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Abstract: Mesenchymal stem cells (MSCs) provide promising applications for clinical treatments. However, patients
often take medications that affect the viability of transplanted MSCs. The aim of this study was to assess the effects
and underlying mechanism of action of aspirin on the proliferation of MSCs. We showed that aspirin inhibited the
growth of MSCs in a concentration- and time-dependent manner. Analysis of cell-cycle distributions showed significantly increased cell populations in the G0/G1 phase and decreased cell populations in the S phase and G2/M
phase with increasing concentrations of aspirin. We further analyzed the expression of cyclins and found that the
level of cyclin D1 was significantly reduced after aspirin treatment, while there was no obvious effect on the levels
of cyclin A2 and cyclin E1. Because we showed that the expression of miRNA145 was significantly increased after
aspirin treatment, we further transfected MSCs with an miRNA145 mimic or miRNA145 inhibitor. Transfection with
the miRNA145 mimic resulted in decreased expression of cyclin D1, while transfection with miRNA145 inhibitor
resulted in increased expression of cyclin D1. Transfection with miRNA145 inhibitor abolished the downregulation
of cyclin D induced by aspirin. The results suggested that aspirin inhibited the proliferation of MSCs and caused
cell-cycle arrest in the G0/G1 phase through downregulation of cyclin D1, which could be related to the increased
expression of miRNA145.
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Introduction
Researchers have investigated the use of mesenchymal stem cells (MSCs) to treat many
human diseases, such as bone defects, cartilage deterioration, and cardiovascular diseases
[1-3]. Our previous study showed that MSCs
were promising candidates for cartilage repair
[2]. To achieve good restorative results, cellbased therapy must maintain the viability of
transplanted MSCs at the target site; however,
patients who are candidates for MSC therapy
often use medications that may influence the
viability of MSCs.
Aspirin, a nonsteroidal anti-inflammatory drug
(NSAID), is one of the most widely used medications for treatment of pain, fever, and inflammation. Given its anti-thrombotic properties, aspi-

rin has also been recommended for the prevention of cardiovascular diseases [4]. In recent
years, studies have indicated that aspirin inhibits the growth of cancer cells [5, 6]. Similarly,
NSAIDs may have side effects on physiological
processes by inhibiting cell growth. For example, NSAIDs have been reported to inhibit bone
repair, formation, and remodeling in vivo, which
may be related to the suppression of osteoblast
proliferation [7]. Thus, it is important to determine whether aspirin has adverse effects on
the proliferation of MSCs.
MicroRNAs (miRNAs) are a class of endogenous
small noncoding RNAs that cause translational
repression and negative regulation of protein
expression through binding to the 3’-untranslated regions (3’-UTRs) of target mRNAs [8].
Evidence suggests that miRNAs play important
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roles in the regulation of cell proliferation, apoptosis, and differentiation [9, 10]. miRNA145 is
involved in regulating proliferation and the cell
cycle. Its expression is low in proliferating cells
and increases in less proliferating cells [11].
Several studies have reported that miRNA145
can inhibit the growth of cancer cells [12, 13].
miRNA145 is expressed in embryonic stem
cells and that it regulated the expression of
OCT4 and SOX2 [14].
In the present study, we demonstrated that aspirin influenced the proliferation and cell cycle
of MSCs. Our results suggest that miRNA145 is
involved in inhibition of proliferation and cellcycle arrest caused by aspirin via decreased
expression of cyclin D1.
Materials and methods
Cell isolation and culture

Cell-cycle analysis
Cells were trypsinized, washed with phosphatebuffered saline (PBS), and fixed with -20°C precooled 70% ethanol overnight at 4°C. After the
cells were washed, 100 µL RNase A was added
and incubated for 30 min at 37°C, then 400 µL
propidium iodide (PI) stain was added and incubated for 30 min at 4°C. The stained cells were
examined using flow cytometry (BD FACSAria™
II; BD Biosciences, San Jose, CA, USA) at an
excitation wavelength of 488 nm. Data were
processed using FlowJo software (FlowJo, Inc.,
Ashland, OR, USA).
Bioinformatics predictions of miRNA
The nucleotide sequence of the cyclin D1
3’-UTR was obtained from the NCBI database.
The miRNA databases, including TargetScan,
PicTar, miRanda, DIANA, miRBase, and miRTarBase were used to predict the miRNA targeting
the 3’-UTR of cyclin D1.

