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Abstract. Circular RNAs (circRNAs), a class of endog-
enous RNAs, have emerged as an enigmatic class of genes. 
However, little is known about their value in the progression 
and chemoresistance of cancers. The present study sought to 
determine the expression profiles and potential modulatory 
role of circRNAs on breast cancer cell viability and monastrol 
resistance. Monastrol-resistant cell lines were established by 
exposing breast cancer cells to increasing concentrations of 
monastrol. A human circRNA microarray was used to search 
for dysregulated circRNAs in monastrol-resistant cells, then 
circRNA‑MTO1 (hsa‑circRNA-007874) was validated as a 
circRNA that exhibited elevated expression levels in monas-
trol-resistant cells. Mechanistic investigations suggested that 
upregulation of circRNA‑MTO1 suppressed cell viability, 
promoted monastrol-induced cell cytotoxicity and reversed 
monastrol resistance. Subsequently, Eg5 was identified as the 
functional target of circRNA‑MTO1, and MTO1 inhibited Eg5 
protein level but not mRNA level. By treating with protein 
synthesis inhibitor cycloheximide (CHX), it was revealed that 
MTO1 did not affect the protein stability of Eg5. RNA-pull 
down experiments followed by mass spectrometry revealed 
that MTO1 interacted with tumor necrosis factor receptor 
associated factor 4 (TRAF4), and sequester TRAF4 from 
activating Eg5 translation, thereby inhibiting the Eg5 protein 
level. Taken together, the data reveal a regulatory mechanism 
by circRNA‑MTO1 to control cell viability and monastrol 
resistance in breast cancer cells.

Introduction

Breast cancer is one of the leading causes of cancer-associated 
mortalities worldwide and the most common cancer among 

women (1). The majority of patients are at advanced stages 
at the time of diagnosis, and the prognosis of these patients 
remains poor (2). Currently, adjuvant chemotherapy and radio-
therapy following surgical resection is the most commonly 
used treatment strategy, however, the 5-year survival rate of 
breast cancer remains low, and the improvement of prognosis 
of breast cancer patients has reached a plateau (3,4). Therefore, 
finding promising therapeutic and prognostic targets is essen-
tial for developing effective therapies for breast cancer patients.

Drugs that target the mitotic spindle are among the most 
effective cancer therapeutics currently in use. In addition, 
there is hope that such drugs would not produce debilitating 
neuropathies such as those caused by treatment of cancer 
with taxanes (5). Monastrol, the prototype anti-kinesin drug, 
is known to inhibit the mitotic motor Eg5 (6-8), which is a 
member of a family of kinesins crucial for maintaining sepa-
ration of the half-spindles (9,10). Treatment of dividing cells 
with monastrol results in the collapse of the bipolar spindle 
into a non-functional monastral spindle. However, the under-
lying functional mechanism and interaction between Eg5 and 
monastrol is not well known.

High-throughput RNA sequencing (RNA-Seq), an 
emerging method to study the RNA regulation mechanism 
in the whole genome, has been able to detect circular RNA 
(circRNAs) (11). Circular RNAs (circRNAs) are a large class 
of endogenous RNAs that are formed by exon skipping or 
back-splicing events with neither 5' to 3' polarity nor a polyad-
enylated tail; however, they attracted little attention until their 
function in post-transcriptional regulation of gene expression 
was discovered. circRNAs are conserved and stable, and 
numerous circRNAs seem to be specifically expressed in 
a cell type or developmental stage (12,13). The cell type- or 
developmental stage-specific expression patterns indicate that 
circRNAs may be important regulators in various diseases, 
including heart cerebrovascular disease, hematological disease 
and malignant tumors (14).

circRNAs participate in several different biological 
processes in cancer cells, including cell growth, metastasis, 
cell cycle control, nuclear and cytoplasmic trafficking, cell 
differentiation, RNA decay, transcription and translation (15). 
In the cytoplasm, circRNAs may function as competing 
endogenous RNAs (ceRNAs), thus inducing the suppression of 
genes that are targeted by specific miRNAs (16). Previously, 
it has been reported that they can act as scaffolds to directly 
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bind to specific proteins and to hire gene-modifying bodies 
to silence or activate targeted genes (17). To date, verifying 
the deregulated circRNAs and further investigating the under-
lying regulatory mechanism in breast cancer cells is still an 
ongoing process.

The present study investigated monastrol-induced 
circRNA regulation in breast cancer by performing a 
genome-wide microarray in cells that were treated with 
monastrol. In addition, it was identified that, circRNA MTO1 
(hsa‑circRNA-007874), inhibits Eg5-mediated cell viability 
and promotes chemosensitivity through sequestering TRAF4 
from binding to Eg5 protein.

Materials and methods

Cell culture and reagents. The human breast cancer cell 
lines MDA‑MB‑231, MCF-7, MDA‑MB-453, SKBR-3, T47D 
and MDA‑MB-468 were purchased from Chinese Academy 
of Sciences (Shanghai, China). All breast cancer cell lines 
were cultured with high glucose-Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) at 37˚C in a humidified incubator with 5% CO2. 
Cycloheximide (CHX) was purchased from Sigma‑Aldrich 
(Merck KGaA, Darmstadt, Germany) and used for treatment 
of breast cancer cells for 80 min followed by western blot 
analysis to determine Eg5 protein level.

