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Inhibition of miR-199a-5p rejuvenates aged ®

Check for

mesenchymal stem cells derived from
patients with idiopathic pulmonary fibrosis

and improves their therapeutic efficacy in
experimental pulmonary fibrosis
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Abstract

Background: Idiopathic pulmonary fibrosis (IPF) is an age-related disease with no cure. Mesenchymal stem cell (MSC)-
based therapy has emerged as a novel strategy for IPF treatment. Nevertheless, MSCs derived from patients with IPF
(IPF-MSCs) become senescent, thereby reducing their beneficial effects in IPF. MicroRNAs (miRNAs) mediate the
senescence of MSCs, but the underlying mechanisms are not fully understood. We investigated the mechanisms by
which miR-199a-5p regulates IPF-MSC senescence and whether its inhibition could rejuvenate IPF-MSCs and enhance
their therapeutic efficacy.

Methods: Control-MSCs and IPF-MSCs were isolated from the adipose tissue of age-matched healthy and IPF donors,
respectively. Cell senescence was examined by senescence-associated (3-galactosidase (SA-B-gal) staining. The level of
miR-199a-5p was measured by RT-PCR. Autophagy was determined using a transmission electron microscope (TEM).
The therapeutic efficacy of anti-miR-199a-5p-IPF-MSCs was assessed using a mouse model of bleomycin-induced lung
fibrosis.
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effects.

Results: Despite similar surface makers, IPF-MSCs exhibited increased cellular senescence and decreased proliferative
capacity compared with control-MSCs. The expression of miR-199a-5p was significantly enhanced in the serum of IPF
patients and IPF-MSCs compared with that of healthy donors and control-MSCs. The upregulation of miR-199a-5p
induced senescence of control-MSCs, whereas the downregulation rescued IPF-MSC senescence. Mechanistically, miR-
155-5p suppressed autophagy of MSCs via the AMPK signaling pathway by downregulating the expression of Sirtuin
1(Sirt1), resulting in cellular senescence. Accordingly, miR-155-5p inhibition promoted autophagy and ameliorated IPF-
MSC senescence by activating the Sirt1/AMPK signaling pathway. Compared with IPF-MSCs, the transplantation of anti-
miR-199a-5p-IPF-MSCs increased the ability to prevent progression of pulmonary fibrosis in bleomycin-treated mice.

Conclusions: Our study shows that miR-199a-5p regulates MSC senescence in patients with IPF by regulating the
Sirt1/AMPK signaling pathway and miR-199a-5p is a novel target to rejuvenate IPF-MSCs and enhance their beneficial

Keywords: Mesenchymal stem cells, miR-199a-5p, Rejuvenation, Senescence, Idiopathic pulmonary fibrosis

Introduction

Idiopathic pulmonary fibrosis (IPF) is characterized by
chronic and progressive fibrosing interstitial pneumonia.
It is a life-threatening disease that mainly affects middle-
aged and older adults [1, 2]. The annual incidence is esti-
mated to be 4.6 to 16.3 cases per 100,000 worldwide, and
median survival after diagnosis is approximately 3 to 5
years [3]. Although pharmacological therapies such as pir-
fenidone and nintedanib may limit IPF, the only cure is
lung transplantation [4]. This is nonetheless limited by its
high cost, a shortage of available donor organs, and immu-
norejection post transplantation. A novel strategy to treat
IPF is urgently needed.

Over the past decades, a growing body of evidence
from animal studies and clinical trials has demonstrated
that mesenchymal stem cell (MSC)-based therapy is a
potential novel approach for IPF [5-7]. MSCs can exert
multiple protective effects in the lung with pulmonary fi-
brosis that include decreasing inflammation, reducing
collagen deposition, differentiating into local cell types,
and activating resident stem cells [8, 9]. Nonetheless, the
function of MSCs declines with age with a reduction in
their capacity for tissue repair [10-12]. Compared with
age-matched control-MSCs, those isolated from IPF pa-
tients (IPF-MSCs) exhibit more senescence, manifested
by DNA damage, dysfunctional mitochondria, and de-
creased function, leading to a reduced therapeutic effect
for IPF in mice [13]. Nevertheless, the potential mecha-
nisms underlying IPF-MSC senescence are unclear.

MicroRNAs (miRNAs), a class of ~21-23 nucleotide
long noncoding RNAs, are critical repressors of gene ex-
pression, achieved by binding to the 3’-untranslated re-
gion (UTR) of target mRNAs. Previous studies have
shown that miRNAs are involved in mediating MSC sen-
escence via regulation of multiple signaling pathways [14,
15]. Our previous study showed that miR-155-5p inhibits
mitochondrial fission in MSCs via the Cab39/AMPK sig-
naling pathway, resulting in cellular senescence. Inhibition

of miR-155-5p has been shown to rejuvenate aged-MSCs
and enhance their cardioprotective effects on myocardial
infarction in mice [16]. It has been reported that the level
of miR-199a-5p is significantly increased in patients with
IPF and in mice with bleomycin-induced lung fibrosis
[17]. This altered miR-199a-5p expression prompted the
search for a potential relationship between miR-199a-5p
and IPF-MSC senescence. Nonetheless, whether and how
miR-199a-5p regulates the cellular senescence of MSCs in
IPF has not been investigated.

Autophagy plays a critical role in maintaining cellular
homeostasis via degradation of harmful cytoplasmic com-
ponents by autolysosomes. Recent studies have shown
that failure of autophagy is closely associated with cellular
senescence of stem cells, including MSCs [18, 19]. MSCs
isolated from aged-donors display deficient autophagy.
Macrophage migration inhibitory factor rejuvenates these
aged-MSCs by activating autophagy [20]. Whether miR-
199a-5p mediates IPF-MSC senescence by regulating
autophagy and the potential underlying mechanisms
nonetheless remain unclear. In the current study, we in-
vestigated the role of miR-199a-5p in the regulation of
IPF-MSC senescence and explored the underlying mo-
lecular mechanisms. We also investigated whether inhib-
ition of miR-199a-5p could rejuvenate IPF-MSCs and
improve their therapeutic effects in a mouse model of IPF.

Methods

Cell culture

Adipose-derived MSCs were isolated from healthy do-
nors (59.5+ 5.4 vears; n=7) and IPF patients (60.5 +
3.02 years; n=6). Written informed consent was ob-
tained from all donors. The procedure was approved by
the research ethics board of The First Affiliated Hospital
of Guangzhou Medical University. The demographic in-
formation of study subjects is summarized in Table 1.
The adipose tissue (1-5g) was washed three times with
PBS, cut into small pieces, and digested with enzyme
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and subsequently plated on 10 cm culture dishes. After
48 h, non-adherent cells were washed off and the re-
mainder cultured at 37°C in DMEM/high glucose
(1196508, Gibco, USA) supplemented with 10% FBS
(16000, Life Technologies, USA), 5 ng/ml EGF (AF-100-
15, PeProTech, USA), and 5ng/ml FGF2 (100-18B,
PeProTech, USA) in a humidified atmosphere with 5%
CO,. The medium was changed every 48 h. All MSCs
used in the current study were at passage 3—4. Both
control-MSCs and IPF-MSCs were passaged at 3-day in-
tervals and the same cell number (100,000 cells per 6-
cm dish) plated. Population doubling was determined at
each passage.

