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Abstract
Aims/hypothesis Diabetes mellitus causes a progressive loss of functional efficacy in stem cells, including cardiac progenitor
cells (CPCs). The underlying molecular mechanism is still not known. MicroRNAs (miRNAs) are small, non-coding RNA
molecules that regulate genes at the post-transcriptional level. We aimed to determine if diabetes mellitus induces dysregulation
of miRNAs in CPCs and to test if in vitro therapeutic modulation of miRNAs would improve the functions of diabetic CPCs.
Methods CPCs were isolated from a mouse model of type 2 diabetes (db/db), non-diabetic mice and human right atrial append-
age heart tissue. Total RNA isolated from mouse CPCs was miRNA profiled using Nanostring analysis. Bioinformatic analysis
was employed to predict the functional effects of altered miRNAs. MS analysis was applied to determine the targets, which were
confirmed by western blot analysis. Finally, to assess the beneficial effects of therapeutic modulation of miRNAs in vitro and
in vivo, prosurvival miR-30c-5p was overexpressed in mouse and human diabetic CPCs, and the functional consequences were
determined by measuring the level of apoptotic cell death, cardiac function and mitochondrial membrane potential (MMP).
Results Among 599 miRNAs analysed in mouse CPCs via Nanostring analysis, 16 miRNAs showed significant dysregulation in
the diabetic CPCs. Using bioinformatics tools and quantitative real-time PCR (qPCR) validation, four altered miRNAs (miR-
30c-5p, miR-329-3p, miR-376c-3p and miR-495-3p) were identified to play an important role in cell proliferation and survival.
Diabetes mellitus significantly downregulated miR-30c-5p, while it upregulated miR-329-3p, miR-376c-3p and miR-495-3p.
MS analysis revealed proapoptotic voltage-dependent anion-selective channel 1 (VDAC1) as a direct target for miR-30c-5p, and
cell cycle regulator, cyclin-dependent protein kinase 6 (CDK6), as the direct target for miR-329-3p, miR-376c-3p and miR-495-
3p. Western blot analyses showed a marked increase in VDAC1 expression, while CDK6 expression was downregulated in
diabetic CPCs. Finally, in vitro and in vivo overexpression of miR-30c-5p markedly reduced the apoptotic cell death and
preserved MMP in diabetic CPCs via inhibition of VDAC1.
Conclusions/interpretation Our results demonstrate that diabetes mellitus induces a marked dysregulation of miRNAs associated
with stem cell survival, proliferation and differentiation, and that therapeutic overexpression of prosurvival miR-30c-5p reduced
diabetes-induced cell death and loss of MMP in CPCs via the newly identified target for miR-30c-5p, VDAC1.
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Abbreviations
A.U. Arbitrary units
CPC Cardiac progenitor cell
CDK6 Cyclin-dependent kinase 6
GSK-3β Glycogen synthase kinase 3 beta
MEF2C Myocyte-specific enhancer factor 2C
miRNA microRNA
MMP Mitochondrial membrane potential
PTP Permeability transition pore
qPCR Quantitative real-time PCR
RAA Right atrial appendage
Sca-1+ Stem cell antigen-1 positive
3′UTR 3′-Untranslated region
VDAC1 Voltage-dependent anion-selective channel 1

Introduction

Cardiovascular disease is currently the leading cause of death in
the world for both men and women and is responsible for more
than 17 million deaths each year [1]. Although current pharma-
cotherapy slows down heart failure progression and improves
survival prognosis, the only curative treatment, besides heart
transplantation, would be the replacement of lost myocytes by
new ones, the ultimate goal of regenerative cardiology [2–4].
Over the past two decades, various stem cells have been tested
to regenerate lost cardiomyocytes. The results were mixed with
some being positive and some being negative, including recent

controversy on the specific type of stem cells [5–7]. Despite this
recent uncertainty, stem cell therapy is still an attractive thera-
peutic approach for the treatment of cardiovascular disease [8],
owing to the multifactorial property of stem cells. Stem cells
secrete paracrine factors that not only have angiogenic and cell
survival properties, but also attract endogenous stem cells [9,
10]. Interestingly, the majority of studies have identified the
impaired therapeutic potential of stem cells, including cardiac
progenitor cells (CPCs), collected from individuals with diabe-
tes or animal models of diabetes [11–13].