Development of monastrol-resistant breast cancer cell lines. 
MCF-7-R and MDA‑MB‑231R cell lines were developed by 
exposing parental MCF-7 and MDA‑MB‑231 parental cells 
to an initial dose of 10 µM monastrol (Sigma‑Aldrich; Merck 
KGaA) in DMEM supplemented with 10% FBS for 6 weeks. 
Cells were cultured for three passages to reach a confluence of 
70%. The survival cells were then cultured in 20 µM monas-
trol for 8 weeks and 50 µM monastrol for a further 8 weeks 
to obtain the resistant population. The monastrol-resistant 
cell lines were eventually established by culturing the cells in 
monastrol at a concentration of 100 µM. During the experi-
ments, both monastrol-resistant cell lines were cultured to no 
higher than 10 passages.

Expression profile analysis of circRNAs. Total RNAs were 
extracted from breast cancer cells and quantified using the 
NanoDrop ND‑2000 (Nanodrop Technologies; Thermo 
Fisher Scientific, Inc., Wilmington, DE, USA). circRNA 
expression analysis was performed according to the Arraystar 
protocol  (18). Following hybridization and washing of 
samples, six breast cancer cell lines (MCF-7, MDA‑MB‑231, 
MDA‑MB-468, MDA‑MB-453, SKBR-3 and T47D) and two 
monastrol resistant cell lines (MCF-7R and MDA‑MB‑231R) 
were amplified and labeled using the RNeasy Mini kit (Qiagen 
GmbH, Hilden, Germany). A hybridization solution was then 
prepared and added to the circRNA expression microarray slide 
and incubated at 65˚C for 16 h. Subsequently, the slides were 
scanned by the Axon GenePix 4000B microarray scanner and 
imported into GenePix Pro 6.0 software (Molecular Devices, 
LLC, Sunnyvale, CA, USA). The microarray analysis was 
conducted by Beijing Genomics Institute/HuaDa‑Shenzhen 
(Shenzhen, China).

RNA oligoribonucleotides and cell transfection. The 
circRNA‑MTO1 overexpression plasmid was synthesized by 
Shanghai GenePharma Co., Ltd (Shanghai, China) and an 
empty vector used as a control. The Eg5 overexpression vector 
was purchased from OriGene Technologies, Inc. (Rockville, 
MD, USA) and an empty vector used as a control. The 
breast cancer cells were plated at 5x104 cells/well in 24-well 
plates approximately 24 h prior to transfection. After the 
cells reached 30-50% confluence, transfection was carried 
out using Lipofectamine® 3000 (Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) following the manufac-
turer's protocol. The final concentration of circRNA‑MTO1 
overexpression plasmid, Eg5 overexpression vector, and the 
respective empty control vectors were 100 nM. Transfection 
efficiency was evaluated by labeling vectors with green fluo-
rescence protein (GFP) to ensure that cells were successfully 
transfected. Functional experiments were then performed 48 h 
following sufficient transfection.

Cell viability assay. The altered cell viability following trans-
fection or other treatments was assayed using a Cell Counting 
Kit (CCK)-8 assay (Dojindo Molecular Technologies, Inc., 
Kumamoto, Japan). In brief, breast cancer cell lines were 
seeded into a 96-well plate in triplicate and then treated with 
circ‑MTO1 and (or) Eg5 overexpression vector for different 
time periods. Following this, cell cultures were treated with 
the CCK8 reagent (10 ml) and further cultured for 2 h. The 
optical density at a wavelength of 450 nm was measured with a 
spectrophotometer (Thermo Electron Corporation, Waltham, 
MA, USA). The percentage of the control samples of each cell 
line was calculated thereafter.

Nuclear fractionation. Nuclear fractionation was performed 
with a PARIS™ Kit (Ambion; Thermo Fisher Scientific, 
Inc.). For nuclear fractionation, 1x107 cells were collected 
and resuspended in the cell fraction buffer and incubated on 
ice for 10 min. Following centrifugation (4˚C and 500 x g for 
3 min), the supernatant and nuclear pellet were preserved for 
RNA extraction using a cell disruption buffer according to the 
manufacturer's protocol.

Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR). Total RNA was isolated from breast cancer cells 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.,). RT-qPCR of individual RNAs was performed by using 
a TaqMan RNA Reverse Transcription Kit (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) and TaqMan 
Human RNA Assay kit (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). The thermocycling conditions were 95˚C for 
10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 
1 min. The comparative cycle threshold (Cq) method was 
used to calculate the relative abundance of RNA compared 
with GAPDH expression  (19). The primer sequences used 
were as follows: Forward, 5'-GGGTGTTTACGTAGACCAGA 
ACC-3', reverse, 5'-CTTCCAAAAGCCTTCTGCCTTAG-3' 
for circRNA-MTO1; forward, 5'-GAACAATCATTAGCAGC 
AGAATRAF4-3', reverse, 5'-TCAGTATAGACACCACAG 
TTG-3' for Eg5 and forward, 5'-GCACCGTCAAGGCTGAG 
AAC-3', reverse, 5'-ATGGTGGTGAAGACGCCAGT-3' for 
GAPDH. Each experiment was performed in triplicate.
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circRNAs immunoprecipitation (circRIP). Biotin-labeled 
circRNA‑MTO1 probe (5'-AAAGGAAGGATTACATGACA 
TCTGACCCAAAA CAACCCCACTGACA-3'-biotin) was 
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) 
and the circRIP assay was performed as previously described 
with minor modifications  (20). circRIP was conducted by 
using MCF-7 and MCF-7R cells with Magna RIP™ 
RNA-binding protein immunoprecipitation kit (EMD 
Millipore, Billerica, MA, USA) according to the manufactur-
er's protocol. A total of 1x107 cells were lysed in complete 
RNA lysis buffer, then cell lysates were incubated with RIP 
immunoprecipitation buffer containing magnetic beads conju-
gated with human anti-TRAF4 antibody (EMD Millipore, 
cat. no. #MABC985) or negative control IgG (EMD Millipore, 
cat. no. #PP64). Samples were incubated with Proteinase K 
and then immunoprecipitated RNA was isolated. Extracted 
RNAs were analyzed by RT-qPCR to identify the interaction.

RNA pulldown and mass spectrometry. Cells were lysed and 
incubated with biotin-labeled MTO1 (Sangon Biotech Co., 
Ltd.,) overnight. The proteins associated with biotin-labeled 
RNA were then pulled down with Streptavidin Magnetic 
Beads (Thermo Fisher Scientific, Inc.) after 1‑h incubation. 
The proteins were then washed and used for mass spectrom-
etry (MS) analysis. The MS analysis included a biotinylated 
MTO1 pulldown group and streptavidin beads only pulldown 
groups as negative controls. Briefly, both groups of proteins 
were eluted and resolved by gel electrophoresis followed by 
staining with the SilverQuest™ Silver Staining Kit (Thermo 
Fisher Scientific, Inc.). Then, proteins were excised, de-stained, 
and digested prior to analysis by using high-performance liquid 
chromatography with a Thermo Electron LTQ OrbiTrap XL 
mass spectrometer at Central Laboratory of Shanxi Province 
People's Hospital. Proteins in MTO1 pulldown group were 
filtered out with a spectral count less than three, and a cutoff 
was set up for at least 3-fold peptide enrichment of MTO1 
group, as compared with beads only group.

The detailed information for mass spectrometry was as 
follows: In-gel tryptic digests were fractionated by CapHPLC 
using a Shimadzu Prominence HPLC system (Shimadzu 
Corp., Kyoto, Japan) and were introduced directly into the 
LTQ-Orbitrap XL hybrid MS (Thermo Fisher Scientific, Inc.) 
equipped with a dynamic nanoelectrospray ion source (Proxeon, 
Odense, Denmark) and distal coated silica emitters (30 µm i.d., 
20 µm tip i.d; New Objective, Woburn, MA, USA). Acidified 
samples were loaded onto a 120 Å, 3 µm particle size, 300 µm 
by 10 mm C18-AQ Reprosil-Pur trap column (SGE Australia 
Pty., Ltd., Clyde, Australia) at 30 µl/min in 98% solvent A [0.1% 
(v/v) aqueous formic acid] and 2% solvent B [80% (v/v) aceto-
nitrile containing 0.1% (v/v) formic acid] for 3 min at 40˚C, 
and were subsequently gradient eluted onto a pre-equilibrated 
self-packed analytical column (Dr Maisch GmbH Reprosil-Pur 
C18-AQ, 120 Å, 150 µm by 200 mm) using a flow rate of 900 nl/
min. The LTQ-Orbitrap was controlled using Xcalibur 2.0 SR1 
(Thermo Fisher Scientific, Inc.). Analyses were carried out in 
data‑dependent acquisition mode, whereby the survey full scan 
mass spectra (m/z 300‑2000) were acquired in the Orbitrap 
FT mass analyser at a resolution of 60,000 (at 400 m/z) after 
accumulating ions to an automatic gain control target value 
of 5.0x105 charges in the LTQ mass analyser. MS/MS mass 

spectra were concurrently acquired on the eight most intense 
ions in the full scan mass spectra in the LTQ mass analyser 
to an automatic gain control target value of 3.0x104 charges. 
Charge state filtering, where unassigned precursor ions were 
not selected for fragmentation, and dynamic exclusion (repeat 
count, 1; repeat duration, 30 sec; exclusion list size, 500; and 
exclusion duration, 90 sec) were used. Fragmentation conditions 
in the LTQ were: 35% normalised collision energy, activation 
q of 0.25, isolation width of 3.0 Da, 30 ms activation time, and 
minimum ion selection intensity 500 counts. Maximum ion 
injection times were 500 ms for survey full scans and 100 ms 
for MS/MS.