Characterization of MSCs

The surface markers of control-MSCs and IPF-MSCs
were evaluated by flow cytometry. The following anti-
bodies were used: anti-CD34 (343607, BioLegend, San
Diego, CA), anti-CD45 (304011, BioLegend, San Diego,
CA), anti-CD73 (344003, BioLegend, San Diego, CA),
anti-CD90 (328107, BioLegend, San Diego, CA), and
anti-CD105 (323205, BioLegend, San Diego, CA). The
differentiation capacity of control-MSCs and IPF-MSCs
into adipocytes, osteocytes, and chondrocytes was evalu-
ated as described previously [21].

Western blotting

The proteins of MSCs were extracted using a total pro-
tein extraction kit (BB-3101, Bestbio, Shanghai, China),
and their concentration determined using a bicinchoni-
nic acid (BCA) assay kit (231227, Thermo, MA, USA). A
total of 25 pg protein from each sample was loaded in
each lane and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Subsequently, the
proteins were transferred onto PVDF membranes. After
blocking with 5% fat-free milk in TBST, the membranes
were incubated overnight at 4 °C with the following pri-
mary antibodies: anti-pl6 (1:1000, ab51243, Abcam,
Cambridge, UK), anti-p21 (1:1000, ab109199, Abcam,
Cambridge, UK), anti-Beclin (1:1000, 3738, CST, MA,
USA), anti-LC3I/II (1:1000, 4108, CST, MA, USA), anti-

Table 1 Demographic characteristics of the study subjects
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p62 (1:1000, 5114, CST, MA, USA), anti-AMPK (1:1000,
5832, CST, MA, USA), anti-p-AMPK (1:1000, 4184,
CST, MA, USA), anti-Sirtl (1:1000, ab110304, Abcam,
Cambridge, UK), anti-a-SMA (1:100, ab5694, Abcam,
Cambridge, UK), anti-collagen I (1:100, ab34710, Abcam,
Cambridge, UK), and GAPDH (1:1000, 2118, CST, MA,
USA). The membranes were then washed three times
with TBST and treated with the relevant secondary anti-
body (1:1000, CST, MA, USA) for at least 1h at room
temperature and exposed to radiography film in a dark
room.

SA-B-gal assay

The cellular senescence of MSCs was determined using
a SA-B-gal assay kit (C0602, Beyotime, Shanghai, China).
The MSCs at passages 3 ~4 were used for SA-B-gal
assay in the current study. Briefly, the same number of
control-MSCs and IPF-MSCs with different treatments
was cultured in 6-well plates. Subsequently, MSCs were
fixed for 15 min after washing with PBS and then incu-
bated with an SA-B-gal staining reagent overnight at
37 °C without CO,. Finally, the samples were washed
and three randomly selected fields were imaged with a
microscope. The percentage of senescent MSCs was de-
termined by the ratio of blue (positive) MSCs to all
MSCs obtained from five different view fields of each
sample.

Bromodeoxyuridine (Brdu) incorporation assay

The proliferation capacity of MSCs was determined sing a
BrdU incorporation kit according to the manufacturer’s
instructions (1164722900, Roche, Basel, Switzerland).
Briefly, 3 x 10* MSCs were plated in 96-well microplates
and cultured with 10 uM BrdU labeling solution for 24 h
at 37°C. After removal of labeling medium, MSCs were
incubated with 200 pl FixDenat solution for 30 min and
then treated with anti-BrdU-POD working solution for 90
min. Subsequently, MSCs were washed with PBS three
times and incubated with 100 pl substrate solution for 5
min. Absorbance at 450 nm was then determined.

Total subjects IPF Control p value
6 7 -

Males/females (n) 6/0 6/1 -

Age (year), mean + SEM 60.5+3.02 505+54 0.775

Disease duration (year), mean + SEM 19+08 - -

FVC (L), mean + SEM 24+0.7 39+03 < 0.001

FVC%, mean + SEM 659+ 13 92.7£52 <0.001

DLCOY%, mean + SEM 474+74 97.1+£54 0.003

Location of the fat biopsy Subcutaneous Subcutaneous -

IPF idiopathic pulmonary fibrosis, FVC forced vital capacity, DLCO carbon monoxide diffusing capacity
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Immunofluorescence staining

After fixing with 4% paraformaldehyde (P0099, Beyo-
time, Shanghai, China) for 30 min, MSCs were washed
with PBS and permeated with 0.1% Trion X-100, then
incubated overnight at 4 °C with anti-Ki67 antibody (1:
100, ab15580, Abcam, Cambridge, UK) and yH2AX anti-
body (1:100, ab81299, Abcam, Cambridge, UK). Subse-
quently, MSCs were incubated in the dark with the
fluorescent-labeled secondary antibodies (1:1000) for 1 h
after being washed three times with PBS (10 min each)
and finally mounted with DAPI to stain the nucleus and
imaged with a fluorescence microscope. The percentage
of Ki67-positive cells was calculated as the ratio of Ki67-
positive MSCs to all DAPI-positive cells.

Transfection of miR-199a-5p mimic and inhibitor

The miR control, miR-199a-5p mimics, and miR-199a-
5p inhibitors were purchased from GenePharma (Shang-
hai, China). MSCs were transfected with miR control,
miR-199a-5p mimic, or miR-199a-5p inhibitor (50 nM)
using a Lipofectamine RNAIMAX Reagent Kit (2145966,
Invitrogen, California, USA) according to the manufac-
turer’s instructions. The MSCs were cultured at 37 °C in
a 5% CO, incubator following transfection and harvested
48 h later for further experiments. Transfection was per-
formed at least three times.

qRT-PCR

Total RNA, including miRNAs, was isolated from MSCs,
serum or lung tissue with TRIzol reagent followed by
RNase-free DNase I (2270A, Takara, Tokyo, Japan) treat-
ment. Reverse transcription was performed with a Prime-
Script RT Reagent Kit (RR037A, Takara, Tokyo, Japan). The
assays of Tagman miRNA were used to quantify the expres-
sion level of miR-199a-5p (002623, Applied Biosystems, CA,
USA). U6 was the reference gene for miRNA expression ana-
lysis. The expression of miR-199a-5p was normalized to U6
expression by the 2-AACt method. Measurement of mRNA
levels was made using SYBR Green Master Mix (Q111-02,
Vazyme, Nanjing, China) after reverse transcription of 1 pg
RNA into the first-strand cDNA. The expression of each
mRNA in different groups was normalized to GAPDH and
calculated using the 2-AACt method. The primer sequences
used to amplify the mouse RNA were as follows: collagen I
forward primer, 5'-ATCAGCTGGAGTTTCCGTGC-3" and
collagen I reverse primer, 5-CTGTTCCAGGCAATCC
ACGA-3; a-SMA forward primer, 5-GGCATCCACG
AAACCACCTA-3" and a-SMA reverse primer, 5 -TTCC
TGACCACTAGAGGGGG-3'; IL-1B forward primer, 5°'-
TGCCACCTTTTGACAGTGATG-3" and IL-1B reverse
primer, 5-AAGGTCCACGGGAAAGACAC-3’; IL-6 for-
ward primer, 5'-CAACGATGATGCACTTGCAGA-3’ and
IL-6 reverse primer, 5-TGTGACTCCAGCTTATCT
CTTGG-3'; IL-8 forward primer, 5'-CTAGGCATCTTCGT
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CCGTCC-3" and IL-8 reverse primer, 5'-CAGAAGCTTC
ATTGCCGGTG-3'. The experiments were repeated at least
three times. Human Alu-sx repeat sequences were detected
by genomic PCR to determine MSC survival in lung tissue
from the different groups. The primer of human Alu-sx was
F:5'-GGCGCGGTGGCTCACG-3, R5'-TTTTTTGAGA
CGGAGTCTCGCTC-3. The product was evaluated by elec-
trophoresis in 1.5% agarose gel supplemented with ethidium
bromide.

