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The use of human mesenchymal stem cells (hMSCs) in clinical applications requires large-scale cell expansion
prior to administration. However, the prolonged culture of hMSCs results in cellular senescence, impairing their
proliferation and therapeutic potentials. To understand the role of microRNAs (miRNAs) in regulating cellular

gifﬁgfs senescence in hMSCs, we globally depleted miRNAs by silencing the DiGeorge syndrome critical region 8
SOD2 (DGCRS) gene, an essential component of miRNA biogenesis. DGCR8 knockdown hMSCs exhibited severe pro-

liferation defects and senescence-associated alterations, including increased levels of reactive oxygen species
(ROS). Transcriptomic analysis revealed that the antioxidant gene superoxide dismutase 2 (SOD2) was signifi-
cantly downregulated in DGCR8 knockdown hMSCs. Moreover, we found that DGCRS8 silencing in hMSCs
resulted in hypermethylation in CpG islands upstream of SOD2. 5-aza-2'-deoxycytidine treatment restored SOD2
expression and ROS levels. We also found that these effects were dependent on the epigenetic regulator DNA
methyltransferase 3 alpha (DNMT3A). Using computational and experimental approaches, we demonstrated that
DNMT3A expression was regulated by miR-29a-3p and miR-30c-5p. Overexpression of miR-29a-3p and/or miR-
30c-5p reduced ROS levels in DGCR8 knockdown hMSCs and rescued proliferation defects, mitochondrial
dysfunction, and premature senescence. Our findings provide novel insights into hMSCs senescence regulation by
the miR-29a-3p/miR-30c-5p/DNMT3A/SOD2 axis.

Human mesenchymal stem cells

human MSCs (hMSCs) in various diseases [4]. To obtain a sufficient
number of cells for cell therapy, a reproducible and efficient ex vivo

1. Introduction

The use of mesenchymal stem cells (MSCs) in novel therapeutic
strategies is auspicious due to their tissue repair and regeneration ca-
pabilities [1]. MSCs can be readily isolated from the stroma of virtually
all tissues, including the bone marrow, adipose tissue, and umbilical
cord [2,3]. Numerous studies in animal models demonstrated the ther-
apeutic potentials of the transplantation of ex vivo expanded MSCs.
Numerous ongoing clinical trials are assessing the clinical efficacy of
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expansion method is required. However, similar to other primary human
cells, hMSCs can only divide a limited number of times under standard
culture conditions [5]. Unlimited cell division is hindered by cellular
senescence, a permanent state of cell-cycle arrest that is triggered by
various external or internal stimuli [6]. Cellular senescence is charac-
terised by morphological alterations, induction of tumour suppressor
networks, increased senescence-associated p-galactosidase (SA-B-gal)
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activity, and a loss of proliferative capacity [7]. Furthermore, senescent
MSCs exhibit reduced multilineage differentiation potential, as well as
impaired migration, homing, and immunomodulatory abilities, limiting
the therapeutic efficacy of hMSCs [8,9].

Several cellular senescence types have been characterised depending
on the stimuli. Reactive oxygen species (ROS)-mediated oxidative stress
is one of the major causes of cellular senescence [10,11]. Mitochondrial
dysfunction is another common cause of senescence with discrete
secretory phenotypes [12]. Due to the heterogeneity of senescent cells
and their associated phenotypes, the elucidation of the mechanisms
underlying cellular senescence is challenging. Nevertheless, various
mechanisms regulating cellular senescence have been reported [6]. For
example, cyclin-dependent kinase (CDK) inhibitors are involved in the
regulation of cell cycle arrest. The CDK inhibitors CKDN2A (p16) and
CDKN1A (p21), together with retinoblastoma (RB) and p53, are essen-
tial regulators of senescence [13]. Both p16 and p21 are regulated at the
genetic and epigenetic level, as several mechanisms influence their
transcription and post-translational modification [6].

MicroRNAs (miRNAs) are small (~22 nucleotides long) non-coding
RNAs; they can be found in all plant and animal species, playing
crucial roles in the regulation of gene expression [14,15]. Once primary
miRNAs (pri-miRNAs) are produced by RNA polymerase II, they are
processed by a complex consisting of the RNase III enzyme Drosha and
the RNA-binding protein DiGeorge Syndrome Critical Region Gene 8
(DGCRS) in the cell nucleus. The resulting precursor miRNAs are then
exported into the cytoplasm, where they are cleaved by the RNase III
enzyme Dicer [14]. The functions of numerous miRNAs have been
determined in vitro using DGCR8-depleted embryonic stem cells (ESCs)
followed by rescue with miRNA mimics [16,17]. Such approaches
revealed that certain miRNAs are important regulators of cell cycle and
pluripotency [18-20]. Moreover, using DGCR8-depleted mouse glial
progenitor cells (GPCs), miR-125 and let-7 have been identified as
essential regulators of GPC differentiation into astrocytes. However, the
global effects of miRNA loss have not been systematically studied in
hMSCs.

Global expression profiling and functional analyses have been used
to study the role of miRNAs in cellular senescence [21]. Frequently,
miRNAs directly bind and repress key signalling pathway components
that modulate senescence. For instance, miR-106b family members,
miR-130b, miR-302a/b/c/d, miR-512-3p, and miR-515-3p suppress
oncogene-induced senescence by negatively regulating p21 expression
[22]. Additionally, depletion of Dicer and DGCR8 induces cellular
senescence in mouse and human fibroblasts partly through p21 down-
regulation [23,24], suggesting an important role of miRNAs in
senescence.

To gain further insight into the role of miRNAs in regulating cellular
senescence in hMSCs, we depleted miRNAs globally by silencing DGCR8.
DGCRS depletion in hMSCs resulted in severe proliferation defects and
senescence-associated alterations, including enlarged and flattened
morphology, activation of tumour suppressor networks, and enhanced
senescence-associated f-galactosidase (SA-p-gal) activity. Furthermore,
ROS levels were markedly increased in DGCR8-depleted hMSCs. Tran-
scriptome profiling analysis revealed that an antioxidant gene, super-
oxide dismutase 2 (SOD2) was significantly downregulated in DGCRS8-
depleted cells. Overexpression of SOD2 reduced ROS levels and rescued
mitochondrial dysfunction. We demonstrated that CpG islands in the
upstream regulatory region of the SOD2 gene were hypermethylated in
DGCRS8-depleted hMSCs; 5-aza-2'- deoxycytidine (decitabine; 5-aza-dC)
restored SOD2 protein expression and ROS levels in a DNA methyl-
transferase 3 alpha (DNMT3A)-dependent manner. We further demon-
strated that miR-29a-3p and miR-30c-5p directly target DNMT3A,
regulating ROS generation, cell proliferation, mitochondrial dysfunc-
tion, and early onset of cellular senescence. Our findings provide novel
insight into the role of miR-29a-3p and miR-30c-5p on SOD2 expression
and oxidative homeostasis in hMSCs by regulating DNMT3A expression.
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2. Materials and methods
2.1. Cell culture

This study was performed according to the guidelines of the Insti-
tutional Review Boards of Asan Medical Center and Soonchunhyang
University (IRB no. 1040875-201708-BM-034). hMSCs were isolated
from the adipose tissues of three donors (male or female, 33-46 years
old) as previously described [25,26]. hMSCs were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM,; Gibco) supplemented with 10% fetal
bovine serum (Gibco), 100 units/mL penicillin, and 100 pg/mL strep-
tomycin (Gibco). Cells were maintained in a humidified atmosphere
containing 5% CO5 at 37 °C. Cell culture medium was replaced every
three days, and cells were used at passage 3 to 5.