Fluorescence in situ hybridization analysis (FISH). Nuclear 
and cytosolic fraction separation was performed using a 
PARIS kit (Thermo Fisher Scientific, Inc.), and RNA FISH 
probes were designed and synthesized by Bogu according 
to the manufacturer's protocol. Briefly, cells were fixed in 
4% formaldehyde for 15 min at room temperature and then 
washed with PBS. The fixed cells were treated with pepsin 
and dehydrated through ethanol. The air-dried cells were incu-
bated further with 40 nM FISH probe in hybridization buffer. 
After hybridization, the slide was washed, dehydrated and 
mounted with Prolong Gold Antifade Reagent with DAPI for 
detection. The slides were visualized for immunofluorescence 
with an Olympus fluorescence microscope with an attached 
CCD camera (Olympus Corporation, Tokyo, Japan).

Immunohistochemistry (IHC). IHC staining was performed on 
4 µm-thick TMA slides. Briefly, the slides were deparaffinized 
and antigen retrieval was then performed in a steam cooker for 
1.5 min in 1 mM EDTA. Endogenous peroxidase was quenched 
by incubating the slides in Peroxidazed I reagent (Biocare 
Medical, Pacheco, CA, USA) for 5  min and background 
staining was blocked by incubation in Background Sniper 
reagent (Biocare Medical) for another 5 min at room tempera-
ture. Rabbit anti-Eg5 polyclonal antibody (cat. no. ab61199; 
Abcam, Cambridge, MA, USA) at 1:150 dilution was used 
for culture overnight at 4˚C. Universal secondary antibody 
(cat. no. E043201-6; Goat Anti-Rabbit IgG, 1:5,000; Dako, 
Santa Clara, CA, USA) was applied for 15  min at room 
temperature. Diaminobenzidine or 3-amino-9-ethylcarbazole 
was used as a chromogen and slides were counterstained for 
1 min at room temperature with hematoxylin before mounting. 
The slides were visualized with an Olympus microscope 
(Olympus Corporation; magnification, x40). ROS1 IHC was 
scored using a previously described scoring system (21).

Western blotting. Cell lysates were prepared with radioim-
munoprecipation buffer containing protease inhibitors 
(Sigma‑Aldrich; Merck KGaA). Protein concentrations were 
measured with the BCA Protein Assay kit according to the 
manufacturer's protocol (Beyotime Institute of Biotechnology, 
Shanghai, China). Equal amounts of protein (25 µg) were 
separated by 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred onto polyvinylidene fluoride 
membranes (EMD Millipore). Then, the membrane was 
blocked with 5% (5 g/100 ml) non-fat dry milk in Tris-buffered 
saline plus Tween (TBS-T) buffer for 2 h at room temperature. 
The membranes were incubated overnight at 4˚C with a 1:1,000 



LIU et al:  circRNA-MTO1 REVERSES MONASTROL RESISTANCE IN BREAST CANCER 1755

solution of antibodies: anti-Eg5 (Abcam; cat. no. ab61199) 
and anti-β-actin (Abcam; cat. no. ab8227). The horseradish 
peroxidase-conjugated anti-rabbit antibody (cat. no. #7074; 
1:5,000; Cell Signaling Technology, Danvers, MA, USA) 
was used as a secondary antibody for immunostaining for 
1 h at room temperature. Immunoblots were visualized using 
Immobilon™ Western Chemiluminescent HRP Substrate 
(EMD Millipore). Densitometry was performed by using 
ImageJ software version 1.51r (National Institutes of Health, 
Bethesda, MD, USA) (22).

Cell invasion assay. A Transwell invasion assay was performed 
to evaluate the invasive ability of breast cancer cells. Briefly, 
100 µl matrigel (Ambion; Thermo Fisher Scientific, Inc.) was 
firstly added onto the bottom of the transwell chamber (24-well 
insert; 8-mm pore size; Corning Costar Corp., Corning, NY, 

USA), then 1x105 cells in reduced serum medium (Opti‑MEM; 
Gibco; Thermo Fisher Scientific, Inc.) were placed on the 
coated membrane in the chamber. DMEM supplemented with 
10% FBS was placed in the bottom wells as chemoattractant. 
After 24 h, cells that did not migrate were removed from the 
top side of the inserts with a cotton swab. Cells that migrated 
through the permeable membrane were fixed in 4% para-
formaldehyde for 15 min at room temperature, stained with 
crystal violet for 5 min at room temperature, and counted under 
a microscope (Olympus Corporation) at magnification, x20 in 
5 random fields in each well.