Transmission electron microscope (TEM)
Autophagosomes of MSCs were examined using a TEM.
In brief, after washing with PBS, cells were fixed with
2.5% glutaraldehyde in phosphate buffer for 4 h and then
post-fixed for 2h with 1% OsO4 in the same buffer.
Next, cells were dehydrated in a graded ethanol series
(30, 50, 70, 80, 90, 95, and 100%). Subsequently, cells
were infiltrated with 1:1 acetone: Spurr resin (02690-AB,
SPI-Chem, PA, USA) for 1h at room temperature, 1:3
acetone: Spurr resin for 3h, and then absolute Spurr
resin overnight. Images were captured for further ana-
lysis using a TEM (H-7650, Hitachi,).

siRNA and lentiviral transduction

MSCs were transfected with Sirtl-siRNA (RX013987,
TranSheepBio, Shanghai, China) or control siRNA
(RXO13004, TranSheepBio, Shanghai, China) using a
Lipofectamine RNAiIMAX Reagent Kit (2145966, Invitro-
gen, California, USA) according to the manufacturer’s
protocol. The lentiviral plasmid constructs for overexpres-
sion of Sirtl in control-MSCs were purchased from
TranSheepBio (Shanghai, China; Fig. S1A). The lentiviral
plasmid constructs for inhibition of miR-199a-5p in IPF-
MSCs were purchased from GenePharma (Shanghai,
China, Fig. S1B). The lentivirus was packaged as per the
manufacturer’s protocol. MSCs at a confluence of 70-80%
were infected by lentivirus at a multiplicity of infection of
10 with polybrene (8 ug/ml). The transfection efficiency
was determined after 72 h by Western blotting and PCR.

IPF model establishment and transplantation of MSCs

All animal experiments were performed at the Laboratory
Animal Center of Guangzhou Yongnuo and approved by
the Animal Ethical and Welfare Committee (AEWC) of
Yongnuo Medical Laboratory Animal Center (No.
TACUC-G16021). The IPF model was induced in C57BL/
6] male mice (8—10 weeks old, weighing 23-28 g) by direct
injection into the trachea of 2 U/kg bleomycin hydrochlor-
ide (390320, Hanhui Pharmaceutical, Hangzhou, China)
solution using a 0.9-mm needle after anesthesia with 1%
sodium pentobarbital. Mice were randomly divided into
five groups: control group, bleomycin group, bleomycin +
control-MSC group, bleomycin + IPF-MSCs group, and
bleomycin + anti-miR-199a-5p IPF-MSCs group (7 =6 in
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each group). Twenty-four hours following bleomycin ad-
ministration, 5 x 10°> human adipose-MSCs from different
groups suspended in 100ul PBS were intravenously
injected into the mice via tail vein. At 14 days post-
transplantation, mice were deeply anesthetized with 1%
sodium pentobarbital and intrapulmonary blood was re-
placed by saline through cardiac perfusion. Subsequently,
mice succumbed due to the excessive blood loss and the
lungs were harvested. The histopathology and fibrosis de-
position of the lung tissue from different groups were ana-
lyzed by HE staining and Masson’s trichrome staining,
respectively. Fibrotic areas occupied by collagen (blue)
were quantified using Image-Pro Plus software (Version
X; Adobe, San Jose, CA). The percentage of fibrosis was
calculated for each mouse as the ratio of the fibrotic area
to the total area x 100%. At least 5 lung parenchyma were
counted in each slide.

Statistical analysis

Statistical analyses were performed using Prism 5.0
(GraphPad Software), and results expressed as the
mean + SEM. Differences between two groups were ana-
lyzed by unpaired Student’s ¢ test and multiple groups
by one-way ANOVA followed by Bonferroni test. A
value of p < 0.05 was considered statistically significant.

Results

Characterization of control-MSCs and IPF-MSCs

We first examined the surface antigens of control-MSCs
and IPF-MSCs using flow cytometry. Both control-
MSCs and IPF-MSCs had similar surface markers. They
were CD73, CD90, and CD105-positive but CD34 and
CD45-negative (Fig. 1a). Next, we examined the capacity
of control-MSCs and IPF-MSCs to differentiate into adi-
pocytes, osteocytes and chondrocytes. Both types of
MSCs could differentiate into adipocytes, as evidenced
by Oil Red O staining. Strikingly, IPF-MSCs showed a
distinctly higher adipogenic differentiation capacity than
control-MSCs (Fig. 1b) but a significantly lower osteo-
genic and chondrogenic differentiation capacity, as evi-
denced by Alizarin Red and Alcian blue staining
respectively (Fig. 1c, d). These results suggest that the
differentiation capacity of IPF-MSCs was altered.

IPF-MSCs are more senescent than control-MSCs

Since IPF-MSCs displayed an altered differentiation po-
tential, we next examined whether they were senescent.
The protein level of cellular senescence markers includ-
ing p21 and pl6 in MSCs derived from six IPF patients
was significantly higher than that of seven healthy indi-
viduals (Fig. 2a). Next, we evaluated the cell growth rate
of control-MSCs and IPF-MSCs via serial passaging. As
shown in Fig. 2b, the proliferation of IPF-MSCs was slow
and arrested at passage 6, whereas control-MSCs
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continued growing until passage 11, indicating that the
proliferation of IPF-MSCs was decreased (Fig. 2b). BrdU
assay also showed that compared with control-MSCs,
the absorbance at 450 nm of IPF-MSCs was significantly
reduced, indicating a decreased proliferative rate (Fig.
2¢). Furthermore, compared with control-MSCs, the per-
centage of SA-B-gal-positive cells was dramatically in-
creased in IPF-MSCs (Fig. 2d). We then assessed the
proliferative rate using Ki67 staining and found a lower
proliferative ability of IPE-MSCs compared with control-
MSCs (Fig. 2e). We also examined DNA damage in
control-MSCs and IPF-MSCs using yH2AX staining.
The percentage of YH2AX-positive cells was greatly in-
creased in IPF-MSCs compared with control-MSCs (Fig.
2f). Collectively, these data indicate that IPF-MSCs
showed more cellular senescence.

