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miR-34a derived from mesenchymal stem cells stimulates
senescence in glioma cells by inducing DNA damage
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Abstract. Insights into the roles of microRNAs
(miRNAs/miRs) in development and disease, particularly
in cancer, have made miRNAs attractive tools and targets
for novel therapeutic approaches in the treatment of glioma.
miR-34a, as a well-known tumor suppressor miRNA, is
closely related with cellular senescence. Mesenchymal stem
cells (MSCs) are a major component of the tumor microen-
vironment and possess the ability to deliver exogenous miRs
to glioma cells to exert anti-tumor effects. The present study
investigated whether modified MSCs with miR-34a possess an
anti-tumor function in glioma cells. A Transwell system was
used to co-culture U87 glioma cells and MSCs overexpressing
miR-34a, and cell proliferation and senescence assessed. The
expression of senescence-related genes p53, Cdknla, and
Cdkn2c were tested using reverse transcription-quantitative
polymerase chain reaction and protein expression levels of
sirtuin 1 (SIRT1) and y-H2A histone family, member X were
detected by western blotting. Telomerase activity of U87 cells
was examined using the Telo TAGGG Telomerase PCR ELISA
PLUS kit. The results demonstrated that the delivered exog-
enous miR-34a from MSCs significantly decreased expression
of the target gene SIRT1. In addition, the delivered miR-34a
decreased the proliferation of glioma cells and provoked the
expression of senescence-related genes p53, Cdknla, and
Cdkn2c. In addition, upregulation of miR-34a induced DNA
damage, shortened telomere length and impaired telomerase
activity. However, these pro-senescent effects were reversed
by forced SIRTI1 upregulation. In conclusion, the results
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demonstrated a novel role for miR-34a, inducing glioma cell
senescence, whereas miR-34a modulation of SIRT1, inducing
DNA damage, is crucial for miRNA replacement therapy in
glioma treatment.

Introduction

Glioma is the most common primary malignant tumor of
the central nervous system in adults and is associated with
an extremely poor prognosis (1). The standard treatment for
glioma includes maximal safe surgical resection, followed
by radiotherapy and chemotherapy with temozolomide (2).
However, life-threatening tumor recurrences are inevitable in
the vast majority of patients despite the best available treat-
ments (3). The poor survival rate is mainly associated with
the failure of therapeutic agent delivery to tumor regions (4).
Therefore, the development of non-viral biotechnology that
allows safe and effective gene and cell therapy in glioma is
required. Human bone marrow-derived mesenchymal stem
cells (hBM-MSCs) exhibit high anti-glioma tropism and
represent a promising delivery vehicle for targeted brain tumor
therapy (4,5). The present study aimed to test whether modi-
fied hBM-MSCs can be used as delivery agents to improve
brain tumor therapy.

MicroRNAs (miRNAs/miRs) are a class of non-coding
RNA molecules that serve crucial functions in cell senes-
cence, proliferation and survival by binding to target mRNAs,
resulting in mRNA translational inhibition or degrada-
tion (6). Among the miRNAs dysregulated in cancer, the
miR-34 family has received substantial attention. miR-34a,
one of the best-studied members of the family, is reported
to serve a part in p53-mediated senescence following DNA
damage, exerting an anti-tumor effect (7). miR-34a is closely
related with cellular senescence; in breast cancer cells, it
inhibits proliferation and invasion, activates senescence and
promotes sensitivity to chemotherapy (8). Recent studies
have suggested that modified MSCs can deliver miRNAs to
induce a therapeutic effect in glioma (4,9). The present study
explored whether hMSC-delivered miR-34a could induce a
pro-senescent effect in glioma cells to mediate a therapeutic
effect.

The preservation of genomic integrity is an essential
process for cell homeostasis and defects in the DNA-damage
response; a complex network of proteins required for cell-cycle
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checkpoint and DNA repair has been associated with tumori-
genesis (10). Targeting the DNA damage checkpoint response
in glioma cells has provided a therapeutic model for malignant
brain cancers, accompanied with the ability to overcome
radioresistance (11). miR-34a serves a part in p53-mediated
senescence following DNA damage by directly targeting the
anti-senescent protein sirtuin 1 (SIRT1) in the treatment of
breast cancer (12).