Statistical analysis. The Mann-Whitney U test or Kruskal-
Wallis test (post hoc Mann-Whitney U test with Bonferroni's 
correction) as used for evaluating the difference among 
different cell groups. The survival curves of breast cancer cells 

Figure 1. Establishment of monastrol resistant breast cancer cell lines. (A) Determination of monastrol IC50 via Cell Counting Kit-8 assay in a panel of breast 
cancer cell lines (n=3), which were divided into a monastrol-nonresponsive group and a monastrol-responsive group, *P<0.05 compared to nonresponsive 
group. (B) The breast cancer cell line MCF-7 and MDA‑MB‑231 that had acquired resistance to monastrol at the concentration of 100 µM were built as 
described in Materials and methods. The representative images were obtained using by using an Olympus microscope, magnification, x20. (C) MCF-7R 
and MDA‑MB‑231R cells exhibited elevated cell viability compared with MCF-7 and MDA‑MB‑231 parental cells when incubated with culture medium 
containing 100 µM monastrol. (D) Dose-effect curves suggested that the IC50 values of monastrol for MCF-7R and MDA‑MB‑231R cells were significantly 
higher compared with MCF-7 and MDA‑MB‑231 cells. (E) Transwell assay revealed that a significantly increased number of monastrol resistant cells were 
observed to migrate through the collagen membrane when compared with the parental cells, *P<0.05; **P<0.01 compared to parental cells.
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were estimated via the Kaplan‑Meier method, and the differ-
ence in survival rate was analyzed using the log-rank testing. 
All statistical analyses were performed with SPSS software, 
version 17.0 (SPSS Inc., Chicago, IL, USA). The package plots 
and function heatmap in R software (http://www.R-project.
org/) were used for mapping. Error bars in figures represent 
standard deviation. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Acquisition of monastrol resistance induces elevated cell 
viability in breast cancer cells. A panel of breast cancer cell 
lines was divided into two groups according to their response 
to monastrol (Fig. 1A). The two cell lines that exhibited little 
response to monastrol treatment, MCF-7 and MDA‑MB‑231, 
were constantly exposed to a high concentration of monas-
trol (100 µM) to establish the monastrol-resistant cell lines, 
MCF-7R and MDA‑MB‑231R. As presented in Fig. 1B, the 
establishment of monastrol resistant cells induced specific 
morphological changes, including loss of cell polarity, 
increased intercellular separation, and increased formation of 
pseudopodia. Furthermore, MCF-7R and MDA‑MB‑231R cells 
exhibited elevated cell viability compared with the parental 
cells when incubated with culture medium containing 100 µM 
concentration of monastrol for 48 h (Fig. 1C). The concentra-

tion-effect curve indicated that the IC50 of monastrol (48 h) on 
MCF-7R was 726.3 µM, while the IC50 of monastrol on MCF-7 
was 81.5 µM, which indicated that monastrol resistance for 
MCF-7R cells was 8.91 times higher compared with MCF-7 
cells. Similarly, the MDA‑MB‑231R was 8.49 times the ability 
of monastrol resistance of MDA‑MB‑231 (607.9/71.6 µM, 
Fig. 1D). At 48 h, a significantly increased number of chemo-
resistant cells were observed to migrate through the collagen 
membrane compared with parental cells (Fig. 1E), indicating 
an increased cell migratory ability. To conclude, the monastrol 
resistant cell lines were successfully established.

Monastrol resistance induces downregulation of circRNA‑MTO1 
in breast cancer cells. To identify specific circRNAs that have 
important roles of monastrol resistance, circRNA microarray 
analysis was performed using two monastrol resistant cell 
lines and six non-resistant breast cancer cell lines. This assay 
identified 398 circRNAs which were deregulated between 
the two cell types. To further identify the specific circRNAs, 
the results were narrowed to 30 circRNAs (15 upregulated 
and 15  downregulated) which exhibited the most altered 
expression levels (presented in heat map, Fig. 2A). RT-qPCR 
was then performed to verify the expression pattern of these 
30 circRNAs in monastrol resistant and parental cells. As 
presented in Fig. 2B and C, two circRNAs were identified 
with a consistent expression gap between monastrol resistant 

Figure 2. Deregulated circRNAs in monastrol resistant cells. (A) The 30 most deregulated circRNAs (15 upregulated and 15 downregulated) between che-
moresistant cells and parental cells were presented as a heat map via circRNA microarray. Reverse transcription-quantitative polymerase chain reaction was 
performed to reveal the expression level of (B) circRNA-100438 and (C) circRNA‑MTO1 from six non-resistant cell lines and two monastrol resistant cell 
lines. *P<0.05 compared to MCF-7R and MDA‑MB‑231R cells, respectively. circRNA, circular RNA.
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cells and parental cells as compared with microarray data 
(P<0.05), including circRNA‑MTO1 (hsa‑circRNA-007874) 
and circRNA-100438. In addition, the preliminary results 
demonstrated that silencing of circRNA-100438 had no signif-
icant effect on breast cancer cell viability (data not shown), 
while silencing of circRNA‑MTO1 significantly increased cell 
viability. Therefore, the high percentage of circRNA‑MTO1 
decrease in monastrol-resistant cells led to further investiga-
tion of the functional role of circRNA‑MTO1 in breast cancer 
resistance.