2.2. Transfection

For transfection with small interfering RNAs (siRNAs), hMSCs were
seeded at 50%-60% confluence in complete cell growth medium (day
0). On day 1, the cells were transfected with 32 nM DGCRS8-targeting
siRNAs (siDGCR8) or GFP control (siGFP; ST Pharm) using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s instructions.
The siRNA sequences were previously described [27,28]: siGFP (sense,
5-GUU CAG CGU GUC CGG CGA GT TdTdT-3’; antisense, 5'-CUC GCC
GGA CAC GCU GAA CT TdTdT-3') and siDGCR8 (sense, 5'-CAU CGG
ACA AGA GUG UGA UdTdT-3’; antisense, 5'-AUC ACA CUC U UG UCC
GAU GdTdT-3'). For transfection with miRNA mimics, 48 h after
siDGCR8 transfection, 20 nM miR-20a-3p and miR-30c-5p mimics
(Qiagen) were transfected using DharmaFECT1 (Thermo Fisher Scien-
tific) following the manufacturer’s protocol. For SOD2 gene over-
expression, 72 h after siRNAs transfection, cells were transfected with a
total of 1 ug of SOD2 pCMV-SPORT6 construct (NM_001024465) using
Fugene 6 (Promega) in accordance with the manufacturer’s protocol.

2.3. Cell proliferation and viability assays

To determine the growth rate of hMSCs, we seeded 3.5 x 10* cells in
complete cell growth medium in 6-well plates (day 0). The next day, the
cells were transfected with 32 nM siRNAs. At days 3, 5, 7, and 10, the
total cell numbers were counted. To assess cell proliferation, we used the
CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega) in
accordance with the manufacturer’s instructions. Briefly, 3 x 10° cells
per well were seeded in 96-well plates (day 0). After transfection with
siRNAs on day 1, cells were analysed 3, 5, 7, and 10 days after trans-
fection. At the indicated time points, 20 pL of CellTiter 96 Aqueous One
Solution containing 3-(4,5-dimethyl-2-yl1)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS; Promega) was added
to each well. Optical absorbance at 490 nm was measured using a
multilabel plate reader (PerkinElmer). Each assay was performed with at
least six replicate wells for each condition.

2.4. Terminal deoxynucleotidyl transferase biotin-dUTP nick end-
labelling (TUNEL) assay

TUNEL assays were performed using a TUNEL Apoptosis Detection
Kit (Millipore) according to the manufacturer’s instructions and as
previously described [29]. Briefly, cells were fixed in 4% para-
formaldehyde for 15 min at room temperature (RT) and then per-
meabilised with 0.5% Tween-20 and 0.2% BSA in PBS buffer for 15 min
at RT. After washing, cells were incubated with TdT end-labelling
cocktail for 1 h at RT. Subsequently, samples were incubated with
avidin-FITC in the dark for 30 min at RT. Images were acquired using an
EVOS fluorescence inverted microscope (Thermo Fisher Scientific).
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2.5. 5-Bromo-2'-deoxyuridine (BrdU) assay

hMSCs were seeded in 96-well plates (3 x 103 cells/well) in complete
cell growth medium. To detect cells in the S phase of the cell cycle, we
used the Cell Proliferation ELISA/BrdU Kit (Roche) according to the
manufacturer’s instructions. Optical absorbance was measured at 370
and 492 nm using a multilabel plate reader (PerkinElmer). Each assay
was performed with at least three replicate wells for each condition.

2.6. Quantitative real-time PCR

Total RNA was isolated from cultured cells using a mirVana miRNA
isolation kit (Life Technologies) according to the manufacturer’s pro-
tocol. Total RNA (200 ng) was reverse-transcribed using random hex-
amers and SuperScript III reverse transcriptase (Life Technologies).
Quantitative real-time PCR (qRT-PCR) was performed using a Power
SYBR Green PCR Master Mix (Applied Biosystems) on a 7900 Real-Time
PCR system (Applied Biosystems). The primers used for qRT-PCR are
shown in Supplementary Table S1. GAPDH was used as an endogenous
control for normalisation. To assess the expression levels of miRNAs, we
used 400 ng of total RNA, which was reverse-transcribed using a miS-
cript I RT kit (Qiagen). qRT-PCR reactions were prepared using a
miScript SYBR Green PCR kit (Qiagen) according to the manufacturer’s
instructions. SNORD68 was used as an endogenous control for normal-
isation. Each reaction was performed with at least three biological
replicates and three replicate wells for each condition.

2.7. Western blot analysis

Cells were collected and lysed in RIPA buffer (Biosesang) containing
Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Sci-
entific). After incubating for 30 min on ice with vortexing every 10 min,
cellular debris was removed by centrifugation at 12,000 rpm for 20 min
at 4 °C. Proteins were separated by 4-20% gradient gel (Bio-Rad) or
8-12% SDS-polyacrylamide gel electrophoresis. After electrophoresis,
proteins were transferred onto nitrocellulose membranes (GE Health-
care) and incubated overnight at 4 °C with appropriate primary anti-
bodies: H-Ras rabbit polyclonal antibody (sc-520, Santa Cruz; 1:200),
MEK1/2 (D1A5) rabbit monoclonal antibody (8727; Cell Signalling;
1:1000), phospho-Erk1/2 mouse monoclonal antibody (9106, Cell Sig-
nalling; 1:1000), Erk1/2 rabbit polyclonal antibody (9102, Cell Signal-
ling; 1:1000), phospho-p53 (Serl5) rabbit antibody (9284, Cell
Signalling; 1:500), p53 rabbit polyclonal antibody (sc-6243, Santa Cruz;
1:1000), p21 rabbit monoclonal antibody (2947, Cell Signalling;
1:1000), SOD1 rabbit polyclonal antibody (sc-11407, Santa Cruz;
1:1000), SOD2 mouse monoclonal antibody (611,580, BD Biosciences;
1:1000), SOD3 mouse monoclonal antibody (ab28442, Abcam; 1:2000),
DNMT3A rabbit polyclonal antibody (2160, Cell Signalling; 1:1000),
alpha-tubulin rabbit antibody (SAB3501071, Sigma Aldrich; 1:5000),
and alpha-tubulin mouse antibody (T9026, Sigma Aldrich; 1:5000).
Alpha-tubulin was used as a loading control. Membranes were washed
with 1 x TBST (Tris-Buffered Saline, 0.1% Tween 20 Detergent) for 30
min, followed by incubation with the corresponding horseradish
peroxidase (HRP)-conjugated secondary antibody for 1 h at RT. The
following secondary antibodies were used: anti-mouse IgG, HRP-linked
antibody (7076, Cell Signalling Technology; 1:3000) and anti-rabbit
IgG, HRP-linked antibody (7074, Cell Signalling Technology; 1:3000).
Antibody incubations were performed in 1 x TBST containing 5% BSA
or non-fat dry milk. After washing with 1 x TBST for 30 min, proteins
were visualised using ImmobilonTM Western ECL solution (Millipore,
WBKLO500). Images were acquired using a chemiluminescent image
analyser (GE Healthcare, LAS-4000).

