRNA binding sites in human brain. Neuron
81:294-305

Bousquet M, Harris MH, Zhou B, Lodish HF (2010) Micro-
RNA miR-125b causes leukemia. Proc Natl Acad Sci U S A
107:21558-21563

Braconi C, Valeri N, Gasparini P, Huang N, Taccioli C, Nuovo G,
Suzuki T, Croce CM, Patel T (2010) Hepatitis C virus proteins
modulate microRNA expression and chemosensitivity in malig-
nant hepatocytes. Clin Cancer Res 16:957-966

Burchert A, Wang Y, Cai D, von Bubnoff N, Paschka P, Miiller-Briis-
selbach S, Ottmann OG, Duyster J, Hochhaus A, Neubauer A
(2005) Compensatory PI3-kinase/Akt/mTor activation regulates
imatinib resistance development. Leukemia 19:1774-1782

Chen J, Feilotter HE, Paré GC, Zhang X, Pemberton JG, Garady C,
Lai D, Yang X, Tron VA (2010a) MicroRNA-193b represses cell
proliferation and regulates cyclin D1 in melanoma. Am J Pathol
176:2520-2529

Chen WX, Liu XM, Lv MM, Chen L, Zhao JH, Zhong SL, Ji MH, Hu
Q, Luo Z, Wu JZ, Tang JH (2014) Exosomes from drug-resist-
ant breast cancer cells transmit chemoresistance by a horizontal
transfer of microRNAs. PLoS ONE 9:¢95240

Chen YT, Yao JN, Qin YT, Hu K, Wu F, Fang YY (2018) Biological
role and clinical value of miR-99a-5p in head and neck squamous
cell carcinoma (HNSCC): a bioinformatics-based study. FEBS
Open Bio 8:1280-1298

Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY (2014) cyto-
Hubba: identifying hub objects and sub-networks from complex
interactome. BMC Sys Biol 8:1-7

Choi KH, Shin CH, Lee W1J, Ji H, Kim HH (2019) Dual-strand tumor
suppressor miR-193b-3p and -5p inhibit malignant phenotypes
of lung cancer by suppressing their common targets. Biosci Rep
39(7):BSR20190634

Corcoran C, Rani S, O’Brien K, O’Neill A, Prencipe M, Sheikh R,
Webb G, McDermott R, Watson W, Crown J, O’Driscoll L
(2012) Docetaxel-resistance in prostate cancer: evaluating asso-
ciated phenotypic changes and potential for resistance transfer
via exosomes. PLoS ONE 7:¢50999

@ Springer


https://doi.org/10.1007/s00210-024-03198-1
http://creativecommons.org/licenses/by/4.0/

Naunyn-Schmiedeberg's Archives of Pharmacology

Corrado C, Raimondo S, Saieva L, Flugy AM, De Leo G, Alessandro R
(2014) Exosome-mediated crosstalk between chronic myelogenous
leukemia cells and human bone marrow stromal cells triggers an inter-
leukin 8-dependent survival of leukemia cells. Cancer Lett 348:71-76

Dai J, Su Y, Zhong S, Cong L, Liu B, Yang J, Tao Y, He Z, Chen C,
Jiang Y (2020) Exosomes: key players in cancer and potential
therapeutic strategy. Signal Transduct Target Ther 5:145

Dai Z, Luo H, Chen J, Li L (2022) MiR-210-3p accelerates tumor-
relevant cell functions of endometrial carcinoma by repressing
RUNXITI. Mutat Res 825:111793

Darojat K, Wijaya I, Bashari MH (2023) Myeloid cell leukemia-1
(MCL-1) and its correlation with the prognostic scoring system
in chronic myeloid leukemia. Available at SSRN 4478492

Eadie LN, Hughes TP, White DL (2016) ABCB1 Overexpression Is a
Key Initiator of Resistance to Tyrosine Kinase Inhibitors in CML
Cell Lines. PLoS ONE 11:e0161470

Eadie LN, Dang P, Saunders VA, Yeung DT, Osborn MP, Grigg
AP, Hughes TP, White DL (2017) The clinical significance of
ABCBI1 overexpression in predicting outcome of CML patients
undergoing first-line imatinib treatment. Leukemia 31:75-82

Erhard F, Haas J, Lieber D, Malterer G, Jaskiewicz L, Zavolan M,
Dolken L, Zimmer R (2014) Widespread context dependency of
microRNA-mediated regulation. Genome Res 24:906-919