The present study investigated whether hMSCs over-
expressing miR-34a could deliver miR-34a to induce DNA
damage and subsequently cause cellular senescence in glioma
cells. Furthermore, it investigated the pro-senescent role of
miR-34a delivered by hMSCs in glioma cells, and discussed
the effect of the miR-34a/SIRT1 pathway inducing DNA
damage in the glioma cells senescence process.

Materials and methods

Cell culture and transwell co-cultures of MSCs-US87. The
hBM-MSCs were purchased from ATCC (Manassas, VA,
USA), seeded at 5,000 cells/cm? in growth media [Dulbecco's
modified Eagle's medium (DMEM; HyClone; GE Healthcare
Life Sciences, Logan, UT, USA) supplemented with 10% fetal
bovine serum (FBS; HyClone; GE Healthcare Life Sciences),
1% Glutamax (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) and 1% penicillin-streptomycin (Beyotime Institute
of Biotechnology, Jiangsu, China)] and grown to 80-85%
confluence.

The U87-MG glioblastoma of unknown origin cell line
was purchased from ATCC and maintained in DMEM supple-
mented with 10% FBS and 1% penicillin-streptomycin. The
cells were cultured under standard condition of 95% humidity
and 5% CO, at 37°C.

A Transwell system was used to prevent direct contact
between hMSCs and the U87 cells. hMSCs and U87 cells were
placed in the upper and lower layers of the Transwell plate,
respectively, at a density of 1x10° cells/well.

Cell transfection. Prior to miR-34a mimic and negative control
(NC) mimic transfection, hMSCs were seeded into 6-well
plates at a density of 1x10° cells per well and incubated for
12 h. For overexpression of miR-34a, cells were transfected
with 100 nM miR-34a mimic (5-UGGCAGUGUCUUAGC
UGGUUGUAACCAGCUAAGACACUGCCAUU-3") or NC
mimic (5'-UGUCAGCUUUGGAGCUGGUUGUAACCU
AAGAUGCCACCAGCAUU-3'; both Invitrogen; Thermo
Fisher Scientific, Inc., Waltham, MA, USA). miR-34a mimic
and NC mimic were transfected into hMSCs using a transfec-
tion reagent (X-treme Transfection Reagent; Roche Applied
Science, Penzberg, Germany) according to the manufac-
turer's protocol. Then, 48 h following transfection, cells were
harvested for further analysis. The transfection efficiency was
analyzed by reverse transcription-quantitative polymerase
chain reaction (RT-qPCR), using U6 as the internal reference
gene.

Adenoviral vectors expressing SIRT1 (Ad-SIRT1) and
control scrambled sequence (Ad-Ctrl) were designed and
synthesized by Shanghai GeneChem Co., Ltd. (Shanghai,
China). U87 cells were transfected using Lipofectamine
2000® (Invitrogen; Thermo Fisher Scientific, Inc.) at a final
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concentration of 100 nM. Subsequent experiments were
performed 48 h after adenoviral transfection.

Cell proliferation assay. Cell proliferation was assessed
using the Cell Counting Kit-8 assay (CCK-8) according to
the manufacturer's protocol (HaiGene Technology, Harbin,
China). Cells in DMEM supplemented with 10% FBS were
seeded at 2x10° cells/well in 96-well plates and incubated at
37°C for 24, 48, and 72 h. CCK-8 solution (10 ul) was added to
each well, and the plates were incubated for 1 h at 37°C. The
absorbance of cells at 450 nm [Optical Density (OD) 450] was
measured.

RT-gPCR.The total RNA was isolated by TRIzol® reagent (Life
Technologies; Thermo Fisher Scientific, Inc.), according to the
manufacturer's protocol. The first-strand cDNA was synthe-
sized through a cDNA synthesis kit (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol. The
qPCR was carried out using the FastStart Universal SYBR
Master (Roche Diagnostics GmbH, Mannheim, Germany)
and fluorescence quantitative PCR system. The thermocycling
conditions were as follows: 40 cycles of 95°C for 15 sec, 63°C
for 20 sec and 71°C for 25 sec. The experiments were repeated
three times. Quantification was performed relative to the levels
of the housekeeping gene GAPDH. The data analysis was
performed using the 2244 method (13). The primer sequences
are listed in the Table I.