2.8. SA-p-gal

Cells were seeded in 24-well plates (1 x 10* cells/well) in complete
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cell growth medium and transfected with siRNAs on the next day. Cells
were fixed in 4% paraformaldehyde for 15 min at 25 °C 7 days post-
transfection. After washing with Dulbecco’s phosphate-buffered saline
(DPBS), cells were stained with SA-p-gal staining solution (1 mg/mL X-
gal, 0.04 M citric acid, 5 mM potassium ferrocyanide, 4.8 mM potassium
ferrocyanide, 0.15 M NaCl, 2 mM MgCly; pH 6.0) overnight at 37 °C. The
number of SA-p-gal-positive cells was determined under a phase-
contrast microscope.

2.9. Measurement of intracellular ROS levels

Intracellular ROS levels were determined using the oxidation-
sensitive  fluorescent probe 2',7'-dichlorofluorescin  diacetate
(H2DCFDA; Thermo Fisher Scientific). Four days after transfection, cells
were incubated with or without 10 mM N-acetyl-i-cysteine (NAC)
(Sigma) for 48 h and then washed with PBS. Six days after siRNA
transfection, cells were stained with 25 pM HyDCFDA for 30 min and
washed with PBS. Fluorescence images were acquired using an inverted
EVOS fluorescence microscope (Thermo Fisher Scientific). Fluorescence
(490 nm excitation, 520 nm emission) was measured using a fluores-
cence microplate reader (PerkinElmer).

Measurement of hydrogen peroxide (H202), specifically released
from cells, was performed by Amplex red assay. The staining mixture
contained 50 pM Amplex Red reagent (Invitrogen Molecular Probes) and
0.1 U/mL HRP in KRPG buffer (145 mM NaCl, 5.7 mM sodium phos-
phate, 4.86 mM KCL, 0.54 mM CaCly, 1.22 mM MgSO4, 5.5 mM glucose;
pH 7.35). The reaction mixture was pre-warmed at 37 °C for 10 min.
Cells were washed with HBSS (Hanks’ Balanced Salt Solution) and then
suspended in 20 pL of KRPG buffer. Pre-warmed reaction mixture (100
pL) was added, and cells were incubated at 37 °C in a CO5 incubator for
90 min. Fluorescence (530 nm excitation, 590 nm emission) was
measured using a fluorescence microplate reader (PerkinElmer). KRPG
buffer (20 pL) without cells was measured as a negative control, while
3.0% H»05 in KRPG buffer served as a positive control. Each experiment
was performed in triplicate. The ROS levels were expressed as fold
change relative to the siGFP transfection control.

The mitochondrial superoxide anion levels were measured in live
cells using the indicator MitoSOX Red (Thermo Fisher Scientific).
Transfected cells in black 96-well plates were washed twice with HBSS,
and incubated with 5 pM MitoSOX in HBSS for 20 min. After removing
staining solution, cells were washed again with HBSS, and then the
fluorescence intensity was measured using a Victor X3 multiplate reader
(PerkinElmer) with excitation and emission wavelengths of 510 and 580
nm, respectively. Images of the cells labelled with MitoSOX Red were
acquired using an Eclipse Ts2 fluorescence microscope (Nikon) and
fluorescence intensity was quantified using ImageJ software (Wayne
Rasband at the National Institutes of Health; http://rsbweb.nih.gov/ij/).

2.10. Treatments

Three days after siDGCRS8 transfection, cells were treated with 2 pM
5-aza-2'-deoxycytidine (decitabine, 5-aza-dC; Sigma); fresh serum-free
medium was refreshed every day. Additionally, cells were treated with
5 pg/mL recombinant human SOD2 (Sigma) in complete cell culture
medium three days after transfection.

2.11. Global gene expression profiling

hMSCs from three donors were subjected to global gene expression
profiling using the Illumina Human HT-12 v4.0 Expression BeadChip
(Mlumina) (GEO database with accession number GSE149171). Total
RNA was isolated from early-passage hMSCs (passage 4-5) at population
doubling level (PDL) 3-5, late-passage hMSCs (passage 22-25) at
PDL15-39, and siGFP or siDGCR8-transfected hMSCs using Trizol
(Invitrogen). Extracted total RNA was hybridised to the arrays according
to the manufacturer’s protocol. The arrays were scanned using an
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[llumina bead array reader, and the scanned images were imported into
BeadStudio software for data extraction and quality control. We iden-
tified all genes showing differential expression (P < 0.05) between three
individual sets of either late and early-passage hMSCs or DGCRS8-
depleted and control hMSCs. Data were validated across all samples
using real-time RT-PCR. Differentially expressed genes were analysed
using Ingenuity Pathway Analysis (IPA; Qiagen) software to predict the
core canonical pathways and functional networks significantly affected
by DGCRS depletion and replicative senescence.

2.12. JC-1 staining

Mitochondrial dysfunction in DGCR8-depleted cells was assessed
using 5,5,6,6'-tetrachloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocya-
nide iodide (JC-1) probes (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Cells (3 x 10%or 1 x 104) were seeded in
imaging dishes (p-Dish 35 mm, high or p-Slide 8 Well; Ibidi) in complete
cell growth medium. siDGCR8 transfected cells with or without SOD2
overexpression were treated with 1 pM Hoechst (Thermo Fisher) and 10
pM JC-1 probes dissolved in dimethyl sulfoxide (DMSO) for 10 min at
37 °C. Fluorescence images were acquired using either an EVOS fluo-
rescence inverted microscope (Thermo Fisher Scientific) or confocal
microscopes (LSM-780 or LSM-810, Zeiss).

2.13. Bisulphite sequencing

Genomic DNA was isolated from cultured cells using a DNeasy Blood
& Tissue kit (Qiagen) according to the manufacturer’s protocol.
Genomic DNA (500 ng) was bisulphate-modified using the Imprint DNA
Modification kit (Sigma) per the manufacturer’s instructions. Primers
specific to bisulphate-modified DNA were designed using the Meth
primer program (http://www.urogene.org/methprimer). The upstream
element region of the SOD2 gene was amplified using the forward
primer 5'-AAA AAT AAG AGT ATT TAT AAT TTG GTT TTA -3’ and the
reverse primer 5'-AAA CAA CAA AAA ATT CTT TCC TAC -3'. The core
promoter region was amplified using the forward primer 5-GTA ATT
AAA ATT TAG GGG TAG G -3’ and reverse primer 5'-AAA AAA AAC TAC
AAA CTA ACC TC -3'. PCR products were purified using a gel extraction
kit (Qiagen). Purified PCR products were cloned into the TOPO TA
Cloning Vector (Invitrogen) according to the manufacturer’s in-
structions. Selected clones (10-12) from each sample were sequenced
externally (Macrogen Inc., Seoul, Korea). BioEdit was used for sequence
alignment.

