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RBM38 is negatively regulated by miR-320b and enhances
Adriamycin resistance in breast cancer cells
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Abstract. Breast cancer (BC) is a common type of malignant
tumor that is frequently accompanied by drug resistance,
which is a significant challenge in the treatment of BC.
Adriamycin (ADM) is a commonly used drug for the treatment
of BC. The aim of the present study was to demonstrate the
association between RNA binding motif protein 38 (RBM38)
and ADM resistance in BC. The results revealed that the
expression levels of RBM38 were significantly upregulated
in ADM-resistant BC tissues and the ADM-resistant cell
line, MCF-7/A, as demonstrated using reverse transcrip-
tion-quantitative PCR and western blotting. In addition, the
results of the MTT assay revealed that the overexpression of
RBM38 enhanced the resistance of MCF-7/A cells to ADM,
promoted invasiveness, as determined using a Transwell
assay, inhibited the apoptosis of resistant cells, as determined
using flow cytometry, and accelerated cell cycle progression
from the G, to the S phase. The results of the dual luciferase
reporter assay demonstrated the binding relationship between
microRNA (miR)-320b and RBM38, and the expression
levels of miR-320b were significantly downregulated in
ADM-resistant BC tissues and MCF-7/A cells. Overexpression
of miR-320b reversed ADM resistance, suppressed invasive-
ness, promoted apoptosis and arrested MCF-7/A cells in the
G, phase. In addition, RBM38 was discovered to be nega-
tively regulated by miR-320b, which was able to restore the
sensitivity of BC cells to ADM by downregulating RBM38.
Further exploration of the underlying regulatory mechanism
revealed that the miR-320b/RBM38 signaling axis mediated
the development of ADM resistance in BC by altering the
expression of cell cycle-, drug resistance- and PI3K/AKT
signaling pathway-related proteins. In conclusion, the results
of the present study suggested that RBM38 may be negatively
regulated by miR-320b, which accelerates drug resistance
in BC.
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Introduction

Breast cancer (BC) is the most common type of malignant
tumor (1); two million new BC cases were diagnosed in
2018 (23% of all cancers), and the disease ranks second in
mortality rate overall worldwide (10.9% of all cancers) (2).
The majority of patients initially respond well to treatment;
however, BC cells gradually develop resistance to conven-
tional radiotherapy and chemotherapy, which can result in
treatment failure (3). Drug resistance during BC treatment
was found to be regulated by several different mechanisms,
including somatic mutations, epigenetic modifications and
aberrant changes in signaling pathways, as well as influences
from tumor microenvironment-induced modifications to drug
transport systems (4-6).

MicroRNAs (miRNAs/miRs) are a type of non-coding
endogenous RNA of 20-25 nucleotides in length, that bind to the
3'-untranslated region of target mRNAs to induce degradation
or translational inhibition, thereby negatively regulating gene
expression (7-9). Previous studies have reported that miRNAs
play an important role in reversing tumor drug resistance (10).
In fact, evidence has suggested that the abnormal expression
of miRNAs, including miRNA-449, miR-140 and miR-200a,
promotes drug resistance in BC (11-13). Furthermore, the
abnormal expression of multiple miRNAs in BC was found to
be pathologically associated with radiotherapy and multidrug
resistance, including resistance to chemotherapy, endocrine
therapy and targeted therapy (14,15). Among the different
miRNAs identified to date, miR-320b was discovered to be
involved in the development of colorectal cancer, nasopha-
ryngeal carcinoma and osteosarcoma by regulating several
processes, such as tumor cell proliferation, metastasis and
invasion, via targeting various signaling pathways (16-18).
Therefore, further investigations into the specific roles of
miRNAs in the development of drug resistance in BC are
likely to be of great clinical significance.