Western blotting. Cells were lysed in ice-cold lysis buffer to
obtain total protein (Beyotime Institute of Biotechnology).
Protein concentrations were measured using a BCA Protein
Assay kit (Beyotime Institute of Biotechnology). Equal
amounts of total protein (20 pug/lane) were separated by 10%
SDS-PAGE and transferred onto nitrocellulose membranes.
Membranes were blocked with 5% nonfat dry milk at 37°C for
1 h, and then incubated with primary antibodies against SIRT1
(1:1,000; cat. no. 3931), y-H2AX (1:500; cat. no. 9718) and
B-actin (1:2,000; cat. no. 4970; all Cell Signaling Technology,
Inc., Danvers, MA, USA) at 4°C overnight. Subsequently, the
membranes were incubated with goat anti-rabbit immuno-
globulin G, horseradish peroxidase-linked secondary antibody
(1:2,000; cat. no. 7074; Cell Signaling Technology, Inc.) at
37°C for 1 h. Proteins were detected using the BeyoECL Plus
kit (Beyotime Institute of Biotechnology). The stained protein
bands were visualized on a Bio-Rad ChemiDoc XRS equip-
ment, and analyzed using Quantity One software version 4.5.2
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Senescence-associated (-galactosidase (SA-f-gal) assay.
Cellular senescence was measured using SA-f3-gal assay (Cell
Signaling Technology, Inc.). Briefly, the cells at the density
of 2x10* were washed with PBS, fixed with 2% paraformal-
dehyde for 30 min at room temperature and incubated with a
fresh SA-f-gal staining solution as previously described (14).
The results are presented as a ratio of the SA-f-gal-positive
cells to the total cells for at least 100 cells per treatment per
experiment.

Relative telomere length measurement. Relative telomere
length quantification in U87 cells was performed using qPCR



Table I. Primer sequences.
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Genes Sequences
miR-34a F: 5-CAGAGCATCACACGCAAGC-3'

R: 5'-CAGGAAACAGAAACCCCAGC-3'
p53 F: 5-TTCCTCTTCCTGCAGTACTC-3'

R: 5-ACCCTGGGCAACCAGCCCTGT-3'
Cdknla F: 5-TCACTGTCTTGTACCCTTGTGC-3'

R: 5-GGCGTTTGGAGTGGTAGAAA-3'
Cdkn2c F: 5-CGGGAGGTTCTTGTTCTG-3'

R: 5-TTTGTTGGCTTGCTTGAC-3'
SIRT1 F: 5" TGGAGGAAGGGTGTTTGTCC-3'

Telomere length

ERCC1

ERCC5

GAPDH

U6

R: 5-CAAGGCAGATGGTGGCTGA-3'

F:5'-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3'
R: 5-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3'

F: 5-GGGAATTTGGCGACGTAATC-3'
R: 5'-GCGGAGGCTGAGGAACG-3'

F: 5-GAAGCAATGCCAGAGGAG-3'
R: 5'-CCACTCTCCTTGACTCTACC-3'

F: 5-GGGTGGAGCCAAACGGGTC-3'
R: 5-GGAGTTGCTGTTGAAGTCGCA-3'

F: 5“AAGGCCACGGATAGGTCCATA-3'

R: 5'-CGCTTTGGTGGTTCTGAAAGG-3'

F, forward; R, reverse.

as previously described (15,16), using GAPDH as the normal-
izing gene. The primer pairs used to detect the telomere length
are listed in Table I.