Feng DQ, Huang B, LiJ, Liu J, Chen XM, Xu YM, Chen X, Zhang HB,
Hu LH, Wang XZ (2013) Selective miRNA expression profile
in chronic myeloid leukemia K562 cell-derived exosomes. Asian
Pac J Cancer Prev 14:7501-7508

Feng Y, Zhong M, Zeng S, Wang L, Liu P, Xiao X, Liu Y (2019)
Exosome-derived miRNAs as predictive biomarkers for diffuse
large B-cell lymphoma chemotherapy resistance. Epigenomics
11:35-51

Fischer S, Cornils K, Speiseder T, Badbaran A, Reimer R, Indenbirken
D, Grundhoft A, Brunswig-Spickenheier B, Alawi M, Lange C
(2016) Indication of horizontal DNA gene transfer by extracel-
lular vesicles. PLoS ONE 11:e0163665

Garrido-Cano I, Adam-Artigues A, Lameirinhas A, Blandez JF,
Candela-Noguera V, Rojo F, Zazo S, Madoz-Gurpide J, Lluch
A, Bermejo B, Sancenén F, Cejalvo JM, Martinez-Mafez R,
Eroles P (2022) miR-99a-5p modulates doxorubicin resistance
via the COX-2/ABCG?2 axis in triple-negative breast cancer:
from the discovery to in vivo studies. Cancer Commun (lond)
42:1412-1416

Garrido-Cano I, Constancio V, Adam-Artigues A, Lameirinhas A,
Simén S, Ortega B, Martinez MT, Hernando C, Bermejo B,
Lluch A, Lopes P, Henrique R, Jerénimo C, Cejalvo JM, Eroles
P (2020) Circulating miR-99a-5p expression in plasma: a poten-
tial biomarker for early diagnosis of breast cancer. Int J] Mol
Sci 21(19):7427

Gastaldi C, Bertero T, Xu N, Bourget-Ponzio I, Lebrigand K, Fourre S,
Popa A, Cardot-Leccia N, Meneguzzi G, Sonkoly E (2014) miR-
193b/365a cluster controls progression of epidermal squamous
cell carcinoma. Carcinogenesis 35:1110-1120

Gay LA, Sethuraman S, Thomas M, Turner PC, Renne R (2018)
Modified Cross-Linking, Ligation, and Sequencing of Hybrids
(qCLASH) Identifies Kaposi’s sarcoma-associated herpesvirus
microRNA targets in endothelial cells. J Virol 92(8):10-1128

Gillen AE, Yamamoto TM, Kline E, Hesselberth JR, Kabos P (2016)
Improvements to the HITS-CLIP protocol eliminate widespread
mispriming artifacts. BMC Genomics 17:338

Gong PJ, Shao YC, Huang SR, Zeng YF, Yuan XN, Xu JJ, Yin WN,
Wei L, Zhang JW (2020) Hypoxia-associated prognostic markers
and competing endogenous rna co-expression networks in breast
cancer. Front Oncol 10:579868

Guo YN, Dong H, Ma FC, Huang JJ, Liang KZ, Peng JL, Chen G,
Wei KL (2019) The clinicopathological significance of decreased
miR-125b-5p in hepatocellular carcinoma: evidence based on

@ Springer

RT-qPCR, microRNA-microarray, and microRNA-sequencing.
Int J Clin Exp Pathol 12:21-39

Guo Y, Li H, Sun C (2023) Exosomal miR-125b-5p derived from
cancer-associated fibroblasts promotes the growth, migration,
and invasion of pancreatic cancer cells by decreasing adeno-
matous polyposis coli (APC) expression. J Gastrointest Oncol
14:1064-1076

Han D, Li L, Ge X, Li D, Zhang X (2020) MicroRNA expression inte-
grated analysis and identification of novel biomarkers in small cell
lung cancer: a meta-analysis. Transl Cancer Res 9:3339-3353

Hekmatshoar Y, Karadag Gurel A, Ozkan T, Rahbar Saadat Y, Koc A,
Karabay AZ, Bozkurt S, Sunguroglu A (2023) Phenotypic and
functional characterization of subpopulation of Imatinib resistant
chronic myeloid leukemia cell line. Adv Med Sci 68:238-248

Hekmatshoar Y, Ozkan T, Altinok Giines B, Bozkurt S, Karadag A,
Karabay A, Sunguroglu A (2018) Characterization of imatinib-
resistant K562 cell line displaying resistance mechanisms. Cell
Mol Biol 64(6)