RNA binding proteins (RBPs) have a high affinity towards
miRNAs, and are involved in RNA splicing, polyadenylation,
sequence editing, RNA transport, maintenance of RNA
stability and degradation, intracellular localization and transla-
tion regulation (19). RNA binding motif protein 38 (RBM38) is
located at chromosome 20q13 and belongs to the RNA recog-
nition motif RBP family (20). Previous studies have reported
that RBM38 suppresses cellular migration and invasiveness in
BC by directly binding to estrogen receptor-a transcripts or
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the tumor suppressor mutant, pS3 (21,22). Adriamycin (ADM)
is the current drug used for combination adjuvant BC treat-
ment (23). However, ADM resistance frequently occurs
following BC treatment (24). Although studies have demon-
strated that RBM38 is closely associated with the inhibition of
BC tumorigenesis (21,25), the present study aimed to further
determine whether RBM38 facilitated ADM resistance in BC.
By utilizing PCR, western blotting, Transwell assays and flow
cytometry, regulation of the miR-320b/RBM38 signaling axis
in drug-resistant BC was further investigated.

Materials and methods

Patient studies. A total of 5 ADM-sensitive and 5 ADM-resistant
BC samples were obtained from patients with BC (age range,
33-55 years), cryopreserved in liquid nitrogen and then stored
at -80°C. These patients only treated with ADM or ADM
combined therapy and underwent surgery at the Affiliated
Hospital of Nantong University (Nantong, China) between
January 2017 and December 2018 were included in this
study. The experimental protocol was approved by the ethics
committee of The Affiliated Hospital of Nantong University
(approval no. 2019032174; Nantong, China), and was performed
in accordance with the principles of the 1964 Declaration of
Helsinki. All patients provided written informed consent prior
to the commencement of the study.

Cell lines and culture. The human ADM-sensitive BC cell line,
MCEF-7/S, and human ADM-resistant BC cell line, MCF-7/A,
were both purchased from the American Type Culture
Collection. The cells were cultured in DMEM supplemented
with 10% FBS and 100 U/ml penicillin (all Gibco; Thermo
Fisher Scientific, Inc.), and maintained at 37°C with 5% CO,.

Reverse transcription-quantitative (RT-q) PCR. For RT-qPCR
analysis, MCF-7/S and MCF-7/A cells were harvested in the
logarithmic growth phase, and the clinical BC samples were
ground using liquid nitrogen. Total RNA was extracted from
the cells and tissue samples using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) for 5 min at 25°C. Then, 200 pl
chloroform was added to the solution for an additional 15 min
at 25°C. The mixture was centrifuged at 12,000 x g at 4°C
for 15 min to obtain the RNA sediment, and 0.5 ml isopropyl
alcohol was then added. The RNA extract was dried and stored
at -80°C until required.

Total RNA was reverse transcribed into cDNA using the
PrimeScript RT Reagent kit (Takara Biotechnology Co., Ltd.)
according to the manufacturer's protocol. qPCR analysis of
RBM38 and miR-320b expression was subsequently performed
using a SYBR Prime Script RT-PCR kit (Takara Biotechnology
Co., Ltd.), according to the manufacturer's instructions. The
following thermocycling conditions were used for amplifica-
tion: 94°C for 10 min, followed by 40 cycles of 94°C for 30 sec,
55-58°C for 30 sec, and 72°C for 45 sec, and a final cycle at 72°C
for 10 min. Relative expression levels of RBM38 and miR-320b
were calculated using the 2424 method (26), and RBM38
expression was normalized to that of 3-actin expression, while
miR-320b was normalized to U6 expression. The primers used
were: RBM38 forward 5"-TGAACTTTGACGGGAGGAGC-3'
and reverse, 5"TGATGGGGTTCGGGTCTTTG-3"; 3-actin

forward, 5'-CTTCGCGGGCGACGAT-3" and reverse, 5'-ACA
TAGGAATCCTTCTGACCCA-3"; miR-320b forward, 5'-GAT
GCTGAAAAGCTGGGTTG-3'andreverse,5S-TATGGTTGTT
CTGCTCTCTGTCTC-3"; U6 forward, 5'-CTCGCTTCGGCA
GCACA-3' and reverse, 5" AACGCTTCACGAATTTGCGT-3'.