Relative telomerase activity measurement. Telomerase activity
of whole cell lysate was measured by a TeloTAGGG™ telom-
erase PCR ELISA PLUS kit (cat. no. 12013789001; Roche
Diagnostics GmbH, Penzberg, Germany). Cell lysates were
centrifuged at 12,000 x g for 20 min at 4°C and 3 pl of cell
extract was used for each telomeric repeat PCR amplifica-
tion reaction and 3 ul of inactivated cell lysate were used for
Telomeric Repeat Amplification Protocol (TRAP) reaction
according to the manufacturer's recommendations. Using the
ELISA method, the amplified products were immobilized on
streptavidin-coated microtiter plates via biotin-streptavidin
interaction. Thereafter, anti-digoxigenin horseradish peroxidase
solution was added to detect the amplifications. Following addi-
tion of the peroxidase substrate (3,3',5,5-tetramethylbenzidine),
the amount of TRAP products was determined by measurement
of absorbance at 450 nm using a microplate reader.

Statistical analysis. Data were expressed as the
mean + standard deviation. Differences among three groups
or more were tested by one-way analysis of variance followed
by Tukey's post hoc test, and comparisons between two groups
were evaluated by Student's t-tests using SPSS version 19.0
(IBM Corp., Armonk, NY, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Introduction of cellular senescence in glioma cells following
co-culture with hMSCs overexpressing miR-34a. As a
well-known tumor suppressor miRNA, miR-34 is closely
associated with cellular senescence (17). The present study
further examined whether delivery of miR-34a by hMSCs can
induce cellular senescence in U87 glioma cells. As presented in
Fig. 1A, when hMSCs were transfected with miR-34a mimic,
the expression of miR-34a significantly increased. Next, a
Transwell culture system was used: Co-culturing with MSCs
overexpressing miR-34a for 24 h impaired U87 glioma cell
proliferation (Fig. 1B). Additionally, it induced expression of
senescence-associated genes p53 (Fig. 1C), Cdknla (Fig. 1D)
and Cdkn2c (Fig. 1E). As expected, this result was corroborated
by an increase in the percentage of cells positively marked with
the senescence-associated f-galactosidase (Fig. 1F and G).

Downregulation of SIRTI expression in glioma cells by
hMSC-derived miR-34a. To detect the delivery of miR-34a
to U87 glioma cells, the expression of miR-34a in the U87
glioma cells was examined. As shown in Fig. 2A, intracel-
lular miR-34a expression in U87 glioma cells increased when
co-cultured with hMSCs overexpressing miR-34a. However,
the coculture of U87 cells with hMSCs transfected with NC
mimic did not induce miR-34a expression.

As a well-known target of miR-34a, SIRT1 was selected
for further study. To ensure that miR-34a downregulates
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Figure 1. Introduction of cellular senescence in glioma cells following co-culturing with hMSCs overexpressing miR-34a. (A) RT-qPCR analysis of miR-34a
mRNA levels in hMSCs, hMSCs transfected with miR-34a mimic, or NC mimic. "P<0.05 vs. miR-34a mimic. To explore the role of the pro-senescence effect
of hMSCs overexpressing miR-34a on U87 cells, we used a Transwell co-culture system. In the U87 cells co-cultured with hMSCs overexpressing miR-34a, or
with hMSCs transfected NC mimic 24 h, (B) cell proliferation was determined by CCK-8 assay and (C) p53, (D) Cdknla, and (E) Cdkn2c mRNA levels were
analyzed by RT-qPCR. (F) The percentage of 3-gal-positive cells. (G) Representative images of the SA-3-gal staining (magnification, x40). Data represents the
mean * standard deviation from three independent experiments; ‘P<0.05 vs. hMSC-miR-34a. hMSCs, human mesenchymal stem cells; miR, microRNAs; NC,
negative control; -gal, -galactosidase; SA, senescence-associated; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