Synovial tissue was harvested from primary
knee osteoarthritis patients undergoing total
knee arthroplasty. Written informed consent
was obtained from patients before the use of
their tissues. The research protocol was approved by the Ethics Committee at Zhongshan
Hospital, Fudan University. All cell separation
and identification procedures are described in
our previous study [15]. The isolated cells were
positive for CD29, CD44, and CD90, but negative for CD45. The osteogenic and chondrogenic differentiation potentials of isolated cells
were also confirmed.

Cells were plated in 6-well plates at a density of
1×105 cells/mL, incubated overnight, and transfected with 50 nM miRNA145 mimics, 150 nM
miRNA145 inhibitors, or control miRNAs of the
same concentrations (RiboBio, Guangzhou,
China) according to the manufacturer’s instructions. After 24 h, the cells were harvested for
the following experiments.

Cell proliferation and colony formation assay

Western blot analysis

For proliferation assays, cells were plated in
96-well plates at a density of 5,000 cells/well.
After 12 hours, the medium was replaced with
Dulbecco’s Modified Eagle’s Medium (DMEM)
containing various concentrations of aspirin
(Sigma-Aldrich, St. Louis, MO, USA) [5, 16].
According to the manufacturer’s instructions,
cell proliferation was assessed by the Cell
Counting Kit-8 (CCK-8) assay (Beyotime, Jiangsu, China). For colony formation, cells were plated in 6-well plates at a density of 1,000 cells/
well and incubated for 14 days. The cells were
fixed with 4% paraformaldehyde for 10 min and
stained with 0.5% crystal violet for 5 min prior
to being photographed. Cell colonies with a
diameter larger than 50 µm were counted using
ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

Cell lysates were extracted using radioimmunoprecipitation assay buffer (RIPA) (Beyotime)
containing PMSF and phosphatase inhibitor
(Roche, Basel, Switzerland) at 4°C. The extracts
were prepared using Cytoplasmic Extraction
Reagents (Pierce Biotechnology, Waltham, MA,
USA). Protein samples were separated by
10% SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). The membranes were
blocked with 5% bovine serum albumin (BSA)
for 2 h, washed, and then incubated with primary antibodies for cyclin D1, cyclin E1, cyclin
A2, and tubulin (Cell Signaling Technology,
Danvers, MA, USA) overnight at 4°C. After
washing, the membranes were incubated with
appropriate horseradish peroxidase (HRP)conjugated secondary antibodies (Santa Cruz
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measurement system (ABI7500; Thermo Fisher Scientific,
Scotts Valley, CA, USA) using
the Bulge-LoopTM miRNA qRTPCR Starter Kit (RiboBio) according to the protocol provided. The relative expression of
miRNA was normalized to that
of endogenous control U6 by
the 2-ΔΔCt method. All experiments were performed in triplicate.
Statistical analysis

Figure 1. Aspirin inhibited the growth of MSCs. A. Mesenchymal stem cells
(MSCs) were incubated with various concentrations of aspirin (0-5 mM) for
the indicated time periods, followed by Cell Counting Kit-8 (CCK-8) assay
analysis. B. MSCs were incubated with aspirin (0, 1, and 2.5 mM) for 14 days
and cell colonies were stained with crystal violet. Cell colonies with a diameter larger than 50 µm were counted using ImageJ software. All experiments
were performed three times. *P < 0.05 vs. control.

Biotechnology, Santa Cruz, CA, USA) and
detected using enhanced chemiluminescence
(Pierce). The protein expressions were quantified using densitometry with ImageJ software
and normalized to the relative tubulin expression. All experiments were performed in
triplicate.
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from cells using Trizol®
reagent (Invitrogen, Waltham, MA, USA). For the
cyclin D1 mRNA, cDNA was synthesized using
the Prime Script RT Reagent Kit (Takara, Shiga,
Japan) and qRT-PCR analyses were performed
by using SYBR® Premix Ex Taq™ (Clontech,
Mountain View, CA, USA). The sense and antisense primers used were: cyclin D1, 5’-CTACTACCGCCTCACACGCTT-3’ and 5’-GGCTTGACTCCAGGGCT-3’; and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 5’-GCACCGTCAAGGCTGAGAAC-3’ and 5’-TGGTGAAGAACGCCA
GTGGA-3’. For miRNA analysis, the first-strand
cDNAs were synthesized using the reverse transcriptase with miRNAs-specific stem-loop primer (RiboBio). Quantitative PCR amplification
was conducted with a real-time fluorescent
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Statistical analyses were performed using GraphPad Prism
(GraphPad Software Inc, La
Jolla, CA, USA). All data were
expressed as the mean ±
standard deviation (SD). Oneway analysis of variance (ANOVA) was used to assess group
differences. P values < 0.05
were considered statistically
significant.