Transfection. Small interfering RNA (siRNA/si) targeting
RBM38 (siR-RBM38,20 nM), siR-negative control (NC,20 nM),
pcDNA3.1-RBM38 overexpression vector (4 yg/ml), pcDNA3.1
empty vector (acting as the overexpression NC, 4 ug/ml),
miR-320b inhibitor (50 nM), inhibitor NC (50 nM), miR-320b
mimics (50 nM) and mimics NC (50 nM) were purchased from
Shanghai GenePharma Co., Ltd. The constructs were transfected
into MCF-7/A cells using Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) at 37°C for 48 h according to the
manufacturer's protocol. The sequences used were: siR-NC,
forward, 5'-UUCUCCGAACGUGUCACGUTT-3' and reverse,
5'-ACGUGACACGUUCGGAGAATT-3"; siR-RBM38, forward,
5'-CCAGACGGGCUUUGCCAUUTT-3" and reverse,
5'-AAUGGCAAAGCCCGUCUGGTT-3"; miR-320b inhibitor,
5'-UUGCCCUCUCAACCCAGCUUUU-3'; inhibitor NC,
5-CAGUACUUUUGUGUAGUACAA-3'; miR-320b mimics,
forward, 5-AAAAGCUGGGUUGAGAGGGCAA-3' and
reverse, 5'-GCCCUCUCAACCCAGCUUUUUU-3"; and
mimics NC, forward, 5'-UUCUCCGAACGUGUCACGUTT-3'
and reverse, 5'-ACGUGACACGUUCGGAGAATT-3". The
following studies were conducted 48 h after transfection.

MTT assay. Briefly, 5x10° MCF-7/A cells/well were seeded
into 96-well plates and incubated with 100 1 DMEM at 37°C
(5% CO,). After a 24-h incubation period, the cells were
treated with increasing concentrations of ADM (1, 2.5, 5,
10, 20, 40, 80,160 and 320 M) in DMEM containing 10%
FBS for 48 h at 37°C. Subsequently, 20 ul MTT reagent was
added per well, and the cells cultured for a further 4 h at 37°C.
Following incubation, 150 u1 DMSO was added to each well to
dissolve the purple formazan crystals, and the absorbance was
measured within 10 min at a wavelength of 570 nm (OD570)
using a microplate reader.

Transwell assay. The invasive ability of MCF-7/A cells was
analyzed using a Transwell assay. Briefly, 200 pl cell suspension
(1x10° cells/well) was plated into the Matrigel-precoated upper
chamber (cat. no. 356234; BD Biosciences) of a 24-well Transwell
plate (Corning, Inc.; pore size, 8-um). The upper chamber was
filled with 50 pl serum-free DMEM medium supplemented with
10 g/l BSA (Thermo Fisher Scientific, Inc.), while the lower
chamber was filled with DMEM containing 10% FBS. Following
a 72 h-incubation period at 37°C, the invasive cells were fixed
with 4% phosphate-buffered neutral formalin at room tempera-
ture for 20 min and then washed with PBS for three times, then
stained by crystal violet for 5 min at room temperature. Invasive
cells were visualized in five randomly selected fields of view
using an inverted light microscope (Olympus Corporation).

Western blotting. Total protein was extracted from MCF-7/A cells
using RIPA lysis buffer (Beyotime Institute of Biotechnology)
supplemented with 1% PMSF. Total protein was quantified
using a BCA protein assay kit, 50 ug protein was resolved by 5
or 10% SDS-PAGE, and then transferred to PVDF membranes
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Figure 1. Expression levels of RBM38 in BC tissues and cells. (A) RBM38 expression was upregulated in ADM-resistant compared with ADM-sensitive BC
tissues. (B) RBM38 expression was upregulated in MCF-7/A cells compared with MCF-7/S cells. (C) mRNA and (D) protein expression levels of RBM38 in

MCEF-7/S and MCF-7/A cells. “P<0.01 and ""P<0.001. RBM38, RNA binding motif protein 38; BC, breast cancer; ADM, Adriamycin; S, ADM-sensitive cells;

A, ADM-resistant cells.