SIRTI in U87 cells, its expression was detected with western ~ Modulation of SIRT1 weakens pro-senescent effect of
blot analysis in U87 cells. The results confirmed that the level ~miR-34a derived from hMSCs. To further detect the
of SIRT1 decreased in U87 cells co-cultured with hMSCs  miR-34a/SIRT1 signaling pathway in the induction of
overexpressing miR-34a, while NC mimic transfection had no ~ U87 cellular senescence, SIRT1 was overexpressed using
observable effect (Fig. 2B and C). Ad-SIRTI1 transfection. As shown in Fig. 3A, Ad-SIRTI1
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Figure 2. Downregulation SIRT1 expression in glioma cells by hMSC-derived
miR-34a. (A) Reverse transcription-quantitative polymerase chain reac-
tion analysis of miR-34a mRNA levels in U87 cells, U87 cells co-cultured
with hMSCs transfected with miR-34a mimic, or NC mimic. (B) Image and
(C) quantification of western blotting of SIRT1 protein expression levels in
U87 cells, U87 cells co-culturing with hMSCs overexpressing miR-34a, or
hMSCs transfected with miR-NC mimic. Data represent mean + standard
deviation from three independent experiments; "P<0.05 vs. hMSC-miR-34a.
hMSCs, human mesenchymal stem cells; miR, microRNAs; NC, negative
control; SIRT1, sirtuin 1.

transfection induced high SIRT1 expression in the U87 cells,
compared with the control group.

The results revealed that U887 cells, transfected with
Ad-SIRTI, recovered cellular proliferation (Fig. 3B),
decreased senescent related gene pS3 expression (Fig. 3C), as
well as the expression of cell cycle inhibitors Cdknla (Fig. 3D)
and Cdkn2c (Fig. 3E). It also decreased senescence-associated
[-galactosidase positive cells (Fig. 3F and G).

hMSC-derived miR-34a trigger the DNA-damage response
and impair telomeres. DNA damage and telomere dysfunc-
tion leads to cellular senescence, particularly in tumors (18).
Immunoblotting was used to detect DNA damage-related
protein y-H,AX expression. Following co-culturing with
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hMSCs overexpressing miR-34a, y-H,AX expression in U87
cells was increased (Fig. 4A and B) while DNA repair related
genes ERCCI1 and ERCCS5 were decreased (Fig. 4C and D). In
addition, it was identified that co-culture with hMSCs overex-
pressing miR-34a decreased the telomere length and impaired
the telomerase activity (Fig. 4E and F). However, SIRT1
overexpression in the U87 cells rebalanced the DNA-damage
and repair, lengthened the telomere length and recovered the
telomerase activity, but Ad-Ctrl did not (Fig. 4).

Discussion

Gliomas are primary brain tumors derived from the malig-
nant transformation of oligodendrocytes and astrocytes (19).
Gliomas typically exhibit a poor prognosis irrespective of
treatment, with the most common form, glioblastoma multi-
forme (GBM), with a 5-year survival rate of only 5% (20).
Current treatment regimens for GBM include surgery, radia-
tion therapy and chemotherapy (21). Unfortunately, due to
the diffuse nature of malignant gliomas, complete surgical
resection is almost impossible. In addition, due to their resis-
tance to chemotherapy and radiotherapy, the post-surgical
treatment of GBM also requires improvement (22). One of
the reasons for the poor survival rate is the tumor micro-
environment, which is not only hypoxic and acidic but also
is surrounded by high interstitial pressure, which acts as a
pathologic barrier to drug delivery into tumors (23). One effi-
cient method of targeted delivery to glioma is the use of adult
stem cells as a delivery agent that can carry a therapeutic
agent (24), with hMSCs among the most attractive candidates
for cell-based therapy. hMSCs can cross the blood-brain
barrier and have been shown to possess innate tumor tropism
and low immunogenicity (25). The present study identified
that hMSCs overexpressing miR-34a delivered the miR to
glioma cells.

In just over two decades since the discovery of the first
miRNA, the field of miRNA biology has been considerably
explored. Insights into the roles of miRNAs in development of
diseases, particularly in cancers, have made miRNAs attractive
tools and targets for novel therapeutic approaches (17). Several
studies have demonstrated that loss of miR-34a has a causative
role in lung, breast and several other cancers (12,26). Acute
miR-34 overexpression elicits various pS3 downstream effects,
including cell cycle arrest, apoptosis, and senescence (27,28).
This was consistent with the results of the present study,
which identified that MSCs overexpressing miR-34a delivered
miR-34a to the U87 cells, resulting in lower cell proliferation,
increased p53 expression, depression of the cell cycle and
induction of cellular senescence.