miR-199a-5p mediates cellular senescence of IPF-MSCs

A large body of evidence has shown that miRNAs are in-
volved in the regulation of cellular senescence [22, 23].
It has been reported that miR-199a-5p level is signifi-
cantly altered in patients with IPF and animal models of
IPF [17]. We focused on determining whether miR-
199a-5p is involved in regulating IPF-MSC senescence.
We first measured the level of miR-199a-5p in serum
from healthy donors and IPF patients by qRT-PCR. The
level of miR-199a-5p was significantly upregulated in
IPF patients compared with control donors (Fig. 3a).
Compared with control-MSCs, the miR-199a-5p level
was also greatly enhanced in IPF-MSCs (Fig. 3b), indi-
cating that the expression of miR-199a-5p was associ-
ated with IPF-MSC senescence. Next, we transfected
miR-199a-5p mimic directly into control-MSCs to verify
the role of miR-199a-5p in regulation of MSC senes-
cence. As shown in Fig. S2A, the miR-199a-5p level was
robustly increased in miR-199a-5p mimic-treated
control-MSCs (Fig. S2A). Compared with miR control
treatment, the expression of p21 and pl16 (Fig. 3c) and
the level of SA-B-gal activity (Fig. 3d) were dramatically
increased in miR-199a-5p mimic-treated control-MSCs.
Furthermore, miR-199a-5p mimic treatment significantly
reduced the proliferation of control-MSCs as evidenced
by the reduction of Ki67-positive cells (Fig. S2B). In
addition, we treated IPF-MSCs with a miR-199a-5p in-
hibitor. The results showed that the miR-199a-5p inhibi-
tor led to significant downregulation of the miR-199a-5p
level (Fig. S2C), p21 and p16 protein expression (Fig. 3e)
and SA-P-gal activity (Fig. 3f) in IPF-MSCs. Further-
more, Ki67 staining showed that miR-199a-5p inhibitor
treatment significantly improved the proliferative rate of
IPF-MSCs (Fig. S2D). Collectively, these results indicate
that miR-199a-5p mediated the cellular senescence of
IPE-MSC:s.
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miR-199a-5p induces cellular senescence of MSCs by
regulating autophagy

It has been shown that autophagy mediates cellular sen-
escence of MSCs [24]. We examined whether miR-199a-
5p would induce MSC senescence by regulating autoph-
agy. First, we detected the autophagosomes in control-
MSCs and IPF-MSCs using TEM. As shown in Fig. S3A,
the number of autophagosomes in IPF-MSCs was greatly
decreased compared with that in control-MSCs (Fig.
S3A). Next, we evaluated the protein expression of some

key autophagy-associated proteins including Beclin,
LC3II/I, and p62. Western blotting analysis showed that
compared with control-MSCs, the expression of Beclin
and LC3II/I was greatly decreased in IPF-MSCs, whereas
that of p62 was increased (Fig. S3B), suggesting that au-
tophagy was decreased in IPF-MSCs. Subsequently, we
treated control-MSCs with miR-199a-5p mimic and
found that the number of autophagosomes was much
lower than that in miR control-treated control-MSCs
(Fig. 4a). In addition, the p62, p21, and pl6 expression
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levels were significantly increased, whereas Beclin and
LC3II/I expression was decreased in miR-199a-5p
mimic-treated MSCs (Fig. 4b). Moreover, miR-199a-5p
mimic treatment enhanced SA-B-gal activity in control-
MSCs (Fig. 4c). Compared with miR control, fewer
Ki67-positive cells were detected in miR-199a-5p mimic-
treated control-MSCs (Fig. S3C). Notably, these effects
were partially reversed by rapamycin (an autophagy acti-
vator) treatment. Furthermore, compared with miR
control-treated IPF-MSCs, miR-199a-5p inhibitor treat-
ment increased the number of autophagosomes (Fig.
4d). Moreover, the expression of Beclin and LC3II/I was

significantly upregulated in miR-199a-5p inhibitor-
treated IPF-MSCs, while the level of p62, p21, and pl6
protein was downregulated (Fig. 4e). As shown in Fig. 4f,
treatment with miR-199a-5p inhibitor alleviated the sen-
escence of IPF-MSCs, as evidenced by the result of SA-
B-gal staining (Fig. 4f). Compared with the miR control
group, more Ki67-positive cells were detected in the
miR-199a-5p inhibitor treated group (Fig. S3D). None-
theless, these effects were partially abrogated by treat-
ment with 3-MA (an autophagy inhibitor) that
significantly downregulated the increased autophago-
somes and upregulated the decreased cellular senescence
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of miR-199a-5p inhibitor treated- IPF-MSCs (Fig. 4d—f).
These data demonstrate that miR-199a-5p induces cellu-
lar senescence of MSCs by regulating autophagy.

miR-199a-5p regulates autophagy via the Sirt1/AMPK
signaling pathway

Since evidence shows that the AMPK signaling pathway reg-
ulates autophagy [25, 26], we aimed to determine whether
miR-199a-5p mediates autophagy by regulating that pathway.
It has also been reported that Sirtl can affect AMPK activa-
tion to mediate autophagy [27, 28]. First, we sought to iden-
tify a potential binding sequence for miR-199a-5p within the
sequence of Sirtl using TargetScan (http://www.targetscan.
org/). The potential miR-199a-5p binding sequence of Sirtl
3'UTR is shown in Fig. S4A, revealing that Sirtl is a poten-
tial target of miR-199a-5p (Fig. S4A). Next, we tested
whether miR-199a-5p overexpression could affect the
expression of Sirtl in control-MSCs. Treatment with miR-
199a-5p mimic significantly decreased Sirtl protein expres-
sion (Fig. S4B). Furthermore, the dual-luciferase reporter as-
says demonstrated that miR-199a-5p mimic transfection
significantly reduced the luciferase activity of Sirtl wild-type
(WT) reporter but had no effect on the activity of the Sirtl
mutant reporter (Fig. S4C). These results demonstrated that
miR-199a-5p regulates Sirtl expression. Subsequently, we ex-
amined the expression of Sirtl and p-AMPK in control-
MSCs and IPF-MSCs. Compared with control-MSCs, the ex-
pression of Sirtl and p-AMPK was robustly decreased in
IPE-MSC:s (Fig. 5a). Next, we found that miR-199a-5p mimic
treatment downregulated the expression of Sirtl, p-AMPK,
Beclin, and LC3II/I but upregulated that of p62 in control-
MSCs, suggesting that the Sirtl/AMPK signaling pathway is
involved in miR-199a-5p and regulates autophagy (Fig. 5b,
c). Nonetheless, these effects were partially reversed by over-
expression of Sirtl or AICAR treatment, AMPK activator in
miR-199a-5p mimic-treated control-MSCs. In addition, over-
expression of Sirtl or AICAR treatment attenuated miR-
199a-5p mimic-induced senescence of control-MSCs (Fig.
5d). To further verify that miR-199a-5p regulates autophagy
via the Sirtl/AMPK signaling pathway, we treated IPF-MSCs
with miR-199a-5p inhibitor. Western blotting analysis re-
vealed significantly increased expression of Sirtl, p-AMPK,
Beclin, and LC3II/I but decreased expression of p62 in IPF-
MSCs (Fig. 5e, f). Notably, these effects were partially abro-
gated by Sirtl-siRNA or compound C treatment or AMPK
inhibitor in miR-199a-5p inhibitor-treated IPF-MSCs (Fig.
5e, f). Moreover, Sirtl-siRNA or compound C treatment re-
versed the inhibition of cellular senescence in miR-199a-5p
inhibitor-treated IPF-MSCs as demonstrated by SA-f-gal
staining (Fig. 5g). Collectively, these results suggest that miR-
199a-5p regulates autophagy to mediate MSC senescence via
the Sirt1/AMPK signaling pathway.
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Transplantation of anti-miR-199a-5p IPF-MSCs
ameliorated the symptoms of pulmonary fibrosis