Results
Aspirin inhibited the growth of MSCs
MSCs were treated with various concentrations
of aspirin for different periods of time. The aspirin exhibited concentration- and time-dependent inhibitory effects on the proliferation of
MSCs (Figure 1A). Growth inhibition was also
observed with colony formation, and the number of colony forming units was significantly
decreased using 1 mM and 2.5 mM aspirin
(Figure 1B).
Aspirin-induced G0/G1 arrest
The proliferation inhibition of aspirin could be
due to cell-cycle arrest; therefore, cell-cycle
analysis was conducted using flow cytometry.
Cell-cycle distribution analysis showed significantly increased cell populations in the G0/G1
phase and decreased cell populations in the S
phase and G2/M phase, with increasing concentrations of aspirin (Figure 2). These results
suggested that the growth inhibition with aspirin treatment might be associated with its ability to induce cell growth arrest in the G0/G1
phase.
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els. Treatment with aspirin
also resulted in significant (*P
< 0.05) reduction of cyclin D1
mRNA (Figure 3B).
MiRNA145 mediated the proliferation inhibition of aspirin
Because miRNA145 may play
an important role in regulating
cell proliferation and the cell
cycle, we determined whether
miRNA145 mediated the aspirin-induced reduction in MSC
proliferation. For this purpose,
six databases were queried
to predict whether miRNA145
targeted the 3’-UTR of cyclin D1. The results identified
three databases, specifically
miRanda, TargetScan, and DIANA, that predicted the mRNA
and miRNA interactions, and
two databases (miRBase and
miRTarBase) predicted mRNA
and miRNA interactions based
on reported next generation
sequencing (NGS) results. A
reverse analysis was also performed to verify whether cyclin
D1 might be a target of miRNA145. Then, we determined
if miRNA145 mediated the
Figure 3. Effect of aspirin on cyclin expression levels. A. MSCs were incuaspirin-induced reduction in
bated with two different doses (1 or 2.5 mM) of aspirin for 24 h, or incubated
cell proliferation. We found
with 1 mM aspirin for two different durations (12 or 24 h). Western blot
that aspirin treatment signifianalysis show cyclin expression. B. Cyclin D1 mRNA levels were detected by
qRT-PCR after MSCs were incubated with 1 mM or 2.5 mM aspirin for 12 h.
cantly increased miRNA145
The relative gene expression was normalized to GAPDH and calculated by
expression in a concentrationthe 2-ΔΔCt method with the control designated as a value of 1. *P < 0.05 vs.
and time-dependent manner
control.
(Figure 4A). To further determine whether miRNA145 was
Aspirin caused the downregulation of cyclin
involved in aspirin-induced growth inhibition,
D1 expression
an miRNA145 mimic and inhibitor were used to
transfect MSCs. As shown in Figure 4B, transTo understand the mechanism of the cell-cycle
fection with the miRNA145 mimic significantly
arrest, the expression levels of cell cycle regulaincreased miRNA145 expression and resulted
tory proteins were analyzed by western blots.
in the decreased expression of cyclin D1.
As shown in Figure 3A, aspirin treatment
Transfection with the miRNA145 inhibitor sigspecifically inhibited expression of cyclin D1,
nificantly decreased miRNA145 expression and
while there was no obvious change observed in
increased cyclin D1 expression. More importhe expression of cyclin A2 and cyclin E1 under
tantly, transfection with the miRNA145 inhibithe same experimental conditions. Decreased
tor abolished the aspirin-induced downregulaexpression of cyclin D1 was concentration- and
tion of cyclin D1 (Figure 4C). These results demtime-dependent. qRT-PCR was performed to
onstrated that miRNA145 induced by aspirin
determine the cyclin D1 mRNA expression levwas responsible for inhibition of cyclin D1
Figure 2. Cell-cycle analysis after
aspirin treatment. A. Representative data show the distribution of
propidium iodide (PI) stained cells in
each stage of the cell cycle (G1/G0,
green; S, yellow; and G2/M, cyan).
B. The plot shows the percentage of
MSCs in each phase after incubation with aspirin (0, 1, or 2.5 mM)
for 2 days. *P < 0.05 vs. control.
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medicine [18]. Although many factors can
affect the in vivo growth of transplanted MSCs,
medications taken by patients are factors that
are relatively easy to control. Aspirin is widely
used drug with a variety of indications. Here,
we determined that aspirin inhibited the proliferation of MSCs in a concentration- and timedependent manner in vitro at concentrations
used in previous studies [5, 16].
Because cell proliferation is closely related to
the cell cycle, we further analyzed the cell-cycle
distribution and aspirin significantly increased
cell populations in the G0/G1 phase. The
effects of aspirin on the cell cycle were found to
vary according to the cell type. For example,
Zong et al. [5] reported that aspirin induced
cell-cycle arrest in the G0/G1 phase, while Gao
et al. [19] reported that aspirin induced cellcycle arrest in the G2/M phase. Our results
indicated that aspirin treatment induced MSC
arrest in the G0/G1 phase.