One of the important factors involved in miR-34a inhibi-
tion is SIRTI in the glioma (29); miR-34a indirectly promotes
cellular senescence by targeting and repressing levels of
SIRT1 (30). A previous study revealed that SIRT1 is an
effective anti-senescent factor, and serves protective roles in
several neurodegenerative diseases (31). In glioma, inhibition
of Sirtl expression induces sensitization to radiotherapy (32).
The results of the present study suggested that miR-34a
derived from MSCs inhibited the expression of SIRTI in
the U87 cells. To further confirm the role of SIRTI in the
senescence of glioma cells, Ad-SIRT1 transfection was use to
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Figure 3. Modulation of SIRT1 weakens the pro-senescent effects of miR-34a derived from hMSCs. (A) RT-qPCR analysis of SIRT1 mRNA levels in untrans-
fected U87 cells and U87 cells transfected with adenoviral vectors expressing SIRT1 or a control scrambled sequence; "P<0.05 vs. Ad-SIRTI. (B) Cell
proliferation was determined by the CCK-8 assay. (C) p53, (D) Cdknla, and (E) Cdkn2c mRNA levels were analyzed by RT-qPCR. (F) The percentage of 3-gal
positive cells. (G) Representative images of the SA-f-gal staining. Data represents mean + standard deviation from three independent experiments;
vs. Control; “P<0.05 vs. hMSC-miR-34a+Ad-SIRT1. hMSCs, human mesenchymal stem cells; B-gal, B-galactosidase; SA, senescence-associated; RT-qPCR,

reverse transcription-quantitative polymerase chain reaction.

overexpress SIRT1 in U87 cells, and it was identified that the
pro-senescent effect induced by miR-34a delivered by hMSCs,

was completely reversed by SIRT1 overexpression.

DNA damage is a network of signaling pathways that is able
to induce cellular impairment in glioma (11). The activation
of DNA damage also modulates senescence-related cellular

“P<0.05
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Figure 4. hMSC-derived miR-34a triggered the DNA-damage response and impaired telomere. U87 cells, transfected with adenoviral vectors expressing SIRT1
or a control scrambled sequence, were co-cultured with hMSCs overexpressing miR-34a. In parallel experiment, untransfected U87 cells were co-cultured
with hMSCs overexpressing miR-34a and untreated U87 cells were used as a control. (A) Image and (B) quantification of western blotting of y-H,AX protein
expression levels. (C) ERCC1, (D) ERCCS, and (E) telomere length mRNA levels were analyzed by reverse transcription-quantitative polymerase chain
reaction. (F) Telomerase activity was measured by a Telo TAGGG telomerase PCR ELISA PLUS kit. Data represents mean + standard deviation from three
independent experiments; “P<0.05 vs. Control; “P<0.05 vs. hMSC-miR-34a+Ad-SIRT1. hMSCs, human mesenchymal stem cells; miR, microRNAs; H,AX,

H2A histone family, member X.

processes, including cell cycle checkpoint regulation and
programmed cell death (33). DNA damage induces cell cycle
arrest to provoke cellular senescence (34). The present study
identified that inducing DNA damage was accompanied with

glioma cell senescence, and y-H,AX expression increased.
A previous study reported that miR-34a impaired cardiac
contractile function during ageing, by inducing DNA damage
responses and telomere attrition (35). A previous study also
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showed that transient introduction of miR-34a into HCC cell
lines inhibited telomere length, which induced senescence-like
phenotypes and affected cellular viability (36). In agreement
with previous results, the present study revealed that miR-34a
delivered by hMSCs induced DNA damage, shortened telo-
mere length, and impaired telomerase activity, resulting in
cellular senescence.

In conclusion, the results of the present study indicated
that miR-34a delivered by MSCs induced glioma U87 cell
senescence by directly inhibiting SIRT1, resulting in increased
DNA damage, suggesting that hMSCs delivered miR-34a may
serve as a novel therapeutic target in glioma.
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