Hirao A, Sato Y, Tanaka H, Nishida K, Tomonari T, Hirata M, Bando
M, Kida Y, Tanaka T, Kawaguchi T, Wada H, Taniguchi T, Oka-
moto K, Miyamoto H, Muguruma N, Tanahashi T, Takayama T
(2021) MiR-125b-5p is involved in sorafenib resistance through
ataxin-1-mediated epithelial-mesenchymal transition in hepato-
cellular carcinoma. Cancers (Basel) 13

Hisakane K, Seike M, Sugano T, Yoshikawa A, Matsuda K, Takano
N, Takahashi S, Noro R, Gemma A (2021) Exosome-derived
miR-210 involved in resistance to osimertinib and epithelial-
mesenchymal transition in EGFR mutant non-small cell lung
cancer cells. Thorac Cancer 12:1690-1698

Hrdinova T, Toman O, Dresler J, Klimentova J, Salovska B, Pajer
P, Bartos O, Polivkova V, Linhartova J, Machova Polakova K,
Kabickova H, Brodska B, Krijt M, Zivny J, Vyoral D, Petrak J
(2021) Exosomes released by imatinib-resistant K562 cells con-
tain specific membrane markers, IFITM3, CD146 and CD36 and
increase the survival of imatinib-sensitive cells in the presence
of imatinib. Int J Oncol 58:238-250

Huang Z, Shen H, Deng H, Sun L, Qii B (2022) MiR-125b-5 sup-
presses ovarian cancer cell migration and invasion by targeted
downregulation of CD147. Nan Fang Yi Ke Da Xue Xue Bao
42:1389-1396

Incoronato M, Grimaldi AM, Mirabelli P, Cavaliere C, Parente CA,
Franzese M, Staibano S, Ilardi G, Russo D, Soricelli A, Catalano
OA, Salvatore M (2019) Circulating miRNAs in untreated breast
cancer: an exploratory multimodality morpho-functional study.
Cancers 11(6):876

Jia HY, Wang YX, Yan WT, Li HY, Tian YZ, Wang SM, Zhao HL
(2012) MicroRNA-125b functions as a tumor suppressor in hepa-
tocellular carcinoma cells. Int J Mol Sci 13:8762-8774

Jiang Y, Luan Y, Chang H, Chen G (2018) The diagnostic and prognos-
tic value of plasma microRNA-125b-5p in patients with multiple
myeloma. Oncol Lett 16:4001-4007

Jing C, Cao H, Qin X, Yu S, Wu J, Wang Z, Ma R, Feng J (2018)
Exosome-mediated gefitinib resistance in lung cancer HCC827
cells via delivery of miR-21. Oncol Lett 15:9811-9817

Jing X, Xie M, Ding K, Xu T, Fang Y, Ma P, Shu Y (2022) Exosome-
transmitted miR-769-5p confers cisplatin resistance and progres-
sion in gastric cancer by targeting CASP9 and promoting the
ubiquitination degradation of p53. Clin Transl Med 12:¢780

Kaba M, Piring¢i N, Demir M, Kaba S, Oztuzcu S, Verep S (2023) The
relationship between microRNAs and bladder cancer: are micro-
RNA s useful to predict bladder cancer in suspicious patients? Int
Urol Nephrol 55(10):2483-2491

Karabay AZ, Ozkan T, Koc A, Hekmatshoar Y, Gurkan-Alp AS, Sun-
guroglu A (2024) Nilotinib exhibits less toxicity than imatinib
and influences the immune state by modulating iNOS, p-p38



Naunyn-Schmiedeberg's Archives of Pharmacology

and p-JNK in LPS/IFN gamma-activated macrophages. Toxicol
in Vitro 95:105754

Kazmierczak D, Jopek K, Sterzynska K, Nowicki M, Rucinski M,
Januchowski R (2022) The profile of microRNA expression and
potential role in the regulation of drug-resistant genes in cispl-
atin- and paclitaxel-resistant ovarian cancer cell lines. Int J Mol
Sci 23(1):526

Koc A, Ozkan T, Hekmatshoar Y, Gurkan-Alp AS, Aktan F, Buyuk-
bingol Z, Sunguroglu A, Buyukbingol E, Karabay AZ (2018)
Apoptotic effects of some tetrahydronaphthalene derivatives on
K562 human chronic myelogenous leukemia cell line. Anticancer
Agents Med Chem 17:1924-1930