2.14. Reporter vectors and luciferase reporter assay

To construct a luciferase reporter for the wild-type DNMT3A 3'-UTR,
we used genomic DNA from hMSCs to PCR-amplify a partial fragment
(662-868) of the DNMT3A 3’ UTR containing the miR-29a and miR-30c
binding sites. PCR products were cloned into the psiCHECK-2 vector
(Promega). A mutant DNMT3A 3’ UTR was generated by site-directed
mutagenesis using Phusin High-Fidelity DNA Polymerase (Thermo
Fisher Scientific) as previously described [30]. The sequences of the
primers for cloning and site-directed mutagenesis are listed in Supple-
mentary Table S2. For transfection, 293T-cells were seeded in 24-well
plates (3 x 10* cells/well) and grown to 60% confluence. Subse-
quently, cells were transfected with mixtures containing 100 ng of the
reporter constructs and miRNA mimic using DharmaFECT1 (Thermo
Fisher Scientific) per the manufacturer’s instructions. After 48 h of
transfection, the cells were washed with DPBS and lysed in reporter lysis
buffer (RLB). Luciferase activity was determined using a dual-luciferase
reporter assay system (Promega) and a microplate reader (PerkinElmer).

2.15. Enzyme-linked immunosorbent assays (ELISAs)

For quantitative measurement of IL-8 chemokine levels, the medium
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from hMSCs was harvested after transfection. The levels of chemokines
were determined using a Human IL-8/CXCL8 DuoSet ELISA kit (R&D
Systems) according to the manufacturer’s protocol. Optical absorbance
at 450 nm (A450) was measured using a microplate spectrophotometer
(BioTek).

2.16. Oxygen consumption rate (OCR) measurement

To measure the mitochondrial respiratory activity in real time, the
oxygen consumption rate (OCR) was monitored using a Seahorse XFp
Analyzer (Agilent). Cells were plated at 90% confluence in XFp 96-well
plates in complete medium. The assay medium was Seahorse XF Base
Medium (Agilent) supplemented with 25 mM glucose (Agilent), 10 mM
pyruvate (Agilent), and 2 mM glutamine (Agilent), pH 7.4. Assays
consisted of mixing for 3 min, a 2-min waiting period, followed by 3 min
of measurement. Following measurement of basal respiration, oligo-
mycin (1.5 pM) (Sigma) was added, followed by FCCP (1.0 pM) (Sigma)
and finally by rotenone (Sigma) and antimycin (Sigma) mixture (1.5
uM). The cells were then collected for BCA assay for normalisation to
determine the protein content (Pierce).

3. Results

3.1. DGCRS loss in hMSCs leads to proliferation defects and induction of
senescent phenotypes

To determine the effect of the global loss of miRNAs during ex vivo
expansion of hMSCs, we depleted DGCRS8, an essential component of
miRNA biogenesis, in early-passage hMSCs (passage 3-5). Quantitative
RT-PCR (qRT-PCR) showed a 60%-77% reduction in DGCR8 mRNA
levels up to 10 days after siRNA transfection (Supplementary Fig. STA)
[27]. Immunoblot analysis confirmed the reduced DGCRS8 protein levels
in siDGCR8-transfected hMSCs (Supplementary Fig. S1B).

We then investigated the effects of the global loss of miRNAs on
cellular growth. siDGCR8-transfected cells exhibited cell proliferation
impairment with an extended doubling time compared with siGFP-
transfected control cells (Fig. 1A). Cell viability was assessed using the
MTS assay; siDGCR8-transfected hMSCs showed severe cell proliferation
defects (Supplementary Fig. S1C). Quantification of BrdU incorporation
confirmed the significant reduction of the proliferation rate in DGCR8
knockdown cells compared to control cells (Fig. 1B). Notably, the
growth suppression observed after DGCRS silencing was not a result of
increased apoptosis (Supplementary Fig. S2).

Proliferation arrest is the hallmark of cellular senescence. Thus, we
next investigated the effects of DGCR8 knockdown on cellular senes-
cence in hMSCs by measuring SA-B-gal activity. Interestingly, SA-p-gal
activity was markedly higher in siDGCR8-transfected cells than in con-
trol cells (Fig. 1C, left, enlarged images on the right). The percentage of
SA-B-gal-positive cells was also considerably higher in DGCR8 knock-
down hMSCs (Fig. 1C, right). Furthermore, DGCR8-depleted hMSCs
underwent morphological alterations resembling senescent cells,
including the acquisition of flat, large, and irregular shapes (Supple-
mentary Fig. S1D).

Because the tumour suppressor networks are commonly activated
during cellular senescence, we next examined the expression of key
tumour suppressor genes. DGCR8 knockdown cells exhibited increased
levels of p53, p-p53 (Serl5), and CDKN1A (p21) at both the mRNA
(Supplementary Fig. S1E) and protein levels (Fig. 1D, left), comparable
to the replicatively senescent cells at PDL38 (Fig. 1D, right). Addition-
ally, the mRNA levels of p53 target genes, including SESN1 (anti-
oxidative stress protein Sestrinl) and GADD45 (the growth arrest and
DNA damage-induced gene 45) were significantly increased after
DGCRS depletion (Supplementary Fig. S1E).

To identify shared features of the transcriptomes of replicatively
senescent and DGCR8 knockdown cells, we determined the mRNA
expression profiles of early- and late-passage hMSCs and siGFP- or
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Fig. 1. DGCRS silencing in hMSCs induces severe proliferation defects and cellular senescence. (A) Growth curves of hMSCs transfected with either siGFP (white
dots) or siDGCR8 (black dots). Error bars indicate the standard error of the mean of at least three independent experiments (**P < 0.01, ***P < 0.001). (B) BrdU
incorporation was quantified 5 days after siRNA transfection. Error bars indicate the standard error of the mean of three independent experiments (**P < 0.01). (C)
Senescence-associated-p-galactosidase (SA-p-gal) staining. Compared with the siGFP-transfected group, siDGCR8-transfected hMSCs showed increased numbers of
SA-p-gal-positive cells and enlarged size (left). The percentage of SA-p-gal-positive cells was significantly higher in siDGCR8-transfected hMSCs (right; ***P < 0.001).
Magnification, 40 x ; scale bar, 150 pm. (D) Western blot showing the protein levels of tumour suppressors and senescence markers, including p21, p53, and p-p53
(serl5). (E) A heatmap of the canonical pathways enriched in replicatively senescent or DGCR8-depleted cells. Pathways were sorted by the activation z-score, which
was calculated by total —log (P-value) from Fisher’s Exact test across compared observations (observation 1, early-vs. late-passage; observation 2, siGFP- vs.
siDGCR8-transfected cells). Orange (positive z-score) or blue (negative z-score) colour codes represent the activation or inhibition of the given pathway. (F) The
levels of IL-8 secretion upon DGCR8 knockdown were quantified by enzyme-linked immunosorbent assay (ELISA). Error bars indicate the standard error of the mean

of three independent experiments (***P < 0.001).

siDGCRS8-transfected cells. As expected, both replicatively senescent and
DGCR8-depleted hMSCs showed marked alterations in gene expression
profiles (Supplementary Fig. S3). In the senescent hSMCs, 1,414 probes
showed upregulation and 1,740 probes showed downregulation
compared to early-passage controls (P < 0.05, Fisher’s exact test).
Meanwhile among the 47,231 probes of the array, 1,247 probes were
upregulated, and 1,136 probes were downregulated in DGCR8 knock-
down hMSCs compared with control hMSCs (P < 0.05, Fisher’s exact
test). We next performed extensive bioinformatics analysis using IPA
software. Specifically, we compared the canonical pathways of replica-
tive senescence (late vs. early passage) and premature senescence upon
DGCRS loss (siDGCRS8- vs. siGFP-transfected cells). The results indicated
that the canonical pathways, i.e. IL-8 signalling, senescence pathways,
and phospholipase C signalling, were all increased in both replicatively
senescent and DGCR8-depleted hMSCs (Fig. 1E, activation z-score from
0.626 to 2.236). Consistent with the bioinformatics and phenotypic re-
sults, the levels of interleukin-8 (IL-8/CXCL8), a classic component of
the senescence-associated secretory phenotype (SASP), were 5.2-fold
higher in siDGCR8-transfected cells than in siGFP-transfected cells
(Fig. 1F). Taken together, these results further support the induction of
premature senescence after global miRNA loss.