To examine whether inhibition of miR-199a-5p in IPF-
MSCs could improve the therapeutic effects of IPF-
MSCs, we transplanted anti-miR-199a-5p-IPF-MSCs
into a mouse model of pulmonary fibrosis. The experi-
mental protocol is outlined in Fig. 6a. As shown in Fig.
6b, HE staining showed that compared with the control
group, mice with pulmonary fibrosis displayed serious
damage to the lung alveoli structure and a high level of
inflammatory cell infiltration. In contrast, the patho-
logical structure of lung tissue was greatly improved in
all MSC-treated groups compared with the bleomycin
group, with the most significant improvement evident in
the control-MSC group. Notably, the structural integrity
of lung tissue in the anti-miR-199a-5p-IPF-MSC group
was much better than that of the IPF-MSC group (Fig.
6b). Consistent with these findings, a similar result was
shown for Masson’s trichrome staining in different
MSC-treated groups. The fibrotic area was much higher
in the IPF-MSC group than in the control-MSC group
but significantly reduced in the anti-miR-199a-5p-IPF-
MSC group compared with the IPE-MSC group (Fig. 6c,
d). Next, we examined the survival of MSCs in the lung
tissue from different groups at 14 days post transplant-
ation. Human nuclear antigen (HNA) immunohisto-
chemical staining showed that although the number of
surviving MSCs was highest in lung tissue from the
control-MSC group, and MSC survival was much higher
in the anti-miR-199a-5p-IPF-MSC group compared with
the IPF-MSC group (Fig. 6e, f). To further verify MSC
survival in the lung tissue after transplantation, we per-
formed PCR to examine the human repeat sequences
Alu-sx in the lung tissue from different groups. As
shown in Fig. 6g, Alu-sx was detected in all MSC groups
but not in the control or bleomycin group (Fig. 6g). Fur-
thermore, although expression of Alu-sx was highest in
the lung tissue from the control-MSC group, it was sig-
nificantly increased in the anti-miR-199a-5p-IPF-MSC
group compared with the IPF-MSC group (Fig. 6g).

Transplantation of anti-miR-199a-5p-IPF-MSCs attenuated
fibrosis formation and inflammation in a mouse model of
pulmonary fibrosis

The protein expression of collagen I and a-SMA was
significantly increased in the bleomycin group compared
with the control group, but dramatically reduced in the
MSC-treated group (Fig. 7a). Notably, the protein ex-
pression of collagen I and a-SMA was much lower in
the anti-miR-199a-5p-IPF-MSC group than in the IPF-
MSC group (Fig. 7a). Similar results were shown for the
mRNA level of collagen I and a-SMA. As shown in Fig.
7b, compared with the bleomycin group, the mRNA
level of collagen I and a-SMA was greatly reduced in the
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(See figure on previous page.)

Fig. 5 miR-199a-5p regulated autophagy via the Sirt1/AMPK signaling pathway. a Western blotting analysis of the expression of Sirt1 and p-AMPK
in control-MSCs and IPF-MSCs. b Western blotting analysis of the expression of Sirt1 and p-AMPK in control-MSCs treated with miR control, miR-
199a-5p mimic, miR-199a-5p mimic + lenti-Sirt1, or miR-199a-5p mimic + AICAR. ¢ Western blotting analysis of p62, Beclin, and LC3II/I expression
in control-MSCs treated with miR control, miR-199a-5p mimic, miR-199a-5p mimic + lenti-Sirt1, or miR-199a-5p mimic +AICAR. d Representative
images and quantitative analysis of SA-3-gal staining in control-MSCs treated with miR control, miR-199a-5p mimic, miR-199a-5p mimic + lenti-
Sirt1, or miR-199a-5p mimic +AICAR. Scale bar =200 pm. e Western blotting analysis of the expression of Sirt1 and p-AMPK in IPF-MSCs treated
with miR control, miR-199a-5p inhibitor, miR-199a-5p inhibitor+Sirt1-siRNA, or miR-199a-5p inhibitor + Compound C. f Western blotting analysis
of p62, Beclin, and LC3Il/I expression level in IPF-MSCs treated with miR control, miR-199a-5p inhibitor, miR-199a-5p inhibitor+Sirt1-siRNA, or miR-
199a-5p inhibitor + Compound C. g Representative images and quantitative analysis of SA-3-gal staining in IPF-MSCs treated with miR control,
miR-199a-5p inhibitor, MiR-199a-5p inhibitor + Sirt1-siRNA, or miR-199a-5p inhibitor + compound C. All data were obtained from at least three

independent experiments and each error bar represents the mean + SEM. Scale bar =200 um. ***p < 0.001

MSC-treated groups (Fig. 7b). Notably, the mRNA level
of collagen I and a-SMA was much lower in the anti-
miR-199a-5p-IPF-MSC group than in the IPF-MSC
group (Fig. 7b). In addition, the level of IPF associated
inflammatory cytokines showed the same trend. Com-
pared with the bleomycin group, the mRNA level of IL-
1B, IL-6, and IL-8 was decreased in MSC-treated groups
(Fig. 7c). Furthermore, these mRNA levels of IL-1p and
IL-6 were lower in the anti-miR-199a-5p-IPF-MSC
group than in the IPF-MSC group (Fig. 7c). Nonetheless,
there was no significant difference in the mRNA level of
IL-8 between the anti-miR-199a-5p-IPF-MSC group and
the IPE-MSC group (Fig. 7c). These results indicate that
anti-miR-199a-5p-IPF-MSCs were superior to IPF-MSCs
in attenuation of fibrosis formation and inflammation in
the mouse model of pulmonary fibrosis.

Discussion

There were several major findings in the current study
(Fig. 7d). First, miR-199a-5p-mediated MSC senescence
in patients with IPF. Second, miR-199a-5p induced IPF-
MSC senescence by regulating autophagy. Third, miR-
199a-5p regulated autophagy by targeting the Sirtl/
AMPK signaling pathway. Finally, inhibition of miR-
199a-5p rejuvenated IPF-MSCs and increased their cap-
acity to prevent lung fibrosis progression induced by
bleomycin in mice.