(EMD Millipore). The membranes were blocked with 5% non-fat
milk in 0.1% Tris-buffered saline-Tween (TBST) at room
temperature for 2 h, and then incubated with primary antibodies
(all from Abcam) against RBM38 (cat. no. ab200403), phos-
phorylated (p)-PI3K (cat. no. ab182651), PI3K (cat. no. ab32089),
p-AKT (cat. no. ab38449), AKT (cat. no. ab8805), Bax (cat.
no. ab32503), Bcl-2 (cat. no. ab32124), breast cancer resistance
protein (BCRP; cat. no. ab207732), multiple drug resistant
protein 1 (MDR1; cat. no. ab170904) and 3-actin (cat. no. ab8226)
diluted at 1:1,000 at 4°C overnight with gentle rocking. 3-actin
served as the internal loading control. After washing with TBST,
the membranes were incubated with the appropriate horseradish
peroxidase-conjugated secondary antibodies (SA00001-1 or
SA00001-2; ProteinTech Group, Inc.) diluted at 1:2,000 for
2 h at 37°C. After extensive washing with TBST, the proteins
were visualized using an ECL detection kit in accordance with
the manufacturer's recommendations (EMD Millipore). The
integrated density of the bands was quantified using Image Lab
software version 6.1 (Bio-Rad Laboratories, Inc.).

Flow cytometric analysis of apoptosis and the cell cycle.
Cell cycle distribution and apoptosis levels were analyzed via
flow cytometry after transfection. Both the Annexin V-FITC
Apoptosis Detection and Cell Cycle Detection kits were
purchased from Nanjing KeyGen Biotech Co., Ltd., and
used according to the manufacturers' protocols. The staining
buffer contained RNase and the cells were permeabilized
for cell cycle assay. The apoptosis ratio was calculated as the
percentage of early plus late apoptotic cells.

Dual luciferase reporter assay. The binding microRNAs of
RBM38 were predicted by miRanda algorithm (http:/www.
microrna.org/microrna/home.do) and the interaction was demon-

strated by dual luciferase reporter assay. The wild-type (WT)
or mutated (Mut) RBM38 sequences were inserted into the
pGL3 vector (Promega Corporation) to construct luciferase
reporter plasmids, which were subsequently co-transfected
with a miR-320b mimics or mimic NC into cells using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol. Following 24 h
of incubation, the relative Firefly luciferase activity was deter-
mined using a Dual Luciferase Reporter assay system (Promega
Corporation), and normalized to that of Renilla luciferase.

Statistical analysis. Statistical analysis was performed using
SPSS 13.0 (SPSS, Inc.) or GraphPad Prism 7.0 (GraphPad
Software, Inc.) software. Data are presented as the mean + SD
of triplicate measurements. Two-tailed unpaired Student's t-test
was used to determine statistical differences between two
groups, while multiple comparisons between groups were
performed using one-way ANOVA followed by a Tukey's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

RBM38 expression levels are upregulated in ADM-resistant BC
tissues and cell lines. Although a previous study reported that
RBM38 expression levels were upregulated in BC tissues (25),to
the best of our knowledge, the present study was the first to iden-
tify differences in RBM38 expression between ADM-sensitive
and ADM-resistant BC tissues and cells. The expression levels of
RBM38 in ADM-resistant BC tissues were first analyzed using
RT-qPCR. The results revealed that RBM38 expression was
significantly upregulated in ADM-resistant BC tissues compared
with that in ADM-sensitive BC tissues (Fig. 1A and B). MCF-7
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cells are a common cell line used to study BC, and numerous
studies have used MCF-7/S and MCF-7/A cells to investigate
the underlying mechanism of ADM resistance therein (27-29).
Therefore, these cell lines were also used in the present study.
The differences in proliferation between MCF-7/S and MCF-7/A
cells were initially determined. Notably, the proliferative ability
of MCF-7/A cells was found to be significantly increased
compared with that of MCF-7/S cells (Fig. S1). The expression
levels of RBM38 in both MCF-7/S and MCF-7/A cells were also
determined. The results demonstrated that RBM38 mRNA and
protein expression levels were upregulated in MCF-7/A cells
compared with those in MCF-7/S cells (Fig. 1C and D). These
results prompted further investigation into the association
between RBM38 and ADM resistance in BC.