3.2. Knockdown of DGCRS results in increased ROS levels and Ras
signalling induction

ROS production and oxidative stress is a major cause of cellular
senescence. Hence, we investigated the effects of global miRNA loss on
ROS levels. HoDCF-DA analysis revealed that ROS production was
greatly increased in siDGCR8-transfected hMSCs compared with control
cells (Fig. 2A). We confirmed that the increase in ROS generation was
specifically inhibited by treatment with the free radical scavenger N-
acetyl-i-cysteine (NAC) (Supplementary Fig. S4). The ROS production
was further confirmed by quantitative measurements of total ROS and
H,0; which showed a 1.5-fold increase in HoDCF-DA (Fig. 2B) and a 2-
fold increase in HoO3 by Amplex red assay in DGCR8 knockdown cells
(Fig. 2C). Measurement of the intracellular level of mitochondrial su-
peroxide anion (O3) showed a significant 1.5-fold increase in siDGCR8-
transfected cells (Fig. 2D). In addition to high levels of ROS, activation of
oncogenes, such as Ras, is another major trigger of premature cellular
senescence [31]. This process is known as oncogene-induced senescence
(OIS) and can affect the levels of intracellular ROS [32]. To assess the
potential involvement of Ras signalling in premature hMSC senescence
after DGCR8 depletion, we investigated the protein levels of key com-
ponents of the pathway. The levels of RAS, MEK, and p-ERK1/2 were
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Fig. 2. DGCR8 knockdown leads to increased ROS
levels and Ras signalling pathway activation. (A)
Representative fluorescence images of 2',7'-dichloro-
fluorescein diacetate (H,DCF-DA)-stained cells.
DGCRS8 knockdown in hMSCs significantly increased
ROS generation 5 days after siRNA transfection. Scale
bar, 200 pm. (B) Quantitative measurement of global
ROS production by HoDCF-DA. Error bars denote the
standard error of the mean of three independent ex-
periments (**P < 0.01) (C) Quantitative measurement
of hydrogen peroxide (H;O) in siGFP- and siDGCR8-
transfected cells using Amplex-red assay. Error bars
denote the standard error of the mean of three inde-
pendent experiments (**P < 0.01). (D) Quantitative
measurement of mitochondrial superoxide anion (O3)
by MitoSOX staining. Error bars denote the standard
error of the mean of three independent experiments
(***P < 0.001). (E) Western blot showing increased
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significantly increased in DGCR8 knockdown hMSCs, indicating Ras
signalling pathway activation (Fig. 2E). In addition, the expression of
MDM2, a p53-specific E3 ubiquitin ligase, was decreased in
DGCRS8-depleted cells, which may have contributed to the induction of
p53 shown in Fig. 1D. This is consistent with the well understood
p53-MDM2 autoregulatory loop [33]. Taken together, these findings
suggest that global loss of miRNAs after DGCR8 depletion induces pre-
mature senescent-associated alterations in hMSCs, including increased
ROS levels and induction of oncogenic pathways.

3.3. Depletion of DGCRS8 induces mitochondrial dysfunction and SOD2
downregulation

To systematically assess the underlying mechanisms of premature
senescence in DGCR8 knockdown hMSCs, we compared the mRNA
expression profiles of siDGCR8-transfected and siGFP control cells ob-
tained from three donors. As previously described, DGCR8 knockdown
in hMSCs resulted in dramatic alterations in gene expression profiles
(Supplementary Fig. S3B; Supplementary Table S3 and S4). We per-
formed canonical pathway analysis of all differentially expressed tran-
scripts in DGCR8-depleted hMSCs. IPA indicated that the top 10
canonical pathways including metabolic pathways and signalling path-
ways were enriched in DGCR8 knockdown hMSCs (Fig. 3A, grey and
black bars, respectively). Interestingly, eight of these signalling path-
ways were functionally linked to cellular growth, proliferation, cell
cycle regulation, cellular stress/injury, mitochondrial dysfunction, and
senescence, consistent with the senescence phenotypes and proliferation
defects observed in siDGCR8-transfected cells.

To verify the significance of enriched pathways in DGCR8

knockdown cells at the cellular level, we evaluated the effect of DGCR8
loss on mitochondrial membrane potential using the fluorescent cationic
dye JC-1. The mitochondria inner membrane is impermeable to most
small molecules and ions, maintaining a gradient of protons and ions
[34]. However, oxidative stress and ROS accumulation often disrupt the
inner membrane polarisation by affecting the influx of protons and ions
[35]. Confocal microscopy revealed a profound colour shift from red to
green, suggesting mitochondrial depolarisation in DGCR8 knockdown
hMSCs (Fig. 3B). Quantitative analysis revealed a significant decrease in
the number of red cells upon DGCR8 silencing while the number of green
cells increased, confirming mitochondrial dysfunction (Fig. 3C). Next,
mitochondrial function was examined by measuring the OCR using a
Seahorse XFp instrument. Consistent with the results of genomics and
cellular analyses, DGCR8-depleted cells showed significant reductions of
the basal and maximal respiration rates compared to siGFP-transfected
cells indicating mitochondrial dysfunction (Fig. 3D-F).

We next focused on the expression patterns of 40 genes involved in
oxidative stress. Peroxidases, including glutathione peroxidase (GPX)
and peroxiredoxins (PRDX), are classic antioxidant genes. Oxidative
stress response genes and genes involved in superoxide metabolism,
such as SOD genes, are essential for ROS metabolism. Among these
genes, SOD2 was the only gene that was significantly downregulated
upon DGCR8 knockdown in all three independent biological replicates
(Fig. 3G). The SOD family is an important antioxidant defence system
found in nearly all living cells exposed to oxygen; it includes enzymes
that mediate the detoxification of superoxide by converting it into ox-
ygen and Hy05 [36]. Consistently, SOD2 exhibited the strongest down-
regulation among the 26 genes associated with mitochondrial
dysfunction (Supplementary Fig. S5A). siRNA-mediated SOD2



Y.-d. Jung et al. Redox Biology 37 (2020) 101716

A -log(P-value)
0O 05 1 15 2 25 3 35 4
Galactose Degradation | (Leloir Pathway) ]

Sertoli Cell-Sertoli Cell Junction Signalling —_
Colanic Acid Building Blocks Biosynthesis \

Mitochondrial Dysfunction
p53 Signalling
Germ Cell-Sertoli Cell Junction Signalling