Overexpression of circRNA‑MTO1 inhibits cell viability and 
reverses monastrol resistance. The present study investigated 
the functional role of MTO1 in cell viability and chemore-
sistance. To determine whether the upregulation of MTO1 
could inhibit cell viability and reverse monastrol resistance 
of breast cancer cells, the specific plasmid of circRNA‑MTO1 

was designed from MCF-7 cells and cloned into the specific 
vector (Fig. 3A), then MTO1 was upregulated via the trans-
fection of pcDNA3.1‑MTO1 vectors (Fig. 3B and C). CCK-8 
assay revealed that enhanced MTO1 expression inhibited 
the viability of breast cancer cells compared with control 
(Fig. 3D). This data was further validated by the detection 
of Ki-67 expression, a known biomarker of cell viability, in 
MCF-7 cells (Fig. 3E). However, MTO1 had little effect on 
cell apoptosis (data not shown), indicating that MTO1 may 
regulate monastrol resistance by influencing cell viability. 
Notably, monastrol resistant cells with enhanced expression 
of MTO1 were more sensitive to the treatment of monastrol at 
the concentration of 100 nM (Fig. 3F), indicating that MTO1 
partially reversed monastrol resistance.

circRNA‑MTO1 promotes monastrol-induced cytotoxicity in 
breast cancer cells. By using the MCF-7 and MDA‑MB‑231 

Figure 3. Functional role of circRNA‑MTO1 in breast cancer tumorigenesis. (A) The analogue diagram of pattern of circRNA‑MTO1 and controlled vector are 
shown. (B) The oligonucleotides labeled with GFP green fluorescence were successfully transfected. (C) circRNA‑MTO1 expression level was significantly 
increased in cells transfected with MTO1 vectors, ***P<0.001 vs. Mock group. (D) circRNA‑MTO1 inhibited viability of MCF-7 and MDA‑MB‑231 cells 
determined by Cell Counting Kit-8 assay. (E) Immunofluorescence assay suggested that overexpression of circRNA‑MTO1 inhibited the expression of cell 
proliferation marker, Ki-67. (F) Cell viability was significantly damaged when circRNA‑MTO1 was overexpressed in MCF-7R and MDA‑MB‑231R cells 
compared with control. circRNA, circular RNA; GFP, green fluorescent protein.
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parental cells, the present study then investigated whether 
MTO1 enhances monastrol cytotoxicity. After being transfected 
with MTO1 overexpression vector or negative control, MCF-7 
and MDA‑MB‑231 cells were incubated without monastrol or 
with a concentration gradient of 10, 20, 40, 60, 100, 150 µM 
monastrol for 24, 48 and 72 h. Then, a dose-effect curve was 
constructed based on the viability of cells. The graph showed 
that enhanced expression of MTO1 was followed by increased 
cell death compared with the negative control in monastrol 
treated cells at different concentrations (Fig. 4).

circRNA‑MTO1 suppresses cell viability and reverses monas-
trol resistance through targeting Eg5 protein. It is well known 
that monastrol exerts the tumor-suppressive function mainly 
through blockage of mitotic kinesin Eg5, which is required 
for the formation of a bipolar spindle (8). Inhibition of Eg5 
has gained primary attention as an alternative strategy to 
interfere with spindle function. As the synergistic effect of 
circRNA‑MTO1 with monastrol treatment was verified, the 
present study then investigated whether circRNA‑MTO1 
targets Eg5 protein, thereby inducing a tumor suppressive 
effect. Western blotting revealed that Eg5 protein was inhib-
ited by overexpression of MTO1 in the two breast cancer cell 

lines (Fig. 5A). Notably, MTO1 did not affect the Eg5 mRNA 
level, suggesting that MTO1 may regulate Eg5 at a post tran-
scriptional level (Fig. 5B).

Next, it was determined whether Eg5 plays a causal role 
during the MTO1-regulated cell viability and monastrol 
resistance. Eg5 was upregulated by transfection of specific 
Eg5-containing plasmid (Fig. 5C). Enhanced expression of 
Eg5 significantly abrogated the decreased cell growth and 
reversed the chemo response to monastrol induced by MTO1 
overexpression in MCF-7R and MDA‑MB‑231R cells (Fig. 5D 
and E). Collectively, the results suggested that MTO1 regulates 
cell viability and monastrol resistance through inhibiting Eg5 
levels at the post-transcriptional level.

circRNA‑MTO1 sequesters TRAF4 from binding to Eg5 
gene. Furthermore, the present study investigated how 
circRNA‑MTO1 targets and inhibits the expression of Eg5 gene. 
By treating with cycloheximide (CHX), a protein synthesis 
inhibitor, it was revealed that MTO1 did not affect the protein 
stability of Eg5 (Fig. 6A), indicating that MTO1 may affect the 
protein level of Eg5 at post-transcriptional level. Subsequently, 
RNA-pull down experiments were performed followed by 
mass spectrometry to search for the MTO1-associated proteins. 