Several mechanisms have been implicated in the patho-
physiology of stem cells from diabetic individuals or animals,
such as impaired insulin signalling, increased oxidative stress,
mitochondrial dysfunction and abnormal epigenetic alter-
ations [3]. However, the precise molecular mechanisms
underlying the impaired efficacy of diabetic stem cells are still
not known. We, along with others, have shown a marked
dysregulation of microRNAs (miRNAs) starting at the early
stage in the diabetic heart [14–16]. miRNAs are small (21–25
nucleotide), non-coding RNA molecules that regulate gene
expression at the post-transcriptional level. Recently, we
demonstrated that dysregulation of miRNAs from an early
stage in the diabetic heart forms a foundation for the develop-
ment of functional and structural abnormalities at a later stage
[17–19]. Evidence from previous studies has supported the
crucial role of miRNAs in stem cell survival, proliferation
and differentiation [3, 20]. However, almost nothing is known
about the effect of diabetes mellitus on miRNAs in CPCs. In
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this study, we investigated the effects of diabetes on the
expression of miRNAs and determined the consequences for
target proteins involved in survival and proliferation of CPCs
from a mouse model of type 2 diabetes and from human right
atrial appendage (RAA) heart tissue. We hypothesised that
diabetes will induce dysregulation of miRNAs associated with
stem cell survival, proliferation and differentiation and that
therapeutic modulation of these miRNAs will improve the
survival of both human and mouse diabetic CPCs.

Methods

Detailed methodology is provided in the electronic supple-
mentary material (ESM) Methods.

Ethics Collection of human RAA tissue has been approved by
the Health and Disability Ethics Committee of New Zealand
(Healthy Volunteers Ethics Reference: Upper South A Ethics
Committee Approval No. 01/05/062). All volunteers provided
written consent for the tissue collection and use of samples for
this study. Collection and use of the human samples were also in
concordance with the Declaration of Helsinki. All experiments
using mouse tissue have been approved by the University of
Otago animal ethics committee (D25/12 and AUP 18-205).

Isolation of mouse and human CPCs Stem cell antigen-1
positive (Sca-1+) mouse CPCs were isolated from 10 ± 1-
week-old male diabetic (db/db [BKS.Cg-Dock7m+/+ Leprdb/
J]) and age-matched (±1-week) non-diabetic mice as
described previously [11]. Animals were bred at the Hercus
Taieri Resource Centre of the University of Otago. Obese db/
db mice (together with their non-diabetic lean littermates as
controls) used as a model of type 2 diabetes best represent the
human form of type 2 diabetes, and have been demonstrated to
be a good model to study diabetes-induced cardiovascular
disease [15, 17, 18, 21, 22]. All the animals used in this study
were housed at 21 ± 1°C with food and water ad libitum.

Human CPCs were isolated from RAA biopsies collected
from diabetic and age-matched (± 3 years) non-diabetic
patients (n = 6 each, ESM Table 1), undergoing on-pump
coronary artery bypass surgery, after written and verbal
consent, as described by us previously [11, 23]. The experi-
menters were not blinded to the type of cells used in the study.

Morphologically, the Sca-1+ mouse CPCs exhibited a simi-
lar shape, but also a greater cross-sectional area after 1 week of
culture (ESM Fig. 1a–c). The purity of the resulting cells was
confirmed by flow cytometry analysis for the expression of
specific markers and immunofluorescence analysis to exclude
contamination by fibroblasts (ESM Results and ESM Fig. 1d,
e) [11]. The cells were further expanded for the downstream
applications.

miRNA expression profiling using Nanostring microarray and
bioinformatics analysis Total RNAwas extracted from diabet-
ic (n = 6) and non-diabetic mouse CPCs (n = 5) using the
QIAGENmiRNeasyMini kit (Qiagen, USA) as per the manu-
facturer’s instructions [18, 24] to perform the microarray
analyses as described previously [25]. miRNAs were
selected based on significant fold change (p < 0.05) in
the diabetic CPCs.

The miRPath bioinformatics tool (microT-CDS, version 5,
DIANATOOLS) [26] was used to categorise the differentially
regulated miRNAs according to their known function in stem
cells. Four separate prediction databases (microT-CDS,
version 5 [26], miRDB, version 3 [27], microRNA.org,
version 1 [28] and TargetScan, version 6.2 [29]) were used
to identify specific target genes for the candidate miRNAs.

qPCR analysis Selected candidate miRNAs (Table 1) were
validated by quantitative real-time PCR (qPCR) as described
by us previously [15, 18, 19]. Data are presented as DCT

(2−ΔCt ) expression.