Although MSC-based therapy has shown promising
results for treatment of IPF, some drawbacks need to be
overcome prior to its clinical application. A major chal-
lenge is that MSCs isolated from aged donors or patients
are easily senescent, resulting in minimal therapeutic ef-
fectiveness [29, 30]. Compared with MSCs derived from
age-matched healthy donors, those from patients with
abdominal aortic aneurysm exhibit cellular senescence
as evidenced by altered multi-differentiation potential,
increased SA-B-gal activity and enhanced reactive oxy-
gen species (ROS) production [31]. MSCs derived from
diabetic patients also display altered multi-differentiation
potential, reduced proliferative capacity and decreased
migration, and a senescent phenotype [32]. Since IPF is
an age-related disease, MSCs from IPF patients may be

also senescent. Indeed, consistent with a previous report
[13], in our study, IPF-MSCs demonstrated increased
cellular senescence as manifested by decreased prolifera-
tion, and increased SA-B-gal activity and expression of
p21 and pl6. Furthermore, compared with control-
MSCs, transplantation of IPF-MSCs showed a decreased
therapeutic efficacy for pulmonary fibrosis induced by
bleomycin in mice. Nonetheless, the precise mechanisms
that underlie IPF-MSC senescence remain unclear. More
recently, several strategies including pharmacologic ap-
proaches, genetic modification, and cytokine supplemen-
tation have been used to rejuvenate senescent MSCs and
enhance their beneficial effects [33]. A better under-
standing of the molecular mechanisms that mediate IPF-
MSC senescence will be of great importance when ex-
ploring novel strategies for rejuvenation.

Although the underlying mechanisms remain unclear,
miRNAs have been reported to play critical roles in
regulating MSC senescence. MiR-27b has been shown to
contribute to metabolic syndrome-induced adipose
tissue-derived MSCs in a porcine model via regulation
of the p16/MAPK signal pathway and inhibition of miR-
27b downregulated pl6 expression and increased MSC
migration [15]. MiR-1292 accelerated senescence and re-
strained osteogenesis of adipose tissue-derived MSCs via
the Wnt/p-catenin signaling pathway by targeting FZD4
[34]. The downregulation of miR-1292 reduced senes-
cence and improved osteogenic differentiation. These re-
sults reveal that miRNAs mediate MSC senescence. The
regulation of some of the key miRNAs is a novel inter-
ventional strategy for rejuvenating senescent MSCs. In
the current study, the expression of miR-199a-5p was
significantly enhanced in the serum of IPF patients and
IPF-MSCs. Subsequently, we used loss and gain of func-
tion assay and demonstrated that overexpression of
miR-199a-5p induced MSC senescence while inhibition
rejuvenated IPF-MSCs. Despite this, the precise role of
miR-199a-5p in regulating IPF-MSC senescence has not
been studied.

Recently, autophagy has been intensively investigated
as a major mechanism for MSC senescence. Compared
with young-MSCs, the autophagic activity is significantly
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MSCs, or anti-miR-199a-5p-IPF-MSCs. Scale bar = 100 um. d Quantitative analysis of fibrosis of the lung tissue from control mice, bleomycin-treated mice, and
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group. Data represent the mean =+ SEM from groups of six mice. *p < 005; **p < 0001

diminished in aged-MSCs [18]. Moreover, Capasso et al.  [35]. In contrast, several studies have shown that activa-
found that the autophagy was greatly reduced in senes- tion of autophagy contributes to MSC senescence [36,
cent MSCs induced by oxidative stress, doxorubicin  37]. High glucose induced MSC senescence by upregu-
treatment, X-ray irradiation, and replicative exhaustion lating ROS generation and autophagic activity [38].
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These contradictory results suggest that autophagy me-
diates MSC senescence in a text-dependent manner. In
our study, we observed that autophagic activity was de-
creased in IPF-MSCs compared with control-MSCs.

Moreover, overexpression of miR-199a-5p in control-
MSCs significantly downregulated autophagic activity,
leading to MSC senescence. These effects were partially
abrogated by rapamycin. These findings show that miR-
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199a-5p induces IPF-MSC senescence via regulation of
autophagic activity, even though the exact mechanism
has not been fully understood.

Previous studies have shown that decreased expres-
sion of Sirtl is closely associated with age-related dis-
ease via regulation of autophagy [39, 40]. Sirtl
reverses the cellular senescence of adipose-derived
stem cells, induced by oxidative stress, by enhancing
autophagy [41]. In this study, we also observed that
the expression of Sirtl was greatly reduced in IPF-
MSCs. Further bioinformatics analysis showed that
Sirtl is a potential target of miR-199a-5p, indicating
that miR-199a-5p-induced MSC senescence in IPF pa-
tients may be due to downregulation of Sirtl. Senes-
cence is usually accompanied by suppression of
AMPK and upregulation of AMPK ameliorates cellu-
lar senescence [42]. Sirtl activation of autophagy is
linked to the AMPK pathway. The actions of Sirtl
and AMPK are symbiotic; the effect of AMPK can
promote Sirtl activation and Sirtl can augment the
activity of AMPK [43]. We found that overexpression
of miR-199a-5p suppressed autophagy in MSCs by
downregulating Sirtl1/AMPK, leading to cellular senes-
cence, and these effects were partially reversed by
overexpression of Sirtl or AMPK activator. Further-
more, inhibition of miR-199a-5p could rejuvenate
IPF-MSCs, and they exhibited an increased thera-
peutic effect in pulmonary fibrosis induced by bleo-
mycin in mice. In the current study, we examined the
therapeutic effect of MSCs on bleomycin-induced pul-
monary fibrosis in male mice. It has been established
that IPF appears to be more common in men but
presents differently in women. Therefore, the
therapeutic effect of MSCs on bleomycin-induced pul-
monary fibrosis in female mice requires further
investigation.

There were several limitations in this study that
should be acknowledged. First, despite our novel find-
ing that miR-199a-5p is involved in the regulation of
IPE-MSC senescence, it remains unclear whether
other altered miRNAs in IPF patients mediate IPF-
MSC senescence. Second, in addition to Sirtl/AMPK
signaling pathways, whether miR-155-5p regulates
other targets to mediate IPF-MSC senescence war-
rants further investigation. Third, although transplant-
ation of anti-miR-199a-5p-IPF-MSCs was superior to
IPE-MSCs in attenuation of pulmonary fibrosis in-
duced by bleomycin in mice, the underlying mecha-
nisms remain elusive. Fourth, the effect of miR-199a-
5p on other cell types in IPF such as endothelial cells,
epithelial cells, and fibroblasts requires further investi-
gation. Finally, the long-term impact of MSCs on fi-
brosis formation in a mouse model of pulmonary
fibrosis was not determined in the current study.
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Conclusions

These results reveal that miR-199a-5p inhibits autophagy
via regulation of Sirt1/AMPK signal pathways, leading to
MSC senescence in patients with IPF. The downregula-
tion of miR-199a-5p could rejuvenate IPF-MSC senes-
cence and improve the therapeutic potency of MSC
therapy for pulmonary fibrosis. Our study provides a
novel candidate target to enhance the therapeutic effi-
cacy of MSC-based therapy for pulmonary fibrosis-
related disease.
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at least three independent experiments and each error bar represents the
mean + SEM. ***p <0.001; ns: not significant.

Abbreviations

BCA: Bicinchoninic acid; DLCO: Carbon monoxide diffusing capacity;

FVC: Forced vital capacity; HNA: Human nuclear antigen; IPF: Idiopathic
pulmonary fibrosis; MSC: Mesenchymal stem cell; ROS: Reactive oxygen
species; SA-B-gal: Senescence-associated (3-galactosidase; Sirt1: Sirtuin 1;
TEM: Transmission electron microscope; UTR: Untranslated region; WT: Wild-
type

Acknowledgements
The authors thank Ms. Sarah M. Aglionby for editing the manuscript.