Overexpression of RBM3S8 increases the resistance of
MCF-7/A cells to ADM. To further investigate the role that
RBM38 plays in ADM-resistant BC, the MCF-7/A cell line
was used in subsequent experiments. siR-NC and siR-RBM38,
or pcDNA3.1 and pcDNA3.1-RBM38, were separately
transfected into MCF-7/A cells for RBM38-knockdown or
overexpression experiments, respectively; transfection effi-
ciency was determined using RT-qPCR and western blotting.
The results revealed that transfection with siR-RBM38 signifi-
cantly downregulated the expression levels of RBM38, while
transfection with pcDNA3.1-RBM38 upregulated expression
levels, compared with the respective controls (Fig. 2A and B).
Next, the ICs, values of ADM across the different groups were
determined using an MTT assay. RBM38-knockdown cells
exhibited lower ICs, values compared with the corresponding
RBM38-overexpressing cells (Fig. 2C), which suggested
that RBM38 may affect the sensitivity of BC cells to ADM.
A Transwell assay was also used to investigate the effect of
RBM38 on the invasiveness of ADM-resistant BC cells.
Invasion ability was significantly decreased in siR- RBM38
group compared with siR-NC group, while the invasive
ability was markedly increased in the pcDNA3.1-RBM38
group compared with the pcDNA3.1 group (Fig. 2D), which
suggested that RBM38 may decrease ADM resistance in BC
cells by increasing their invasive capacity.

Furthermore, the effects of RBM38 overexpression or
silencing on cell cycle distribution were determined using
flow cytometry. As shown in Fig. 2E, the overexpression of
RBM38 decreased the percentage of cells in the G,/G, phase
compared with the pcDNA3.1 group, while the knockdown of
RBM38 increased the G,/G, phase ratio compared with the
siR-NC group (P<0.01). Similarly, flow cytometric detection
of apoptosis demonstrated that the overexpression of RBM38
significantly reduced apoptosis levels compared with the
pcDNA3.1 group, while RBM38 silencing exerted the opposite
effect (Fig. 2F). These findings suggested that RBM38 may
promote BC cell proliferation by affecting apoptosis and the
cell cycle.

miR-320b negatively regulates RBM38. The miRanda algo-
rithm (http://www.microrna.org/microrna/home.do) was used
to predict the presence of a WT RBM38 binding site in the
miR-320b sequence (Fig. 3A), which suggested the existence
of an interaction between RBM38 and miR-320b during the
progression of ADM-resistant BC. To verify this prediction, a

dual luciferase reporter assay was used to confirm the binding
relationship between miR-320b and RBM38. The results indi-
cated that WT RBM38 was able to directly bind to miR-320b
to significantly reduce relative luciferase activity (Fig. 3B).

Transfection efficiencies of the miR-320b mimics and
inhibitor in BC cells were determined using RT-qPCR; the
results revealed that compared with the inhibitor NC group,
the expression levels of miR-320b were downregulated in
the miR-320b inhibitor group; conversely, compared with
the mimics NC group, the expression levels of miR-320b
were upregulated in the miR-320b mimics group (Fig. 3C).
The association between RBM38 and miR-320b was deter-
mined using RT-qPCR with MCF-7/A cells transfected with
the miR-320b inhibitor or miR-320b mimics. Following the
transfection of cells with the miR-320b inhibitor, the expres-
sion levels of RBM38 were upregulated compared with the
inhibitor NC group (Fig. 3D), while the expression levels of
RBM38 were downregulated following transfection with
the miR-320b mimics compared with the mimics NC group
(P<0.001), suggesting that RBM38 may be negatively regu-
lated by miR-320b.

miR-320b restores sensitivity to ADM and inhibits the resis-
tance capacity of MCF-7/A cells. The expression levels of
miR-320b in ADM-resistant BC tissues and cells (MCF-7/A)
were also analyzed using RT-qPCR. The results demonstrated
that miR-320b expression was downregulated in ADM-resistant
BC tissues and cells compared with ADM-sensitive BC tissues
and cells, respectively (Fig. 4A and B), which indicated that
miR-320b may also affect drug resistance in BC. Subsequently,
western blotting was performed to identify changes in
RBM38 expression levels following transfection with either
the miR-320b inhibitor or mimics. The results revealed that
the miR-320b inhibitor upregulated the expression levels of
RBM38 in MCF-7/A cells compared with the inhibitor NC
group, while the overexpression of miR-320b downregulated
RBM38 expression (Fig. 4C). To investigate whether miR-320b
may be a favorable anti-resistance factor for ADM-resistant
BC, an MTT assay was conducted to determine changes in
the cell inhibition rate of ADM in MCF-7/A cells. Notably,
the silencing of miR-320b increased the ICs, value of ADM
compared with the inhibitor NC group, while miR-320b
mimics significantly decreased the ICs, value compared with
the mimic NC group (Fig. 4D). These results indicated that
the overexpression of miR-320b may effectively potentiate cell
sensitivity towards ADM.