Figure 4. circRNA‑MTO1 promotes monastrol-induced cytotoxicity. The breast cancer cell survival rate was measured with a concentration gradient of 10, 
20, 40, 60, 100, 150 µM monastrol for 24, 48 and 72 h, and the relative cell absorbance in the absence of monastrol was set as the start 100% point. circRNA, 
circular RNA.
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As presented in Table I, a list of correlative MTO1-associated 
proteins were identified. Then, these potential regulator 
genes were evaluated to identify the specific protein that 
may activate Eg5 at the post-transcriptional level. The assays 
validated TRAF4 as a potential interacting protein of MTO1. 
It has previously been reported that TRAF4 is an (A+U)-rich 
elements (AREs)-binding protein, and can interact with ARE 
areas within the 3' UTR of target gene and activates translation 
without influencing the mRNA level (23). The present study 
then localized the expression pattern of MTO1 and observed 
that MTO1 was expressed in both nucleus and cytoplasm of 
MCF-7 parental cells (Fig. 6B), however, monastrol resistance 
significantly increased the proportion of MTO1 localization 
in the nucleus (Fig. 6C). In addition, the RIP assay revealed 
an interaction between MTO1 and TRAF4 protein in MCF-7 
cells; however, the enrichment between MTO1 and TRAF4 
protein was suppressed in MCF-7R cells (Fig. 6D). MTO1 
overexpression decreased the interaction between TRAF4 and 
Eg5 gene in MCF-7R cells (Fig. 6E). Taken together, these 
data indicated that MTO1 serves as a competing endogenous 
RNA (ceRNA) binding to TRAF4, and therefore inhibits Eg5 
protein level and reverses monastrol resistance.

Discussion

Extensive efforts in the past have contributed to the under-
standing of both molecular and cellular mechanisms of action 
of chemoresistance, one of the major causes for the failure of 
treatment in advanced cancer types. However, little progress 
has been regarding this issue (24). Thus, novel molecular signa-
tures seem to hold great promise in tumor characterization and 
could be used as potential prognostic markers and treatment 
targets. The present study established monastrol resistant cell 
lines, and sought to find potential interactions between monas-
trol resistance and a novel group of gene regulators, circRNAs. 
First, the downregulation of circRNA‑MTO1 in monastrol 
resistant cells was identified by utilizing microarray analysis. 
Then, in vitro investigations suggested that circRNA‑MTO1 
inhibited cell viability, and reversed monastrol resistance of 
breast cancer cells by inhibiting Eg5 protein via TRAF4.

Monastrol is a reversible, cell-permeable, small molecule 
that selectively inhibits the plus-end-directed Kinesin-5 family 
member, Eg5 (25,26), a microtubule-based motor protein that 
is required for the formation and maintenance of the bipolar 
spindle (27). Monastrol treatment of dividing cells results in 

Figure 5. Eg5 protein is a functional target of circRNA‑MTO1. (A) Eg5 protein was downregulated by overexpression of circRNA‑MTO1 in MCF-7 and 
MDA‑MB‑231 cells by western blotting. (B) Reverse transcription-quantitative polymerase chain reaction revealed that circRNA‑MTO1 had no effect on Eg5 
mRNA expression level. (C) Eg5 was upregulated via the transfection of specific overexpression vector, ***P<0.001 vs. Mock group. (D) Overexpression of Eg5 
abrogated the circRNA‑MTO1-induced suppression of cell viability. (E) Overexpression of Eg5 partially reversed the effect of MTO1 on monastrol resistance. 
circRNA, circular RNA.
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spindle collapse and cell cycle arrest with a monastrol spindle, 
which is similar to the phenotype observed when Eg5 is inhib-
ited by anti-Eg5 antibodies. The anticancer effect of monastrol 
in breast cancer patients has been frequently reported, and a 
chemoresistance has also been revealed (28). The existence 
of circular form RNAs in body fluid was firstly reported by 
Sanger et al in 1976  (29), demonstrating that this type of 
single-stranded closed circular RNA is stably expressed from 
viroid to certain higher species, such as human beings. With 
the development of gene investigations, it is recognized that 
circRNAs are widely expressed in human cells, and their 
expression levels can be 10-fold or higher compared to their 
linear isomers. The two most important properties of circRNAs 
are highly conserved sequences and a high degree of stability 
in mammalian cells (30). Compared with other noncoding 
RNA, such as microRNA (miRNA) and long noncoding RNA 
(lncRNA), these properties provide circRNAs with the poten-
tial to become ideal biomarkers in the diagnosis and prognosis 
of cancers (31,32).

To date, only a few circRNAs have been explored. The 
present study identified a circular RNA termed circRNA‑MTO1 
that was significantly downregulated in monastrol resistant 
cells and was associated with chemosensitivity. MTO1, a gene 
conserved in all eukaryotes, encodes one of the two subunits 
of the enzyme that catalyzes the 5-carboxymethylamino-
methylation (mnm5s2U34) of the wobble uridine base in the 

mitochondrial tRNA specific to Gln, Glu, Lys, Leu (UUR), 
and possibly Trp (33,34). The biological role of its circular 
form, circRNA‑MTO1 was reported only once. Han et al (20) 
demonstrated that circRNA‑MTO1 may serve as a competing 
endogenous RNA (ceRNA) through binding to miR-9, thereby 
inducing the suppression of hepatocellular progression. The 
study identified circRNA‑MTO1 as one circRNA significantly 
downregulated in HCC tissues, and HCC patients with low 
circRNA‑MTO1 expression had shortened survival. In addition, 
circRNA‑MTO1 suppresses HCC progression by acting as the 
sponge of oncogenic miR-9 to promote downstream p21 gene 
expression levels. The results of the present study indicated that 
MTO1 may also serve as a tumor suppressor in breast cancer. 
However, another identified circRNA, circRNA-100438, 
demonstrated no effect on monastrol resistance, and whether 
it participates in the oncogenic process remains unknown. 
Thus, the functional role of circRNA-100438 requires further 
investigation in future studies to verify whether it regulates 
progression of breast cancer as well as other cancer types.