Kosztyu P, Bukvova R, Dolezel P, Mlejnek P (2014) Resistance to
daunorubicin, imatinib, or nilotinib depends on expression levels
of ABCB1 and ABCG?2 in human leukemia cells. Chem Biol
Interact 219:203-210

Krell J, Stebbing J, Carissimi C, Dabrowska AF, de Giorgio A, Framp-
ton AE, Harding V, Fulci V, Macino G, Colombo T, Castellano
L (2016) TP53 regulates miRNA association with AGO2 to
remodel the miRNA-mRNA interaction network. Genome Res
26:331-341

Lee TH, D’Asti E, Magnus N, Al-Nedawi K, Meehan B, Rak J (2011)
Microvesicles as mediators of intercellular communication in
cancer—the emerging science of cellular “debris.” Semin Immu-
nopathol 33:455-467

Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, often
flanked by adenosines, indicates that thousands of human genes
are microRNA targets. Cell 120(1):15-20

Levchenko A, Mehta BM, Niu X, Kang G, Villafania L, Way D, Poly-
carpe D, Sadelain M, Larson SM (2005) Intercellular transfer of
P-glycoprotein mediates acquired multidrug resistance in tumor
cells. Proc Natl Acad Sci U S A 102:1933-1938

Li X, Yan P, Shao Z (2009) Downregulation of miR-193b contributes
to enhance urokinase-type plasminogen activator (uPA) expres-
sion and tumor progression and invasion in human breast cancer.
Oncogene 28:3937-3948

Li S, Yang J, Wang J, Gao W, Ding Y, Ding Y, Jia Z (2018) Down-
regulation of miR-210-3p encourages chemotherapy resistance
of renal cell carcinoma via modulating ABCC1. Cell Biosci 8:9

Li F, Miao L, Xue T, Qin H, Mondal S, Thompson PR, Coonrod SA,
Liu X, Zhang X (2019) Inhibiting PAD2 enhances the anti-tumor
effect of docetaxel in tamoxifen-resistant breast cancer cells. J
Exp Clin Cancer Res 38:414

Lisencu LA, Roman A, Visan S, Bonci EA, Pasca A, Grigorescu E,
Mustea E, Cismaru A, Irimie A, Lisencu C, Balacescu L, Balac-
escu O, Tudoran O (2022) The role of miR-375-3p, miR-210-3p
and Let-7e-5p in the pathological response of breast cancer
patients to neoadjuvant therapy. Medicina (Kaunas) 58

Liu W, Wang X (2019) Prediction of functional microRNA targets by
integrative modeling of microRNA binding and target expression
data. Genome Biol 20:18

LiuJ, Zhang X, Huang Y, Zhang Q, Zhou J, Zhang X, Wang X (2019a)
miR-200b and miR-200c co-contribute to the cisplatin sensitiv-
ity of ovarian cancer cells by targeting DNA methyltransferases.
Oncol Lett 17:1453-1460

Liu Y, Li B, Yang X, Zhang C (2019b) MiR-99a-5p inhibits bladder
cancer cell proliferation by directly targeting mammalian tar-
get of rapamycin and predicts patient survival. J Cell Biochem
120:19330-19337

Liu S, Chen Q, Wang Y (2020) MiR-125b-5p suppresses the bladder
cancer progression via targeting HK2 and suppressing PI3K/
AKT pathway. Hum Cell 33:185-194

Liu H, Chen C, Zeng J, Zhao Z, Hu Q (2021) MicroRNA-210-3p is
transcriptionally upregulated by hypoxia induction and thus pro-
moting EMT and chemoresistance in glioma cells. PLoS ONE
16:¢0253522

Lv MM, Zhu XY, Chen WX, Zhong SL, Hu Q, Ma TF, Zhang J, Chen
L, Tang JH, Zhao JH (2014) Exosomes mediate drug resistance
transfer in MCF-7 breast cancer cells and a probable mechanism
is delivery of P-glycoprotein. Tumour Biol 35:10773-10779

Malhotra H, Sharma P, Malhotra B, Bhargava S, Jasuja S, Kumar M
(2015) Molecular response to imatinib & its correlation with
mRNA expression levels of imatinib influx & efflux transporters
in patients with chronic myeloid leukaemia in chronic phase.
Indian J Med Res 142:175-182

Malyukova A, Ujvari D, Yektaei-Karin E, Zovko A, Madapura HS,
Keszei M, Nagy N, Lotfi K, Bjorn N, Wallvik J, Tamai M,
Nguyen TTT, Akahane K, Inukai T, Stenke L, Salamon D (2021)
Combination of tyrosine kinase inhibitors and the MCLI inhibi-
tor S63845 exerts synergistic antitumorigenic effects on CML
cells. Cell Death Dis 12:875