A Transwell assay was subsequently conducted to deter-
mine the effect of miR-320b on cellular invasion capacity.
Compared with the respective NC groups, the number of
invasive cells was increased in the miR-320b inhibitor group,
but decreased in the miR-320b mimics group (Fig. 4E).
These results suggested that miR-320b may be a favorable
factor for inhibiting cellular invasiveness and restoring the
sensitivity of resistant BC cells to ADM. Next, flow cytom-
etry was used to investigate the cell cycle distribution and
apoptosis levels. The results revealed that the ratio of cells
in the G,/G, phase was decreased (Fig. 4F) and apoptosis
was reduced (Fig. 4G) following the inhibition of miR-320b
compared with the inhibitor NC group. However, the over-
expression of miR-320b significantly increased the number
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Figure 2. RBM38 impairs the sensitivity of BC cells to ADM, and inhibits the invasive ability of ADM-resistant BC cells. (A) mRNA and (B) protein expres-
sion levels of RBM38 in MCF-7/A cells. (C) MCF-7/A cells overexpressing RBM38 were less susceptible to ADM treatment. Furthermore, knockdown of
RBM38 decreased the ICy, value of ADM. (D) Invasive ability of si-RBM38-transfected MCF-7/A cells, magnification, x100. (E) Cell cycle distribution and
(F) apoptosis analyses were performed using flow cytometry. “P<0.01 and “*P<0.001 vs. si-NC; “P<0.05, "P<0.01 and "*P<0.001 vs. pcDNA3.1. RBM38,RNA
binding motif protein 38; BC, breast cancer; ADM, Adriamycin; A, ADM-resistant cells; si, small interfering RNA; NC, negative control.
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Figure 3. RBM38 interacts with miR-320b. (A) Bioinformatics prediction indicated the existence of a binding site between RBM38 and miR-320b. (B) Dual
luciferase reporter assays further validated the association between miR-320b and RBM38. Expression levels of (C) miR-320b and (D) RBM38 mRNA in
MCF-7/A cells following the overexpression or knockdown of miR-320b. ““P<0.001 vs. inhibitor NC; “*P<0.001 vs. mimics NC. RBM38, RNA binding motif
protein 38; miR, microRNA; NC, negative control; ADM, Adriamycin; A, ADM-resistant cells; WT, wild-type; MUT, mutant.

of cells in the G,/G, phase (Fig. 4F), as well as the apoptotic
rate (Fig. 4G) compared with the mimic NC group. These find-
ings suggested that miR-320b may be a crucial factor involved
in promoting the apoptosis, and inhibiting the proliferation, of
ADM-resistant BC cells.

RBM38 rescues miR-230b-induced resistance by mediating
the expression levels of proteins associated with apoptosis,
drug resistance and the cell cycle. The association between
miR-320b and RBM38 was further investigated by transfecting
MCEF-7/A cells with an miR-320b inhibitor, or co-transfection
with an miR-320b inhibitor and si-RBM38. The transfec-
tion efficiency was determined using RT-qPCR. miR-320b
inhibition significantly upregulated the level of RBM38
mRNA compared with the inhibitor NC group (Fig. 5A), and
siR-RBM38 markedly reduced this trend compared with the
miR-320b inhibitor group (Fig. 5A); the resultant trend was
also demonstrated by western blotting (Fig. 5B). Subsequently,
Transwell assays were conducted to detect any alterations in the
invasive capacity of the different groups. The results revealed
that miR-320b inhibition significantly increased the invasive
cell number compared with the inhibitor NC group (Fig. 5C).
However, the combined knockdown of RBM38 reversed the

effect of miR-320b silencing compared with the miR-320b
inhibitor alone group (Fig. 5C). Furthermore, flow cytometric
analysis demonstrated that apoptotic rate was notably increased
in the miR-320b inhibitor and si-RBM38 co-transfection group
compared with the miR-320b inhibitor alone group (Fig. 5D).
Cell cycle analysis also demonstrated that the inhibition of
miR-320b inhibited G,/G, phase arrest, while the silencing
of RBM38 further rescued the effect induced by miR-320b
inhibition Fig. 5E).