Ceramide Signalling

Senescence Pathway
Inhibition of ARE-Mediated mRNA Degradation Pathway

PAK Signalling
B JC1 (Red) JC1 (Green) DAPI Overlay (enlarged) C
100+ B
[a go\ 804
e S
9 =
& 8 60
—
o
()
o)
8 40+
c
[}
o
T
0 a 204
o
U
V)
Q
= i
siGFP siDGCR8
(n=29) (h=21)
mred myellow mgreen
oligomycin  FCCP Rot/AA E Basal respiration F Maximal respiration
140 : : : 90 - 90 1 *
_ b : : i [OsiGFP — . - T
a 120 @ siDGCR8 a 804 a 80 A
o o T o
< < 704 < 70 A L
9 100 = 2
I c 60 c 60 o
T 2 g
5 807 S 50+ S 50 A
S S S
e 60 - £ 40- £ 40 -
£ £ £
3 S 301 5 30 A1
g 401 £ £
RS 2 201 £ 20 A
S 20 V] &
o) _ _ o 101 S 10 4
0 ) 0 — 0 T
0 20 40 60 80 siGFP siDGCR8 siGFP siDGCR8
Time (min)
G Antioxidants H ROS metabolism
Pathway activity
, : . Oth Oth i Signatiirc/genes
Glutathione Peroxidase Peroxiredoxins Peroxidearses Antioxizgnts Oxidative stress response genes
-— o =
- — = 8N M < 1n © -~ = 0O 08 = = < = E > ]
= M o s o N X X X X X X W h R ZEET XS -7 E - 2 0o o = o a £ & I
X X X X X X X F b O0OO00000kEUV O Ul X Z Z09Y T 3 c JXX z 0 Q <<a O 0
5 5 555855885 fFfFTffESCEEERKEAEZS28RF8Q33T2¢F &
« | MSC #1
V]
g Msc 2 B
@ | MSC #3

Color Index (fold change of normalised log, intensity)

033 05 057 066 08 125 15 175 2 3

(caption on next page)



Y.-d. Jung et al.

Redox Biology 37 (2020) 101716

Fig. 3. DGCRS silencing induces mitochondrial dysfunction and deregulation of ROS metabolism-related genes. (A) Differentially expressed genes (DEGs) were
subjected to Ingenuity Pathway Analysis (IPA), and the top 10 canonical pathways enriched in DGCR8-depleted hMSCs are shown. Metabolic pathways are shown in
grey, while signalling pathways are indicated in black. (B) Mitochondrial membrane potential (MMP) in DGCR8-depleted hMSCs was assessed using the fluorescent
dye JC-1. Representative confocal microscopy images showing high MMP (red fluorescence aggregates) and low MMP (green fluorescence monomers). Scale bars, 50
pm. (C) Quantification of JC-1 ratios. (D) Kinetic responses of oxygen consumption rate (OCR) in DGCR8-depleted hMSCs upon sequential addition of ATP synthase
inhibitor oligomycin (1.5 pM), electron chain uncoupler carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (1.0 pM), and complex I and III inhibitors
rotenone and antimycin (1.5 pM each). The OCR values were normalised relative to the BCA protein assay. Error bars indicate the standard error of the mean of three
independent experiments (*P < 0.05, **P < 0.01). (E) Basal mitochondrial respiration rates (basal OCR measurement minus rotenone/antimycin A response) and (F)
maximal respiration rates (FCCP response minus rotenone/antimycin A response) were quantified in DGCR8 knockdown cells (*P < 0.05, **P < 0.01). (G) Heatmap
s‘howing the expression patterns of 40 oxidative stress-related genes upon DGCR8 depletion (n = 3 independent biological samples).

<

knockdown induced mitochondrial depolarisation defects similar to
those observed in siDGCRS8-transfected hMSCs (Supplementary
Fig. S5B). These findings suggested a potential role of SOD2 down-
regulation in the enhanced ROS production and premature senescence
observed in DGCR8 knockdown cells.

3.4. Expression of recombinant SOD2 protein in siDGCR8 restores ROS
levels and mitochondrial function

There are three major SOD isoforms; SOD1 is localised to the intra-
cellular cytoplasmic compartment while SOD3 is the secreted extracel-
lular isoform. SOD2 is localized to mitochondria of aerobic cells and uses
manganese (Mn) as a cofactor [36]. Consistent with the microarray data,
qRT-PCR analysis revealed that unlike other SODs, SOD2 mRNA levels
were significantly reduced in siDGCR8-transfected hMSCs compared
with control cells (Fig. 4A and Supplementary Fig. S6A). This was also
confirmed at the protein level (Fig. 4B).

To assess the relevance of SOD2 downregulation in the increase in
ROS levels upon DGCR8 knockdown, we forced the expression of a re-
combinant human SOD2 protein (rhSOD2) in siDGCR8-transfected
hMSCs. Overexpression of SOD2 in DGCR8 knockdown hMSCs
decreased ROS levels to levels similar to those observed in siGFP-
transfected control cells (Fig. 4C). Similarly, overexpression of SOD2
in DGCR8 knockdown hMSCs reduced the protein levels of key Ras
signalling components, including Ras, MEK, and p-ERK1/2 (Fig. 4D). We
further confirmed the functional recovery of DGCR8-depleted hMSCs by
transient expression of the SOD2 gene under the control of the CMV
promoter. When SOD2 was overexpressed in siDGCR8-transfected cells
(Supplementary Fig. S6B), we observed a significant reduction in
mitochondrial superoxide anion levels (Supplementary Fig. S6C) and
partial recovery of the mitochondrial membrane potential (Supple-
mentary Fig. S6D). More importantly, the cellular OCR in siDGCR8-
transfected cells overexpressing the SOD2 gene was functionally
rescued (Supplementary Fig. S6E). These results suggest that down-
regulation of SOD2 proteins contributes to premature senescence in
DGCR8 knockdown hMSCs by deregulating ROS production and mito-
chondrial oxidative stress.

3.5. DNMT3A is an intermediate regulator of SOD2 expression

Since miRNAs typically repress the expression of target mRNAs [37],
we hypothesised that an intermediate regulator is responsible for the
SOD2 downregulation observed in DGCR8 knockdown hMSCs. The
expression of SOD2 is tightly regulated by various epigenetic mecha-
nisms [38]. Hence, using Promoter 2.0 Prediction (www.cbs.dtu.dk) and
TRANFACV8.0 software, we identified the core promoter and upstream
regulatory region of the SOD2 gene (Supplementary Fig. S7A), which
have been previously shown to regulate SOD2 expression [38,39]. CpG
islands in these regulatory regions are potential targets for DNA
methylation. Methylation analysis of these CpG islands using bisulphite
sequencing revealed that the methylation of six CpG sites within the
upstream regulatory region (—1127 to —1043 from the transcription
start site) was increased by 30% upon DGCRS8 loss (12 independent
clones; Fig. 5A). By contrast, the core promoter was unmethylated in
both siGFP- and siDGCR8-transfected hMSCs (Supplementary Fig. S7B).
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Fig. 4. Overexpression of human recombinant SOD2 (rhSOD2) restores ROS
levels and mitochondrial function in DGCR8 knockdown hMSCs. (A) The mRNA
levels of SOD genes were analysed by quantitative real-time PCR. Data were
normalised to GAPDH mRNA levels. Error bars indicate the standard error of
the mean of three independent experiments (*P < 0.05). (B) Immunoblot
analysis of SOD proteins in DGCR8 knockdown cells. (C) Total ROS levels were
measured in siDGCR8-transfected cells after rhSOD2 overexpression (5 pg/mL),
using HoDCF-DA. Error bars indicate the standard error of the mean of three
independent experiments (**P < 0.01). (D) Western blot showing the protein
levels of Ras signalling components in rhSOD2-overexpressing DGCR8 knock-
down hMSCs.