Western blot analysis Total protein was extracted from the
diabetic and non-diabetic mouse and human CPCs (n = 4–5 in
each group), separated with SDS-PAGE, transferred onto a
PVDF membrane and probed with the following antibodies as
detailed in the ESM Methods [15, 18, 19]: glycogen synthase
kinase 3 β (GSK-3 beta, Novus Bio, NBP1-47470), myocyte-
specific enhancer factor 2C (MEF2C, Life Technologies, MA5-
17119), cyclin-dependent kinase 6 (CDK6, Cell Signalling,
13331S), voltage-dependent anion-selective channel 1

Table 1 miRNAs with significant changes in diabetic mouse CPCs

miRNA subtype Non-diabetic CPCs
(copy number)

Diabetic CPCs
(copy number)

p value

miR-382-5p 71.3 ± 16.1 170.9±12.2 0.00117

miR-376c-3p 29.7 ± 9.1 115.8±20 0.00446

miR-329-3p 51.6 ± 19.3 175±31.6 0.01045

miR-1983 43.3 ± 8.4 99.3±15 0.01173

miR-495-3p 20.8 ± 5.3 48.3±7.3 0.01614

miR-28-5p 129.6 ± 19.4 225.5±27.7 0.02224

miR-30c-5p 478.1 ± 122.6 160.7±77.6 0.00121

miR-99b-5p 174.2 ± 12.6 232.1±16.9 0.02574

miR-125b-3p 68.4 ± 12.3 106.9±7.7 0.02906

miR-19a-3p 155.8 ± 42.5 314.1±46.1 0.03582

miR-106b-5p 106.1 ± 15.5 63.2±7.2 0.03677

miR-125a-5p 2559 ± 566 4183±316 0.03692

miR-126-3p 84.4 ± 42.3 407.6±125.4 0.04062

miR-804 98.9 ± 7.5 130.6±10.7 0.04249

miR-365-5p 109 ± 12.5 151±12.5 0.04479

miR-132-3p 194.5 ± 24.9 365.6±67.5 0.04498
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(VDAC1, Abcam, ab15895), and β-actin (Novus Bio, NB-600-
503). Proteinswere visualised using the Li-CorOdyssey imaging
station for fluorescence bands or by chemiluminescence reaction
with enhanced chemiluminescence substrate (Pierce Fast
Western Kit, SuperSignal West Pico). Target protein expression
was normalised to either β-actin or total protein.

MS analysisDue to the difficulty in confirming the target genes
predicted using the available online prediction tools (detailed in
the Results section), we used MS to identify the potential
miRNA targets as described earlier [30]. Two target genes,
Vdac1 and Cdk6, were selected as the most appropriate targets
for the candidate miRNAs (detailed in the Results section).

Luciferase assay Mouse CPCs were co-transfected for 48 h
with a pEZX-MT06 miR luciferase vector construct
(GeneCopoeia) containing 3′-untranslated region (3′UTR) of
wild-type Vdac1 vector (identified as direct targets for miR-
30c-5p by MS, explained in the Results section), mutant
Vdac1 vector, or wild-type and mutant Cdk6 vector (negative
control to confirm there is no effect on the luciferase activity),
and with miR-30c-5p mimics, or miRNA mimic scrambled
controls, or with empty luciferase reporter vector. Luciferase
activity was measured 48 h after transfection.

miR-30c overexpression and Vdac1 knockdown Human and
mouse CPCs at passage four were transfected with miR-30c-
5p mimic (5 pmol/μl) or miRNA mimic scrambled sequence
(5 pmol/μl) or Vdac1 siRNA (6 pmol/μl) and negative control
siRNA (6 pmol/μl) using lipofectamine RNAiMAX
(ThermoFisher Scientific) according to the manufacturer’s
instructions. Transfection efficacy was confirmed by
qPCR for miR-30c-5p and western blot analysis for
VDAC1 expression.

Caspase-3/7 activity assay Diabetic and non-diabetic mouse
and human CPCs at passage four were seeded at 1 × 104 cells/
well in a 96-well plate in a replicate of ten and transfected as
above. Following 72 h transfection, caspase-3/7 activity was
measured as described previously [17, 19].

Effect of miR-30c-5p on preserving mitochondrial membrane
potential (MMP) Diabetic and non-diabetic mouse CPCs
grown on glass coverslips (1 × 104 cells/coverslip) or 96-
well plates (1 × 104 cells/well) were loaded with 1 μmol/l
calcein-AM dye (Thermofisher Scientific) followed by treat-
ment with 1 μmol/l CoCl2 to quench the calcein in the cytosol.
After 15 min incubation at 37°C, cells were either imaged
using a fluorescent microscope or fluorescent intensity
measured using a plate reader [31].