The exact underlying mechanism of action of the
RBM38/miR-320b axis in ADM resistance remains to be
determined. Hence, the present study further investigated
various common tumor modulatory signaling pathways and
the expression levels of proteins related to the cell cycle,
apoptosis and drug resistance, to determine their degree of
contribution to the regulatory effects of the miR-320b/RBM38
signaling axis. The protein expression levels of the selected
factors were indicated in Fig. 6A, and the quantification
results revealed that the expression levels of MDRI1 (Fig. 6B)
and BCRP (Fig. 6C) were upregulated in miR-320b inhib-
itor-transfected cells compared with the inhibitor NC group,
and downregulated in RBM38-silenced cells compared
with the miR-320b inhibitor group. The levels of Bax were
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Figure 4. Continued.

downregulated (Fig. 6D), while those of Bcl-2 were upregu-
lated (Fig. 6E), following miR-320b inhibition. . In addition,
western blot analysis demonstrated that transfection with the
miR-320b inhibitor upregulated the p-PI3K/PI3K (Fig. 6F)
and p-AKT/AKT (Fig. 6G) ratios compared with the inhibitor
NC group. Conversely, co-transfection with si-RBM38 and
the miR-320b inhibitor significantly downregulated the
p-PI3K/PI3K and p-AKT/AKT ratios compared with the
miR-320b inhibitor alone group. These findings indicated that
the miR-320b/RBM38 signaling axis may regulate the activa-
tion of the PI3K/AKT signaling pathway in ADM-resistant
BC cells. Collectively, the knockdown of miR-320b was
found to promote BC cell resistance to ADM by influencing
the PI3K/AKT signaling pathway and apoptosis, as well as
the expression levels of drug resistance-related proteins,

while silencing RBM38 reversed the effects induced by the
miR-320b inhibitor.

Discussion

There are currently a number of effective chemotherapeutic
drugs on the market, including ADM, tamoxifen and pacli-
taxel (30-32). However, the clinical therapeutic outcome is
far from satisfactory. Due to the gradual development of drug
resistance, patients with BC are only able to benefit from
these treatment options at the early stages of disease (24). The
development of therapeutic tolerance is the primary barrier to
a complete cure for BC. Hence, there is an urgent requirement
for further studies to overcome the challenge associated with
drug resistance in BC treatment.
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Figure 4. miR-320b promotes the resistance of BC cells to ADM. miR-320b expression levels were downregulated in (A) ADM-resistant BC tissues and
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sk

(F) Cell cycle distribution and (G) apoptosis were analyzed via flow cytometry. "P<0.05, “P<0.01 and ““P<0.001 vs. inhibitor NC, or as indicated; *P<0.01 and
##P<0.001 vs. mimic NC. miR, microRNA; BC, breast cancer; ADM, Adriamycin; S, ADM-sensitive cells; A, ADM-resistant cells; RBM38, RNA binding

motif protein 38; NC, negative control.

Previous studies have reported that the expression levels
of specific miRNAs, including miRNA-449, miR-140 and
miR-200a, are dysregulated in BC (11-13), and that miRNAs
may participate in the chemoresistance of BC (33,34). miRNAs
are known to inhibit gene expression by either inhibiting tran-
scription or inducing degradation of their target mRNAs (35).
Du et al (36) demonstrated that the overexpression of miR-137
increased the sensitivity of BC cell-derived tumors to ADM
by targeting dual specificity phosphatase 4, both in vitro and
invivo. The miR-202-5p/PTEN signaling axis was also reported
to mediate ADM resistance in BC cells by regulating the
PI3K/AKT signaling pathway (37). In addition, ATP binding
cassette subfamily B member 4 was found to contribute to
acquired ADM resistance in BC cells in vitro (38). However, to
the best of our knowledge, the effect of the RBM38/miR-320b
signaling axis in ADM-resistant BC remains unclear.