Mao K, Zhang J, He C, Xu K, Liu J, Sun J, Wu G, Tan C, Zeng Y,
Wang J, Xiao Z (2014) Restoration of miR-193b sensitizes hepa-
titis B virus-associated hepatocellular carcinoma to sorafenib.
Cancer Lett 352:245-252

Maroufi NF, Vahedian V, Mazrakhondi SAM, Kooti W, Khiavy HA,
Bazzaz R, Ramezani F, Pirouzpanah SM, Ghorbani M, Akbar-
zadeh M, Hajipour H, Ghanbarzadeh S, Sabzichi M (2020) Sen-
sitization of MDA-MBA231 breast cancer cell to docetaxel by
myricetin loaded into biocompatible lipid nanoparticles via sub-
Gl cell cycle arrest mechanism. Naunyn Schmiedebergs Arch
Pharmacol 393:1-11

Min Q-H, Wang X-Z, Zhang J, Chen Q-G, Li S-Q, Liu X-Q, LiJ,
Liu J, Yang W-M, Jiang Y-H, Xu Y-M, Lin J, Gao Q-F, Sun
F, Zhang L, Huang B (2018) Exosomes derived from imatinib-
resistant chronic myeloid leukemia cells mediate a horizontal
transfer of drug-resistant trait by delivering miR-365. Exp Cell
Res 362:386-393

Nowakowski TJ, Rani N, Golkaram M, Zhou HR, Alvarado B, Huch
K, West JA, Leyrat A, Pollen AA, Kriegstein AR, Petzold LR,
Kosik KS (2018) Regulation of cell-type-specific transcriptomes
by microRNA networks during human brain development. Nat
Neurosci 21:1784-1792

Ozkan T, Hekmatshoar Y, Pamuk H, Ozcan M, Yaman G, Yagiz GC,
Akdemir C, Sunguroglu A (2021) Cytotoxic effect of 6-Shogaol
in Imatinib sensitive and resistant K562 cells. Mol Biol Rep
48:1625-1631

Palma J, Yaddanapudi SC, Pigati L, Havens MA, Jeong S, Weiner GA,
Weimer KM, Stern B, Hastings ML, Duelli DM (2012) MicroR-
NAs are exported from malignant cells in customized particles.
Nucleic Acids Res 40:9125-9138

Pan S, Zhou J, Yang W, Zhu W, Zhu T, Yang B, Tang X (2023) MiR-
125b-5p targets MTFP1 to inhibit cell proliferation, migration,
and invasion and facilitate cell apoptosis in endometrial carci-
noma. Mol Biotechnol 65:961-969

Pandey P, Suyal G, Aprajita PK, Sharma R (2023) NGS-based profil-
ing identifies miRNAs and pathways dysregulated in cisplatin-
resistant esophageal cancer cells. Funct Integr Genomics 23:111

Park GB, Jeong JY, Kim D (2020) Modified TLR-mediated downreg-
ulation of miR-125b-5p enhances CD248 (endosialin)-induced
metastasis and drug resistance in colorectal cancer cells. Mol
Carcinog 59:154-167

Peng Q, Zhang L, Li J, Wang W, Cai J, Ban Y, Zhou Y, Hu M, Mei
Y, Zeng Z, Li X, Xiong W, Li G, Tan Y, Xiang B, Yi M (2020)
FOXAI1 suppresses the growth, migration, and invasion of naso-
pharyngeal carcinoma cells through repressing miR-100-5p and
miR-125b-5p. J Cancer 11:2485-2495

Qin H, Liu W (2019) MicroRNA-99a-5p suppresses breast cancer
progression and cell-cycle pathway through downregulating
CDC25A. J Cell Physiol 234:3526-3537

Qu K, Zhang X, Lin T, Liu T, Wang Z, Liu S, Zhou L, Wei J, Chang
H, Li K, Wang Z, Liu C, Wu Z (2017) Circulating miRNA-21-5p

@ Springer



Naunyn-Schmiedeberg's Archives of Pharmacology

as a diagnostic biomarker for pancreatic cancer: evidence from
comprehensive miRNA expression profiling analysis and clinical
validation. Sci Rep 7:1692