In vivo overexpression of miR-30c-5p in the diabetic heart To
explore the functional role of miR-30c-5p in restoring the

CPC functions in vivo, aged (24-week-old) type 2 diabetic
(db/db) mice (representing the progressed stage of diabetes)
received an injection of either miR-30c-5p mimic or a scram-
bled control (10 nmol/kg in 0.2 ml saline [154 mmol/l NaCl],
s.c., Exiqon, USA) after baseline echocardiography to confirm
the existence of cardiac dysfunction. Animals were
randomised by generating a single sequence of random values
and matching them to one of the two treatment groups. The
aged db/db mice with cardiac dysfunction were used for this
study to allow us to translate our findings to the clinic, because
the majority of the patients attending the clinic have already
developed some form of cardiac dysfunction. A blood sample
and cardiac tissue were retrieved at the end of the 6 week
follow-up period after echocardiography. Blood samples were
used to measure the level of circulating miR-30c-5p. CPCs
were isolated and characterised by flow cytometry as above.
The effect of miR-30c-5p on VDAC1 expression was exam-
ined by western blot analysis, and improved survival was
determined by CyQUANT analysis for cell proliferation and
casapase-3/7 activity assay for apoptotic cell death.

Statistics All data are represented as mean ± SEM. Normality
of the data was confirmed using a Shapiro–Wilk test. A false
discovery rate (using the Benjamini, Krieger and Yekitueli
method) of 5% was used to identify the significantly different
miRNAs between diabetic and non-diabetic CPCs. A
Student’s t test was used to compare the statistical differences
between two groups, and all comparisons between multiple
groups were obtained through a one-way or two-way
ANOVA, with a Bonferroni post hoc test, or the Kruskal–
Wallis test, as appropriate. A p value of less than 0.05 was
considered significant. All data were analysed using
GraphPad Prism 8.0 (USA).

Results

Diabetes-dysregulated miRNAs in mouse CPCs predicted to
regulate their function Among 599 miRNAs evaluated in
the miRNA expression profiling study, 16 were significantly
different in diabetic CPCs (Table 1). The complete set of
Nanostring data is presented in ESM Table 2. MiRPath soft-
ware predicted that seven out of 16 significantly altered
miRNAs to regulate signalling pathways associated with
proliferation and self-renewal pathways (Table 2).
Importantly, the effect of seven miRNAs on proliferation
correlated with their altered expression profiles in the diabetic
CPCs, with the miRNAs predicted to inhibit proliferation
(miR-376c-3p, -329-3p, -495-3p, -19a-3p, -804 and -365-5p)
being upregulated. In contrast, the only miRNA that was
predicted to promote proliferation (miR-30c-5p) was down-
regulated in the diabetic CPCs (Tables 1 and 2). Since prolif-
eration and self-renewal are the main properties of stem cells,

1425Diabetologia  (2021) 64:1422–1435



seven predicted miRNAs possibly regulating CPC functions
were chosen for further validation by qPCR analysis.

qPCR analysis partially validated the Nanostring mouse CPC
data Interestingly, qPCR confirmed the changes in
expression for only four miRNAs (miR-495-3p, miR-
329-3p, miR-376c-3p and miR-30c-5p [Fig. 1]). With
their dysregulated expression validated by qPCR, these
miRNAs were thus chosen as candidate miRNAs to
determine target proteins responsible for the functional
implications of the altered miRNAs.

New targets identified in mouse CPCs using MS and validated
by western blot analysis Based on our initial analysis,
Gsk3β and Mef2c genes were predicted as a target for
all four miRNAs, while Mef2c was predicted as a target
for miR-329-3p, -376c-3p and -495-3p. GSK-3β and
MEF2C regulate signalling pathways associated with cell
proliferation and cell progression (ESM Fig. 2) [32, 33].
However, in contrast to our predictions, western blot anal-
yses failed to show any change in the expression pattern

of either GSK-3β (ESM Fig. 3a) or MEF2C (ESM Fig.
3b) in the diabetic CPCs.