Authors’ contributions
Y. Zhang, Q. Luo, and X. Li designed the research, analyzed the data, and
wrote the manuscript. L. Shi and Q. Han performed the research, analyzed


https://doi.org/10.1186/s13287-021-02215-x
https://doi.org/10.1186/s13287-021-02215-x

Shi et al. Stem Cell Research & Therapy (2021) 12:147

the data, and wrote the manuscript. Y. Hong, W. Li, G. Gong, J. Cui, M. Mao,
and X. Liang contributed to performing the research and preparing
experimental reagents. B. Hu helped to analyze the data and provided the
materials. The authors read and approved the final manuscript.

Funding

This research was supported in part by the State key Laboratory of Respiratory
Diseases open grant (SKLRD-OP-201920 to Y. Zhang& Q. Luo), the National
Natural Science Grant of China (81700259 to Y. Zhang), the High-level Hospital
Construction Project of Guangdong Provincial People’s Hospital (DFJH201918
to Y. Zhang, DFJH2020020 to W. Li), and the grant from the Science and Tech-
nology Planning Project of Guangzhou (201804010335 to B. Hu) and Tibet Au-
tonomous Region Research Projects (XZ2018-01-GB-09 to X. Li).

Availability of data and materials

All data has been included in the paper and supplement. The datasets used
in this study are available from the corresponding author on reasonable
request.

Ethics approval and consent to participate

The procedure was approved by the research ethics board of The First Affiliated
Hospital of Guangzhou Medical University. Written informed consent was obtained
from all donors. All animal experiments were performed at the Laboratory Animal
Center of Guangzhou Yongnuo and approved by the Animal Ethical and Welfare
Committee (AEWC) of Yongnuo Medical Laboratory Animal Center (No. IACUC-
G16021).

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details

'The Second School of Clinical Medicine, Southern Medical University,
Guangzhou 510080, Guangdong, China. “Department of Emergency
Medicine, Guangdong Provincial People’s Hospital, Guangdong Academy of
Medical Sciences, Guangzhou, Guangdong, China. 3Department of
Respiratory Medicine, The First Affiliated Hospital of Guangzhou Medical
University, Guangzhou Institute of Respiratory Health, State Key Laboratory of
Respiratory Disease, Guangzhou, Guangdong, China. “Institute of
Regenerative Medicine, Shanghai East Hospital, Tongji University School of
Medicine, Shanghai, China.

Received: 10 December 2020 Accepted: 7 February 2021
Published online: 25 February 2021

References
1. King TE Jr, Pardo A, Selman M. Idiopathic pulmonary fibrosis. Lancet. 2011;
378:1949-61.

2. Glass DS, Grossfeld D, Renna HA, Agarwala P, Spiegler P, Kasselman LJ, et al.
Idiopathic pulmonary fibrosis: molecular mechanisms and potential
treatment approaches. Respir Investig. 2020.

3. Chuang HM, Shih TE, Lu KY, Tsai SF, Harn HJ, Ho LI. Mesenchymal stem cell
therapy of pulmonary fibrosis: improvement with target combination. Cell
Transplant. 2018;27:1581-7.

4. LiuF, Wang L, Qi H, Wang J, Wang Y, Jiang W, et al. Nintedanib, a triple
tyrosine kinase inhibitor, attenuates renal fibrosis in chronic kidney disease.
Clin Sci (London, England : 1979). 2017;131:2125-43.

5. Cahill EF, Kennelly H, Carty F, Mahon BP, English K. Hepatocyte growth factor is
required for mesenchymal stromal cell protection against bleomycin-induced
pulmonary fibrosis. Stem Cells Transl Med. 2016;5:1307-18.

6.  Glassberg MK, Minkiewicz J, Toonkel RL, Simonet ES, Rubio GA, DiFede D,
et al. Allogeneic human mesenchymal stem cells in patients with idiopathic
pulmonary fibrosis via intravenous delivery (AETHER): a phase | safety clinical
trial. Chest. 2017;151:971-81.

7. Mansouri N, Willis GR, Fernandez-Gonzalez A, Reis M, Nassiri S, Mitsialis SA,
et al. Mesenchymal stromal cell exosomes prevent and revert experimental
pulmonary fibrosis through modulation of monocyte phenotypes. JCI
Insight. 2019:4.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 16 of 17

Toonkel RL, Hare JM, Matthay MA, Glassberg MK. Mesenchymal stem cells
and idiopathic pulmonary fibrosis. Potential for clinical testing. Am J Respir
Crit Care Med. 2013;188:133-40.

Tzouvelekis A, Toonkel R, Karampitsakos T, Medapalli K, Ninou |, Aidinis V,
et al. Mesenchymal stem cells for the treatment of idiopathic pulmonary
fibrosis. Front Med (Lausanne). 2018;5:142.

Sun L, Zhu W, Zhao P, Zhang J, Lu Y, Zhu Y, et al. Down-regulated
exosomal microRNA-221 - 3p derived from senescent mesenchymal stem
cells impairs heart repair. Front Cell Dev Biol. 2020;8:263.

Yang K, Song HF, He S, Yin WJ, Fan XM, Ru F, et al. Effect of neuron-derived
neurotrophic factor on rejuvenation of human adipose-derived stem cells for
cardiac repair after myocardial infarction. J Cell Mol Med. 2019;23:5981-93.
Song HF, He S, Li SH, Yin WJ, Wu J, Guo J, et al. Aged human multipotent
mesenchymal stromal cells can be rejuvenated by neuron-derived
neurotrophic factor and improve heart function after injury. JACC Basic
Transl Sci. 2017;2:702-16.

Cardenes N, Alvarez D, Sellares J, Peng Y, Corey C, Wecht S, et al.
Senescence of bone marrow-derived mesenchymal stem cells from patients
with idiopathic pulmonary fibrosis. Stem Cell Res Ther. 2018;9:257.

Shang J, Yao Y, Fan X, Shangguan L, Li J, Liu H, et al. miR-29¢-3p promotes
senescence of human mesenchymal stem cells by targeting CNOT6
through p53-p21 and p16-pRB pathways. Biochim Biophys Acta. 2016;1863:
520-32.

Meng Y, Eirin A, Zhu XY, Tang H, Hickson LJ, Lerman A, et al. Micro-RNAS
regulate metabolic syndrome-induced senescence in porcine adipose
tissue-derived mesenchymal stem cells through the P16/MAPK pathway.
Cell Transplant. 2018;27:1495-503.

Hong Y, He H, Jiang G, Zhang H, Tao W, Ding Y, et al. miR-155-5p inhibition
rejuvenates aged mesenchymal stem cells and enhances cardioprotection
following infarction. Aging Cell. 2020;19:e13128.

Lino Cardenas CL, Henaoui IS, Courcot E, Roderburg C, Cauffiez C, Aubert S,
et al. miR-199a-5p Is upregulated during fibrogenic response to tissue injury
and mediates TGFbeta-induced lung fibroblast activation by targeting
caveolin-1. PLoS Genet. 2013;9:21003291.