The functional role of MTO1 in breast cancer progression 
and chemoresistance was then evaluated. To comprehensively 
investigate the effect of MTO1 in chemoresistance, the present 
study established two monastrol resistant cell lines, MCF-7R 
and MDA‑MB‑231R. Consistent with the study by Han et al, 
it was validated that MTO1 plays a tumor-suppressor role, 
including the inhibition of cell growth, and the promotion of 

Figure 6 circRNA‑MTO1 sequesters TRAF4 from binding to Eg5 gene. (A) Control mock or circRNA‑MTO1 transfected MCF-7R cells were cultured 
with medium containing 20 µg/ml cycloheximide (CHX) for 0-60 min, then subjected to western blotting. Fractionation experiments revealed that MTO1 
was localized in both cytoplasm and nucleus in (B) MCF-7 parental cells, however, (C) monastrol resistance increased cytoplasmic localization of MTO1. 
(D) Whole-cell lysates were obtained from MCF-7 and MCF-7R cells, then RIP experiments were performed using an TRAF-4 antibody to immunoprecipitate 
RNA and primers to detect MTO1. (E) RIP assay was performed to detect the effect of circRNA‑MTO1 on the interaction between Eg5 and TRAF4 in both 
MCF-7 and MCF-7R cells. *P<0.05. circRNA, circular RNA; TRAF4, tumor necrosis factor receptor associated factor 4.
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monastrol chemosensitivity. Furthermore, the present study 
identified the mechanism by which MTO1 serves a tumor-
suppressive role. Eg5 protein is well recognized as a direct 
target of monastrol and MTO1 has a synergistic function 
with monastrol, therefore whether MTO1 reverses monastrol 
resistance through targeting Eg5 protein was investigated. 
The expression of Eg5 is closely associated with cell viability 
and cancer. Overexpression of Eg5 has been observed in 
bladder cancer (35) and pancreatic cancer (36). Furthermore, 
transgenic mice overexpressing Eg5 are prone to developing 
a variety of tumors (37). These and other observations favor 
Eg5 as an attractive target for chemotherapy. In addition, the 
in vitro experiments verified that MTO1 inhibited Eg5 protein 
level, however, MTO1 had little influence on the mRNA level 
of Eg5 gene. In addition, the data obtained following treatment 
of CHX indicated that MTO1 did not affect the Eg5 protein 
stability.

To further explore how MTO1 regulates the protein level 
of Eg5, an RNA pulldown assay and mass spectrometry 
were performed, and it was observed that MTO1 physically 
interacted with the TRAF4 gene. Furthermore, the propor-
tion of MTO1 localized in the cytoplasm was enhanced in 

cells resistant to monastrol treatment. In addition, monastrol 
resistance elevated the physical interaction between MTO1 
and the TRAF4 gene. As one of the important members of the 
TRAF family of proteins, TRAF4 was initially isolated from 
breast carcinomas and identified as the first member of the 
TRAFfamily to be upregulated in human carcinomas (38). 
TRAF family members mainly function in the immune system, 
where they mediate signaling via tumor necrosis factor recep-
tors and interleukin-1/Toll-like receptors (39,40). TRAF4 has 
been considered as an oncogene as it is overexpressed in a 
wide range of human malignancies, including breast cancer, 
lung cancer, colon adenocarcinomas, melanomas, neurogenic 
tumors and lymphomas (41). Accumulating evidence indi-
cates that TRAF4 plays a critical role in breast cancer, such 
as antiapoptosis, and promotes cell migration (42). The data 
revealed a circRNA network that that revealed that under 
conditions of monastrol resistance, circRNA‑MTO1 interacts 
with TRAF4, and may serve as a ceRNA to repress TRAF4 
from binding to the Eg5 gene, leading to suppression of Eg5 
protein levels, prevention of cell viability and reversal of 
monastrol resistance.

In conclusion, the results of the present study indicated a 
circRNA-involved regulatory pattern to mediate Eg5 protein 
expression during monastrol resistance. First, monastrol resis-
tance induced downregulated circRNA‑MTO1 expression in 
breast cancer cells. Second, overexpression of MTO1 repressed 
viability and reversed monastrol resistance through inhibiting 
Eg5 protein level and associating with TRAF4. Therefore, 
circRNA‑MTO1 may be a functional regulatory factor of 
breast cancer, and restoration of MTO1 levels could be a future 
direction to overcome breast cancer chemoresistance.
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