Raimondo S, Saieva L, Corrado C, Fontana S, Flugy A, Rizzo A, De
Leo G, Alessandro R (2015) Chronic myeloid leukemia-derived
exosomes promote tumor growth through an autocrine mecha-
nism. Cell Commun Signal 13:8

Ramachandran SS, Muiwo P, Ahmad HM, Pandey RM, Singh S, Bakhshi
S, Kumar L, Bhattacharya A, Gupta YK (2017) miR-505-5p and
miR-193b-3p: potential biomarkers of imatinib response in patients
with chronic myeloid leukemia. Leuk Lymphoma 58:1981-1984

Ratajczak J, Wysoczynski M, Hayek F, Janowska-Wieczorek A, Rata-
jezak MZ (2006) Membrane-derived microvesicles: important
and underappreciated mediators of cell-to-cell communication.
Leukemia 20:1487-1495

Razga F, Racil Z, Machova Polakova K, Buresova L, Klamova H,
Zackova D, Dvorakova D, Polivkova V, Cetkovsky P, Mayer J
(2011) The predictive value of human organic cation transporter
1 and ABCBI1 expression levels in different cell populations
of patients with de novo chronic myelogenous leukemia. Int J
Hematol 94:303-306

Roska J, Lobo J, Ivovi¢ D, Wachsmannova L, Mueller T, Henrique
R, Jerénimo C, Chovanec M, Jurkovi¢ova D (2023) Integrated
microarray-based data analysis of miRNA expression profiles:
identification of novel biomarkers of cisplatin-resistance in tes-
ticular germ cell tumours. Int J Mol Sci 24(3):2495

Saito R, Maruyama S, Kawaguchi Y, Akaike H, Shimizu H, Furuya S,
Kawaida H, Ichikawa D (2020) miR-99a-5p as possible diagnos-
tic and prognostic marker in patients with gastric cancer. J Surg
Res 250:193-199

Sezgin-Bayindir Z, Antep MN, Yuksel N (2015) Development and
characterization of mixed niosomes for oral delivery using can-
desartan cilexetil as a model poorly water-soluble drug. AAPS
PharmSciTech 16:108-117

Shi Y, BoZ, Pang G, Qu X, Bao W, Yang L, Ma Y (2017) MiR-99a-5p
regulates proliferation, migration and invasion abilities of human
oral carcinoma cells by targeting NOX4. Neoplasma 64:666—673

Shi H, Li K, Feng J, Liu G, Feng Y, Zhang X (2020) LncRNA-DANCR
interferes with miR-125b-5p/HK?2 axis to desensitize colon can-
cer cells to cisplatin vis activating anaerobic glycolysis. Front
Oncol 10:1034

Si X, Zhang X, Hao X, Li Y, Chen Z, Ding Y, Shi H, Bai J, Gao Y,
Cheng T, Yang FC, Zhou Y (2016) Upregulation of miR-99a
is associated with poor prognosis of acute myeloid leukemia
and promotes myeloid leukemia cell expansion. Oncotarget
7:78095-78109

Simons M, Raposo G (2009) Exosomes—vesicular carriers for intercel-
lular communication. Curr Opin Cell Biol 21:575-581

Skalsky RL, Corcoran DL, Gottwein E, Frank CL, Kang D, Hafner
M, Nusbaum JD, Feederle R, Delecluse HJ, Luftig MA, Tuschl
T, Ohler U, Cullen BR (2012) The viral and cellular microRNA
targetome in lymphoblastoid cell lines. PLoS Pathog 8:¢1002484

Solali S, Kaviani S, Movassaghpour AA, Aliparasti MR (2013) Real-
time polymerase chain reaction testing for quantitative evaluation
of hOCT1 and MDR1 expression in patients with chronic myeloid
leukemia resistant to imatinib. Laboratory Medicine 44:13-19

Song B, Du J, Song DF, Ren JC, Feng Y (2018) Dysregulation of
NCAPG, KNL1, miR-148a-3p, miR-193b-3p, and miR-1179 may
contribute to the progression of gastric cancer. Biol Res 51:44

Stasiak P, Kazmierczak D, Jopek K, Nowicki M, Rucinski M, Janu-
chowski R (2022) The profile of microRNA expression and
potential role in the regulation of drug-resistant genes in doxo-
rubicin and topotecan resistant ovarian cancer cell lines. Int J
Mol Sci 23(10):5846

Sun X, Yan H (2021) MicroRNA-99a-5p suppresses cell prolifera-
tion, migration, and invasion by targeting isoprenylcysteine