Figure 4. MiRNA145 mediated the downregulation of
cyclin D1. A. The relative expression of miRNA145
was normalized to that of U6 and calculated by the
2-ΔΔCt method after mesenchymal stem cells (MSCs)
were incubated with two different doses (1 or 2.5
mM) of aspirin for 12 h, or incubated with 1 mM
aspirin for two different durations (6 or 12 h). B.
miRNA145 and cyclin D1 expression were detected
by qRT-PCR and western blot, respectively, after
transfection with 50 nM mimics, 150 nM inhibitors,
control miRNAs, or no transfection (wild type; WT).
C. Cyclin D1 expression in WT, control, 1 mM aspirin treatment alone, and aspirin combined with the
miRNA145 mimic- or inhibitor-treated cells.

expression that caused cell arrest in the G0/G1
phase and inhibited the proliferation of MSCs.
Discussion
MSCs are a promising source of cells for a wide
range of cellular therapies due to their selfrenewal capacity, multi-lineage differentiation
potentials, paracrine effects, and immunosuppressive properties [17]. However, the viability
of transplanted MSCs is a prerequisite for therapeutic outcomes in cell-based regenerative
5060

Cell cycle regulatory proteins play a crucial role
in regulating the cell cycle [20]. Therefore, we
analyzed the expression of cyclins, a family of
proteins that control cell-cycle progression. We
found significantly reduced cyclin D1 levels
after aspirin treatment, but we found no obvious changes in the levels of cyclin A2 and
cyclin E1. Cyclin D1 is required for progression
through the G1 phase of the cell cycle [21]. This
cyclin forms a complex with cyclin-dependent
kinase (CDK) 4 or CDK6, and functions as a
regulatory subunit of that complex. The cyclin
D1-CDK complex promotes passage through
the G1 phase by inhibiting the retinoblastoma
tumor suppressor [22]. The downregulation of
cyclin D1 after aspirin treatment is consistent
with cell arrest in the G0/G1 phase. A recent
study reported that aspirin downregulated
cyclin A in cancer cells [23]. This may further
suggest that different cell types have varied
responses to aspirin.
The mechanisms by which aspirin inhibits the
growth of cancer cells were widely studied [24].
However, the underlying mechanism of aspirininduced growth inhibition in MSCs has not
been fully elucidated. A previous study reported
that aspirin inhibited the proliferation of MSCs
through downregulation of the Wnt/β-catenin
signal pathway [16]. In this study, we explored
the role of miRNA in growth inhibition by aspirin
in MSCs. We used bioinformatics to predict
Am J Transl Res 2017;9(11):5056-5062
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miRNAs targeting the 3’-UTR of cyclin D1 and
identified miRNA145 as a candidate. miRNA145
is considered a tumor suppressor and inhibits
the development of tumors by regulating cell
growth; it is downregulated in many types of
cancers [11]. miRNA145 has also been reported to inhibit the proliferation of other cells [25,
26]. We further found that aspirin significantly
increased the expression of miRNA145, and
transfection with the miRNA145 inhibitor abolished the downregulation of cyclin D1 induced
by aspirin.
In conclusion, we demonstrated that aspirin
inhibited the proliferation of synovium-derived
MSCs and caused cell arrest in the G0/G1
phase through downregulation of cyclin D1,
which was related to the increased expression
of miRNA145. The present findings help to
advance our understanding of the molecular
mechanisms of the anti-proliferative effects of
aspirin on MSCs.
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