To confirm the relevance of SOD2 promoter hypermethylation after
DGCRS loss, we treated cells with the DNA methylation inhibitor 5-aza-
2'-deoxycytidine (5-aza-dC); DNA methylation inhibition restored SOD2
protein levels in DGCR8 knockdown cells (Fig. 5C, top row). This result
was consistent with a previous report demonstrating the dose-dependent
increases in SOD2 mRNA and protein levels upon 5-aza-dC treatment in
fawn-hooded rat (FHR) pulmonary artery smooth muscle cells (PASMCs)
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[40]. More importantly, 5-aza-dC treatment in siDGCR8-transfected
hMSCs reduced the levels of ROS (Fig. 5B) and the mitochondrial su-
peroxide anion to physiological levels (Supplementary Fig. S8), as well
as restored the mitochondrial membrane potential (Fig. 5D). Moreover,
RAS and MEK protein levels were significantly decreased after 5-aza-dC
treatment (Fig. 5C, bottom rows). Interestingly, treatment of
DGCR8-depleted hMSCs with 5-aza-dC  increased ERK1/2

phosphorylation. As a genome-wide demethylation drug, 5-aza-dC can
affect diverse signalling pathways. Indeed, it has been reported that
5-aza-dC indirectly activates ERK through CCL2 and CCR-2 in human
monocytic leukaemia cells [41].

DNA methylation is one of the most common epigenetic modifica-
tions in higher eukaryotes and is mediated by highly conserved enzymes
called DNA methyltransferases (DNMTs) [42]. In mammals, DNMT1,
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DNMT3A, and DNMT3B are the three major DNMTs. We found that
DNMT3A was upregulated in siDGCR8-transfected cells both at the
mRNA (Fig. 5E) and protein levels (Fig. 5F). These results suggest that
DNMT3A is an intermediate regulator of SOD2 expression and that
DNMTS3A upregulation in DGCR8 knockdown cells might contribute to
SOD2 hypermethylation and increased ROS generation.

3.6. miR-29a-3p and miR-30c-5p directly repress DNMT3A and rescue
the oxidative stress and premature senescence induced by DGCR8
knockdown in hMSCs

DNMT3A is a crucial epigenetic modifier; hence, it is tightly regu-
lated by diverse mechanisms, including miRNAs. Analysis using Tar-
getScan software (release 7.2) predicted that 54 miRNA families
conserved among vertebrates could directly repress DNMT3A expres-
sion. Notably, family members of miR-29 (29a, 29b, and 29c) and miR-
30 (30a, 30b, 30c, 30d, and 30e) shared high sequence homology and
represented the top predicted DNMT3A repressors based on the cumu-
lative weighted context++ score or the aggregate Pcr score [43,44].
Consistently, both miRNA families had the highest mirSVR scores in the
miRanda database (Supplementary Fig. S9). To determine whether
DNMTS3A is a direct target of the miR-29 and miR-30 families, we cloned
the partial 3’ UTR of DNMT3A (662-868) downstream of the Renilla
luciferase reporter gene and co-transfected the reporter construct with
miRNA mimics into 293T cells (Fig. 6A). Compared with mock and
miR-control co-transfected cells, luciferase activity was significantly
decreased by ~60% by miR-29a-3p and by 20% by miR-30c-5p (Fig. 6B,
black bars). Co-transfection with miR-29a-3p and miR-30c-5p mimics
also significantly decreased luciferase activity. Moreover, mutagenesis
of the putative miRNA binding sites increased luciferase activity
(Fig. 6B, white bars), suggesting that miR-29a-3p and miR-30c-5p exert
their inhibitory functions by directly binding to the DNMT3A 3’ UTR.

To determine the relevance of miR-29a-3p and miR-30c-5p in DGCR8
knockdown-mediated premature senescence, we forced their expression
in siDGCR8-transfected cells. Overexpression of miR-29a-3p and/or
miR-30c-5p significantly downregulated DNMT3A expression both at
the mRNA and protein levels (Fig. 6C). Furthermore, forced expression
of miR-29a-3p or miR-30c-5p significantly reduced ROS levels (Fig. 6D,
top bar graphs) and protein levels of Ras signalling components, as well
as restored SOD2 protein levels (Fig. 6D, bottom blots); these effects
were more potent when miR-29a-3p and miR-30c-5p mimics were co-
transfected. Intriguingly, overexpression of either miRNA or their
combination restored the mitochondrial polarisation (Fig. 6E). We
further confirmed the reduced levels of mitochondrial superoxide anion
upon miR-29a-3p and/or miR-30c-5p overexpression as determined by
MitoSOX staining (Supplementary Fig. SI0A). These results suggest that
miR-29a-3p and miR-30c-5p modulate mitochondrial oxidative stress in
hMSCs by directly repressing DNMT3A expression and thereby regu-
lating the expression of SOD2 and Ras signalling components.

We next examined the expression of senescence markers after
transfection with miR-29a-3p and/or miR-30c-5p mimics in DGCR8
knockdown hMSCs. Interestingly, the levels of p21, p53, and p-p53 (Ser
15) were significantly reduced after transfection with miR-30c-5p or the
combination of miR-29a-3p and miR-30c-5p (Fig. 6F). Oxidative stress
and the aberrant accumulation of ROS could affect not only the early
onset of senescence but also cell proliferation and survival [45].
Consistently, transfection of DGCR8 knockdown hMSCs with
miR-29a-3p or miR-30c-5p mimics significantly decreased the produc-
tion of IL-8, an SASP factor (Supplementary Fig. S10B), and increased
the cell proliferation rate, and the combination of both had the most
potent effect (**P < 0.01; Fig. 6G). These findings suggest that
miR-29a-3p and miR-30c-5p can restore the abnormal senescence phe-
notypes observed in DGCR8 knockdown hMSCs.
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4. Discussion

The use of hMSCs in clinical applications requires large numbers of
cells. These cells can be produced by in vitro expansion; however, pro-
longed in vitro maintenance often compromises their quality [46].
Similarly to other primary cell types, long-term culture of hMSCs can
result in cellular senescence, triggered by various internal or external
stimuli, including accumulation of DNA damage, activation of onco-
genes, oxidative stress, and mitochondrial dysfunction [6,7].
Frequently, multiple signals promote cellular senescence, and down-
stream effector pathways often overlap. Therefore, a better under-
standing of the regulatory mechanisms underlying cellular senescence is
essential for the widespread application of stem cells in clinical
applications.

miRNAs are critical regulators of various biological processes,
including cellular senescence [21]. The elucidation of the biological
functions of miRNAs can be extremely challenging, because each miRNA
can regulate the expression of hundreds of genes [47] and different
miRNAs can have redundant functions. Hence, to explore the impor-
tance of miRNAs during in vitro expansion of hMSCs, we silenced miR-
NAs globally by silencing DGCR8. We found that DGCR8 knockdown in
early-passage hMSCs induced premature senescence with enhanced ROS
production and mitochondrial impairment. Consistently, tran-
scriptomics and bioinformatics analyses in DGCR8 knockdown hMSCs
indicated a functional enrichment in mitochondrial dysfunction-related
circuits. Similar approaches were used to address the role of miRNAs in
replicative senescence in fibroblasts; DGCR8 depletion in mouse or
human fibroblasts promoted cellular senescence by inducing the
expression of specific miRNAs, such as the p21-targeting miR-93 [24].