@ Springer

carboxylmethyltransferase in oral squamous cell carcinoma. J
Int Med Res 49:300060520939031

Taghvimi S, Vakili O, Soltani Fard E, Khatami SH, Karami N, Taheri-
Anganeh M, Salehi M, Negahdari B, Ghasemi H, Movahedpour
A (2022) Exosomal microRNAs and long noncoding RNAs:
novel mediators of drug resistance in lung cancer. J Cell Physiol
237:2095-2106

Tan Q, Ma J, Zhang H, Wu X, Li Q, Zuo X, Jiang Y, Liu H, Yan L
(2022) miR-125b-5p upregulation by TRIM28 induces cisplatin
resistance in non-small cell lung cancer through CREBI1 inhibi-
tion. BMC Pulm Med 22:469

Tan Q, Wu X, Ji F, Wu S, Yan L (2023) miR-125b-5p inhibits prolifera-
tion and migration of osteosarcoma cells by negatively regulating
RAB3D expression. Nan Fang Yi Ke Da Xue Xue Bao 43:68-75

Tang C, Schafranek L, Watkins DB, Parker WT, Moore S, Prime JA,
White DL, Hughes TP (2011) Tyrosine kinase inhibitor resist-
ance in chronic myeloid leukemia cell lines: investigating resist-
ance pathways. Leuk Lymphoma 52:2139-2147

Taverna S, Flugy A, Saieva L, Kohn EC, Santoro A, Meraviglia S,
De Leo G, Alessandro R (2012) Role of exosomes released by
chronic myelogenous leukemia cells in angiogenesis. Int J Cancer
130:2033-2043

Taverna S, Amodeo V, Saieva L, Russo A, Giallombardo M, De Leo G,
Alessandro R (2014) Exosomal shuttling of miR-126 in endothe-
lial cells modulates adhesive and migratory abilities of chronic
myelogenous leukemia cells. Mol Cancer 13:169

Torreggiani E, Roncuzzi L, Perut F, Zini N, Baldini N (2016) Multi-
modal transfer of MDR by exosomes in human osteosarcoma.
Int J Oncol 49:189-196

Wang B, Zhang Y, Ye M, Wu J, Ma L, Chen H (2019) Cisplatin-resist-
ant MDA-MB-231 cell-derived exosomes increase the resistance
of recipient cells in an exosomal miR-423-5p-dependent manner.
Curr Drug Metab 20:804-814

Wang H, Guo M, Wei H, Chen Y (2021) Targeting MCL-1 in cancer:
current status and perspectives. J] Hematol Oncol 14:67

Wang Y, Luo J, Hu S, Guo Q, Guo X, Ren W, Zhou Q, Duan Y (2022)
Exosomal miR-193b-3p contributes to cisplatin sensitivity in semi-
noma by targeting ZBTB7A. Tohoku J Exp Med 258:309-317

Wei Y, Lai X, Yu S, Chen S, Ma Y, Zhang Y, Li H, Zhu X, Yao L,
Zhang J (2014) Exosomal miR-221/222 enhances tamoxifen
resistance in recipient ER-positive breast cancer cells. Breast
Cancer Res Treat 147:423-431

Wei AH, Roberts AW, Spencer A, Rosenberg AS, Siegel D, Walter RB,
Caenepeel S, Hughes P, Mclver Z, Mezzi K, Morrow PK, Stein A
(2020) Targeting MCL-1 in hematologic malignancies: rationale
and progress. Blood Rev 44:100672

Whisnant AW, Bogerd HP, Flores O, Ho P, Powers JG, Sharova N,
Stevenson M, Chen CH, Cullen BR (2013) In-depth analysis of
the interaction of HIV-1 with cellular microRNA biogenesis and
effector mechanisms. mBio 4(2):10-1128

Wong N, Wang X (2015) miRDB: an online resource for microRNA
target prediction and functional annotations. Nucleic Acids Res
43(D1):D146-D152

YiM, XuL,Jiao Y, Luo S, Li A, Wu K (2020) The role of cancer-derived
microRNAs in cancer immune escape. J Hematol Oncol 13:25

Yoshimura A, Sawada K, Nakamura K, Kinose Y, Nakatsuka E, Kobayashi
M, Miyamoto M, Ishida K, Matsumoto Y, Kodama M, Hashimoto
K, Mabuchi S, Kimura T (2018) Exosomal miR-99a-5p is elevated
in sera of ovarian cancer patients and promotes cancer cell invasion
by increasing fibronectin and vitronectin expression in neighboring
peritoneal mesothelial cells. BMC Cancer 18:1065