Ma'Y, Qi M, An'Y, Zhang L, Yang R, Doro DH, et al. Autophagy controls
mesenchymal stem cell properties and senescence during bone aging.
Aging Cell. 2018;17(1):e12709

Rastaldo R, Vitale E, Giachino C. Dual role of autophagy in regulation of
mesenchymal stem cell senescence. Front Cell Dev Biol. 2020,8:276.

Zhang Y, Zhu W, He H, Fan B, Deng R, Hong VY, et al. Macrophage migration
inhibitory factor rejuvenates aged human mesenchymal stem cells and
improves myocardial repair. Aging (Albany NY). 2019;11:12641-60.

Lian Q, Zhang Y, Liang X, Gao F, Tse HF. Directed differentiation of human-
induced pluripotent stem cells to mesenchymal stem cells. Methods
Molecular Biol (Clifton, N.J). 2016;1416:289-98.

Potter ML, Hill WD, Isales CM, Hamrick MW, Fulzele S. MicroRNAs are critical
regulators of senescence and aging in mesenchymal stem cells. Bone. 2020;
142:115679.

Choi SW, Lee JY. Kang KS miRNAs in stem cell aging and age-related
disease. Mechanisms Ageing Development. 2017;168:20-9.

Liu ZZ, Hong CG, Hu WB, Chen ML, Duan R, Li HW, et al. Autophagy
receptor OPTN (optineurin) regulates mesenchymal stem cell fate and
bone-fat balance during aging by clearing FABP3. Autophagy. 2020:1-17.
Varalda M, Antona A, Bettio V, Roy K, Vachamaram A, Yellenki V, et al.
Psychotropic drugs show anticancer activity by disrupting mitochondrial
and lysosomal function. Front Oncol. 2020;10:562196.

Cedric B, Armen S. AMPK-induced autophagy as a key regulator of cell
migration. Autophagy. 2020;1-2.

Kang HS, Cho HC, Lee JH, Oh GT, Koo SH, Park BH, et al. Metformin
stimulates IGFBP-2 gene expression through PPARalpha in diabetic states.
Sci Rep. 2016,6:23665.

Li X, Zhu Q, Zheng R, Yan J, Wei M, Fan Y, et al. Puerarin attenuates diabetic
nephropathy by promoting autophagy in Podocytes. Front Physiol. 2020;11:73.
Huang R, Qin C, Wang J, Hu Y, Zheng G, Qiu G, et al. Differential effects of
extracellular vesicles from aging and young mesenchymal stem cells in
acute lung injury. Aging (Albany NY). 2019;11:7996-8014.

Liang X, Ding Y, Lin F, Zhang Y, Zhou X, Meng Q, et al. Overexpression of
ERBB4 rejuvenates aged mesenchymal stem cells and enhances angiogenesis
via PI3K/AKT and MAPK/ERK pathways. FASEB J. 2019;33:4559-70.

Huang X, Zhang H, Liang X, Hong Y, Mao M, Han Q, et al. Adipose-derived
mesenchymal stem cells isolated from patients with abdominal aortic



Shi et al. Stem Cell Research & Therapy

32.

33.

34.

35.

36.
37.

38.

39.

40.

42.

43.

(2021) 12:147

aneurysm exhibit senescence phenomena. Oxidative Med Cell Longev.
2019;2019:1305049.

Capilla-Gonzalez V, Lopez-Beas J, Escacena N, Aguilera Y, de la Cuesta A,
Ruiz-Salmeron R, et al. PDGF restores the defective phenotype of adipose-
derived mesenchymal stromal cells from diabetic patients. Mol Ther. 2018;
26:2696-709.

Liu J, Ding Y, Liu Z, Liang X. Senescence in mesenchymal stem cells:
functional alterations, molecular mechanisms, and rejuvenation strategies.
Front Cell Dev Biol. 2020,8:258.

Fan J, An X, Yang Y, Xu H, Fan L, Deng L, et al. MiR-1292 targets FZD4 to
regulate senescence and osteogenic differentiation of stem cells in TE/SJ/
mesenchymal tissue system via the Wnt/beta-catenin pathway. Aging Dis.
20189:1103-21.

Capasso S, Alessio N, Squillaro T, Di Bernardo G, Melone MA, Cipollaro M,
et al. Changes in autophagy, proteasome activity and metabolism to
determine a specific signature for acute and chronic senescent
mesenchymal stromal cells. Oncotarget. 2015,6:39457-68.

Zheng Y, Lei Y, Hu C, Hu C. p53 regulates autophagic activity in senescent
rat mesenchymal stromal cells. Exp Gerontol. 2016;75:64-71.

Fafian-Labora JA, Morente-Lopez M, Arufe MC. Effect of aging on behaviour
of mesenchymal stem cells. World J Stem Cells. 2019;11:337-46.

Chang TC, Hsu MF, Wu KK. High glucose induces bone marrow-derived
mesenchymal stem cell senescence by upregulating autophagy. PLoS One.
2015;10:e0126537.

Sacitharan PK, Bou-Gharios G, Edwards JR. SIRT1 directly activates autophagy
in human chondrocytes. Cell Death Discov. 2020,6:41.

Liao FX, Huang F, Ma WG, Qin KP, Xu PF, Wu YF, et al. The new role of
Sirtuin1 in human osteoarthritis chondrocytes by regulating autophagy.
Cartilage. 2019;1947603519847736.

Liu T, Ma X, Ouyang T, Chen H, Lin J, Liu J, et al. SIRT1 reverses senescence
via enhancing autophagy and attenuates oxidative stress-induced apoptosis
through promoting p53 degradation. Int J Biol Macromol. 2018;117:225-34.
Wang S, Kandadi MR, Ren J. Double knockout of Akt2 and AMPK
predisposes cardiac aging without affecting lifespan: role of autophagy and
mitophagy. Biochim Biophys Acta Mol basis Dis. 2019:1865, 1865-75.
Packer M. Longevity genes, cardiac ageing, and the pathogenesis of
cardiomyopathy: implications for understanding the effects of current and
future treatments for heart failure. Eur Heart J. 2020;41(39):3856-61.

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

Page 17 of 17

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Cell culture
	Characterization of MSCs
	Western blotting
	SA-β-gal assay
	Bromodeoxyuridine (Brdu) incorporation assay
	Immunofluorescence staining
	Transfection of miR-199a-5p mimic and inhibitor
	qRT-PCR
	Transmission electron microscope (TEM)
	siRNA and lentiviral transduction
	IPF model establishment and transplantation of MSCs
	Statistical analysis

	Results
	Characterization of control-MSCs and IPF-MSCs
	IPF-MSCs are more senescent than control-MSCs
	miR-199a-5p mediates cellular senescence of IPF-MSCs
	miR-199a-5p induces cellular senescence of MSCs by regulating autophagy
	miR-199a-5p regulates autophagy via the Sirt1/AMPK signaling pathway
	Transplantation of anti-miR-199a-5p IPF-MSCs ameliorated the symptoms of pulmonary fibrosis
	Transplantation of anti-miR-199a-5p-IPF-MSCs attenuated fibrosis formation and inflammation in a mouse model of pulmonary fibrosis

	Discussion
	Conclusions
	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