Although current studies have indicated that RBM38
may be a favorable factor in preventing the development of
BC, the present study revealed that this may not be the case
in drug-resistant BC. First, the results revealed that RBM38
expression was upregulated in ADM-resistant BC tissues
and cells (MCF-7/A), which indicated that RBM38 may be
a key factor in the development of ADM resistance in BC.
Further investigations demonstrated that the overexpression of
RBM38 increased the ICs, value of ADM in MCF-7/A cells,
which supported that RBM38 may decrease the sensitivity of
BC cells to ADM. In addition, the overexpression of RBM38
intensified the drug resistance of MCF-7/A cells, by increasing
the invasiveness and inhibiting the apoptosis of cells, as well
as accelerating cell cycle progression. These findings indicated
that RBM38 may play a significant role in the drug resistance
of MCF-7/A cells to ADM.
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Figure 6. RBM38 affects ADM resistance in BC by moderating the expression levels of proteins related to apoptosis, drug resistance and the cell cycle.
(A) Western blotting demonstrated that the RBM38/miR-320b signaling axis regulated BC cell biological processes by altering the expression levels of
PI3K/AKT signaling pathway-, cell cycle- and drug resistance-related proteins. The quantification of (B) MDRI1, (C) BCRP, (D) Bax, (E) Bcl-2, (F) p-PI3K/PI3K
and (G) p-AKT/AKT. “P<0.01 and ““P<0.001 as indicated. BM38, RNA binding motif protein 38; miR, microRNA; si, small interfering RNA; MDR1, mul-
tiple drug resistant protein 1; BCRP, breast cancer resistance protein; p-, phosphorylated.

miR-320b has been reported to play an important role in  rosis, colorectal cancer and coronary heart disease (18,39,40).
numerous types of disease,including glioma,carotid atheroscle- ~ In the present study, the results of the dual luciferase reporter



assay identified a binding site between RBM38 and miR-320b.
Thus, the association between miR-320b and RBM38 was
further investigated. The expression levels of RBM38 were
found to be negatively regulated by miR-320b. In addition,
miR-320b expression was discovered to be downregulated in
ADM-resistant BC tissues and cells. Furthermore, the over-
expression of miR-320b reversed ADM resistance, inhibited
invasiveness, promoted apoptosis and arrested the MCF-7/A
cell cycle at the G,/G, phase; the knockdown of miR-320b
exerted the opposite effect. Notably, RBM38-knockdown
rescued the effects of the miR-320b inhibitor, indicating the
presence of a negative regulatory relationship between RBM38
and miR-320b. Investigations aiming to determine the under-
lying mechanism of the miR-320b/RBM38 signaling pathway
revealed that the inhibition of miR-320b in MCF-7/A cells led
to the activation of the PI3K/AKT signaling pathway, as well
as the regulation of apoptosis-related (Bax and Bcl-2) and
drug resistance-related (MDR1 and BCRP) proteins, which
was found to contribute to ADM resistance. These results
suggested that the miR-320b/RBM38 signaling axis may play
a key role in ADM resistance in BC by regulating cellular
proliferation, invasiveness, apoptosis and the cell cycle,
which provides potential novel markers for diagnosing and
overcoming drug resistance in BC. However, there are some
limitations to the current study. For example, the tissue sample
size was small. Furthermore, whether miR-320b and RBM38
can be used to predict the disease-free survival rate of patients
with BC, and the prognostic abilities of miR-320b and RBM38
in BC, were not investigated. These points will be addressed in
future studies. Finally, additional BC cell lines should be used
to further investigate the functions of the miR-320b/RBM38
signaling axis in the drug resistance of BC cells to ADM.

In conclusion, the findings of the present study indicated
that RBM38, which is negatively regulated by miR-320b,
accelerated the development of ADM resistance in BC cells
by activating the PI3K/AKT signaling pathway. Thus, the
RBM38/miR-320b signaling axis may represent a novel target
for alleviating drug resistance in BC.
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