Yu F, Bracken CP, Pillman KA, Lawrence DM, Goodall GJ, Callen
DF, Neilsen PM (2015) p53 represses the oncogenic Sno-MiR-28
derived from a SnoRNA. PLoS ONE 10:e0129190

Zand A, Enkhbilguun S, Macharia JM, Varajti K, Szab6 I, Gerencsér
G, Tisza BB, Raposa BL, Gyongyi Z, Varjas T (2024) Betanin



Naunyn-Schmiedeberg's Archives of Pharmacology

attenuates epigenetic mechanisms and UV-induced DNA frag-
mentation in HaCaT cells: implications for skin cancer chemo-
prevention. Nutrients 16(6):860

Zeybek A, Oz N, Kalemci S, Edgiinlii T, Kiziltug MT, Tosun K, Tung
M, Tekin L, Erdal ME (2019) Diagnostic value of MiR-125b as
a potential biomarker for stage I lung adenocarcinoma. Curr Mol
Med 19:216-227

Zhang WW, Cortes JE, Yao H, Zhang L, Reddy NG, Jabbour E, Kan-
tarjian HM, Jones D (2009) Predictors of primary imatinib resist-
ance in chronic myelogenous leukemia are distinct from those
in secondary imatinib resistance. J Clin Oncol 27:3642-3649

Zhang J, Zhang M, Liang Y, Liu M, Huang Z (2022) Downregulation of
Smad4 expression confers chemoresistance against imatinib mesylate
to chronic myeloid leukemia K562 cells. Hematology 27:43-52

Authors and Affiliations

Zhu X, You Y, Li Q, Zeng C, Fu F, Guo A, Zhang H, Zou P, Zhong
Z, Wang H, Wu Y, Li Q, Kong F, Chen Z (2014) BCR-ABL1-
positive microvesicles transform normal hematopoietic trans-
plants through genomic instability: implications for donor cell
leukemia. Leukemia 28:1666-1675

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Arzu Zeynep Karabay' - Tulin Ozkan? - Aynur Karadag Gurel® - Asli Koc' - Yalda Hekmatshoar* -

Asuman Sunguroglu? - Fugen Aktan’ - Zeliha Buyukbingél'

P4 Arzu Zeynep Karabay
akarabay @ankara.edu.tr

< Tulin Ozkan
tozkan @ankara.edu.tr

P4 Aynur Karadag Gurel
aynur.karadag @usak.edu.tr

Asli Koc
akoc @ankara.edu.tr

Yalda Hekmatshoar
yalda.hekmatshoar @altinbas.edu.tr

Asuman Sunguroglu
asungur@medicine.ankara.edu.tr

Fugen Aktan
aktanf@ankara.edu.tr

Zeliha Buyukbingol
zbuyukbingol @ankara.edu.tr

Department of Biochemistry, Faculty of Pharmacy, Ankara
University, Ankara, Turkey

Department of Medical Biology, Faculty of Medicine,
Ankara University, Ankara, Turkey

Department of Medical Biology, Faculty of Medicine, Usak
University, Usak, Turkey

Department of Medical Biology, Faculty of Medicine,
Altinbas University, Istanbul, Turkey

@ Springer



	Identification of exosomal microRNAs and related hub genes associated with imatinib resistance in chronic myeloid leukemia
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Cell culture
	Isolation and characterization of exosomes
	Labeling exosomes and incubation of cells with labeled exosomes
	RNA extraction and microarray
	Bioinformatic analysis
	Target gene analysis
	Functional network establishment of miRNA target hub gene candidates
	miRNA-gene network construction and prognostic analysis
	PPI network construction and app analysis

	Determination of specific gene expressions by real-time PCR
	Cell viability assays and IC50 calculations
	Statistical methods and calculations

	Results
	Characterization of exosomes by western blot and particle size analysis
	Labeling exosomes with DiO for cellular uptake
	Microarray analysis of miRNAs in K562S, K562R cells, Sexo, Rexo, and K562S + Rexo
	Functional enrichment analysis of differentially expressed genes (DEGs)
	GO enrichment analysis
	Screen modules and the top 10 hub genes of the PPI network via Cytoscape software
	Verification of miRNAs by identifying the expression of their target genes via RT-PCR
	Determination of IC50 of imatinib in K562S, K562S + Rexo, and K562R cells

	Discussion
	Acknowledgements 
	References