Oxidative stress modulates mitochondrial function and induces
cellular senescence directly or indirectly [48]; the role of miRNAs in
these processes is also crucial. For example, under oxidative stress
conditions, miR-210 promoted survival and suppressed apoptosis in
cancer cells by reducing ROS levels [49]. Consistently, overexpression of
miR-210 in rat MSCs increased the survival of MSCs during oxidative
stress [50]. The survival of hMSCs under hypoxic conditions was
enhanced by miR-210 through a positive feedback loop with
hypoxia-inducible factor-1 (HIF-1) [51], suggesting a critical role of
miR-210 in response to hypoxia [52]. Furthermore, miR-302 has been
shown to prevent oxidant-induced cell death in human adipose-derived
MSCs by targeting CCL5 [53]. Several other miRNAs have been shown to
regulate the expression of antioxidant enzymes. For instance, miR-335
and miR-34a promoted senescence in rat kidney cells by down-
regulating the expression of mitochondrial antioxidant genes, such as
SOD2 and thioredoxin reductase 2 (Txnrd2) [54]. By contrast, in this
study, we demonstrated that miR-29a and miR-30c directly suppressed
the expression of DNMT3A, thereby restoring SOD2 expression and
promoting hMSC survival. The net effect of SOD2 loss is controversial.
Archer et al. reported that SOD2 knockdown decreased HyO5 production
[40]. In contrast, life-long reduction of SOD2 induced DNA damage and
cancer risk [55]. In our prematurely senescent siDGCR8-transfected
hMSCs, we observed misregulation of another antioxidant gene, per-
oxiredoxin 4 (PRDX4), encoding an enzyme responsible for reducing
H,0; levels. The mRNA levels of PRDX4 were decreased by about 21%
in DGCR8-depleted cells, which may have been partially responsible for
accumulation of HyO5 even under conditions of SOD2 repression upon
DGCRS loss.

Epigenetic modifications are also important regulators of cellular
senescence, replicative senescence, and organismal ageing [56]. Repli-
cative senescence in human fibroblasts was accompanied by DNA
hypomethylation and focal hypermethylation [57]. More recently, Koch
et al. [58] identified six CpG sites as epigenetic senescence biomarkers.
Considering the vital role of DNMTs in DNA methylation [59], we
analysed their relevance in the regulation of cellular senescence by
miR-29a and miR-34c; we found that some of the effects of miR-29a and
miR-34c are dependent on DNMT3A downregulation. The role of miR-29
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Fig. 6. miR-29a-3p and miR-30c-5p directly repress DNMT3A and rescue oxidative stress and premature senescence induced by DGCR8 knockdown. (A) Schematic
illustration of miR-30c-5p (site 1) and miR-29a-3p (site 2) binding sites within the human DNMT3A 3’ UTR (662-868) region, which was cloned downstream of the
Renilla luciferase reporter gene in the psiCHECK-2 vector. Two predicted targeting sites and the corresponding mutations are listed. The mutagenised nucleotides are
underlined and highlighted in red. The construct for the mutant 3’ UTR contained both mutagenised sites (M1+M2). Data were normalised to firefly luciferase. (B)
Luciferase reporter assay. 293T cells were co-transfected with luciferase reporters carrying either the wild-type DNMT3A 3’ UTR (Dnmt3a) or the mutagenised
DNMT3A 3’ UTR (mDnmt3a), as well as 50 nM negative control mimic (miR-Control) or miR-29a-3p or/and miR-30c-5p mimics. Error bars indicate the standard
error of the mean of three experiments. (**P < 0.01 and ***P < 0.001 compared to the miR-control). (C) The mRNA and protein expression levels of DNMT3A in
DGCR8 knockdown hMSCs with or without miR-29a-3p or/and miR-30c-5p overexpression. The mRNA levels of DNMT3A were normalised to GAPDH. Error bars
denote the standard error of the mean of three independent experiments (top). Inmunoblot showing DNMT3A protein levels in DGCR8 knockdown cells with or
without miR-29a-3p or/and miR-30c-5p forced expression (bottom). (D) Total ROS levels in DGCR8 knockdown hMSCs after miR-29a-3p or/and miR-30c-5p
overexpression were measured using HoDCF-DA. Error bars denote the standard error of the mean of three independent experiments (**P < 0.01). Inmunoblot
showing the protein levels of SOD2 and Ras signalling components (bottom). (E) Mitochondrial membrane potential (MMP) in DGCR8 knockdown hMSCs after miR-
29a-3p or/and miR-30c-5p overexpression was determined using JC-1. Representative fluorescence microscopy images in siGFP, siDGCR8, and mimic-transfected
siDGCR8 hMSCs. Scale bar, 100 pm. (F) Western blot showing the protein levels of tumour suppressors and senescence markers, including p21, p53, and p-p53
(serl5), after miR-29a-3p or/and miR-30c-5p overexpression in DGCR8 knockdown hMSCs. (G) Mean growth rate of siGFP and siDGCR8 hMSCs co-transfected with
miR-29a-3p or/and miR-30c-5p mimics, as determined by MTS. Error bars denote the standard error of the mean of three independent experiments (**P < 0.01).
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family members in regulating DNA methylation by targeting DNMT3A
has been demonstrated in various cancer types [60]. In most cases,
deregulation of miR-29 expression alters the epigenetic landscape,
promoting malignant transformation [61-66] and cell invasion [67,68].
Furthermore, miR-29a has been shown to maintain self-renewal in
mouse hematopoietic stem cells by targeting DNMT3A [69]. Therefore,
several lines of evidence support the role of miR-29 family members in
regulating key epigenetic mechanisms.

In conclusion, we demonstrated the role of DNMT3A in negatively
regulating SOD2 expression. We also identified the critical components
of this regulatory axis, which comprises miRNAs, DNA methyl-
transferases, and antioxidant enzymes. miR-29a and miR-30c repress
DNMT3A expression, subsequently restoring SOD2 expression and alle-
viating oxidative stress in hMSCs. Based on these findings, we proposed
a comprehensive regulatory circuit for SOD2 composed of two consec-
utive inhibitory steps. Although in this study, we identified a novel axis
regulating cellular senescence in hMSCs, the implementation of these
findings to develop miRNA-based therapeutic interventions could be
challenging. Recently, DGCR8-independent stable miRNA expression
(DISME) has emerged as a novel approach to stably express miRNAs,
making the analysis of the long-term effects of specific miRNAs feasible
[70]. miRNA-based therapies are considered to be the next-generation
biopharmaceuticals for various diseases, including cancer and viral in-
fections [71,72]; hence, the long-term in vitro and in vivo functions of
miR-29a-3p and miR-30c-5p in cellular senescence and organismal
ageing merit further investigation.
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