We therefore usedMS to identify new targets for the candi-
date miRNAs. Among the 2000 peptides evaluated by MS,
435 (22%) were significantly dysregulated in diabetic CPCs.
Among them, ten significantly dysregulated peptides (8
downregulated, two upregulated) constituted proteins that
were predicted as targets for the candidate miRNAs (Table 3
and ESM Table 3). The cell cycle promoter CDK6 [34] was
predicted to be a target for miR-329-3p, -495-3p and -376c-3p
in four databases combined (miRDB, microT-CDS,
microRNA.org and TargetScan) (Table 3). Western blot
analysis confirmed significant downregulation of CDK6 in
the diabetic CPCs (p = 0.04, Fig. 2a and ESM Fig. 4a).

The proapoptotic VDAC1 [35] was predicted as a target for
miR-30c-5p in three databases (microT-CDS, TargetScan and
microRNA.org) (Table 3). Western blot analysis confirmed
significant upregulation of VDAC1 in the diabetic CPCs
(p < 0.01, Fig. 2b and ESM Fig. 4b). CDK6 has been well
characterised as playing a crucial role in stem cell proliferation
[34]. However, to our knowledge, no study has demonstrated the
role of VDAC1 in CPCs. Similarly, the role of miR-30c-5p in
CPCs is not known. For these reasons, miR-30c-5p and its
predicted target VDAC1 was selected for functional validation.

Luciferase assay confirmed Vdac1 as the direct target of miR-
30c-5p in mouse CPCs Transfection of mouse CPCs with miR-
30c-5p mimic reduced the luminescence caused by the wild-
type Vdac1-construct by 45 ± 9% (p < 0.01, Fig. 2c),
confirming that VDAC1 is the direct target for miR-30c-5p.
There was no change in luminescence in mouse CPCs
transfected with the mutant Vdac1 (Fig. 3c). Transfection with
mutant and wild-type Cdk6-construct did not show any
change in luminescence, validating the predicted results that
CDK6 is not a direct target for miR-30c-5p (Fig. 2c).

Overexpression of miR-30c-5p reduced apoptotic cell death in
diabetic mouse CPCs through downregulation of VDAC1
VDAC1 plays a major role in mitochondria-mediated

Fig. 1 qPCR validation of candidate miRNAs in mouse CPCs.
Quantitative scatter plot bar graph showing the validation of candidate
miRNAs identified by Nanostring analysis in diabetic and non-diabetic
mouse CPCs. All the data are presented as mean ± SEM; n = 6 in each
group. *p < 0.05, **p < 0.01 and ***p < 0.001 vs non-diabetic CPCs in
the corresponding group

Table 2 Predicted effect of
miRNAs on cell proliferation Signalling pathway miRNAs promoting

cell proliferation
miRNAs inhibiting cell proliferation

Wnt miR-376c-3p

VEGF miR-329-3p, -495-3p, -19a-3p

Hedgehog miR-30c-5p miR-376c-3p, -19a-3p, -365-5p

JAK–STAT miR-329-3p, -495-3p, -19a-3p, -365-5p

Focal adhesion miR-30c-5p miR-365-5p, miR-804

PI3K–Akt miR-30c-5p miR-376c-3p, miR-365-5p

T2DM miR-329-3p, -495-3p, -19a-3p

VEGF, vascular endothelial growth factor; JAK, Janus kinases; STAT, signal transducer and activator of tran-
scription proteins; PI3K, phosphoinositide 3-kinase; T2DM, type 2 diabetes mellitus
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apoptotic cell death [35], and diabetes accelerates apoptosis in
stem cells [19, 36]. In accordance with this, transfection of
miR-30c-5p in both diabetic and non-diabetic CPCs (Fig.
3a) induced significant downregulation of VDAC1 protein
in diabetic (0.43 ± 0.04 arbitrary units [A.U.], p = 0.03) and
non-diabetic CPCs (0.33 ± 0.04 A.U., p = 0.002) compared
with the scramble-treated control CPCs (1.91 ± 0.27 A.U. in
diabetic vs 0.58 ± 0.04 A.U. in non-diabetic CPCs) (Fig. 3b
and ESM Fig. 5). Further, overexpression of miR-30c-5p
resulted in 40 ± 8% reduction in caspase-3/7 activity in the
diabetic CPCs (p < 0.01, Fig. 3c), but not in the non-diabetic
CPCs. Reduction in apoptosis was not associated with
increased proliferation of cells as there was no difference in
proliferation marker genes Mki67 and Top-2α in any of the
groups (Fig. 3d).

miR-30c-5p rescued MMP in diabetic mouse CPCs Our next
aim was to determine whether overexpression of miR-
30c-5p can preserve MMP, because VDAC1 allows the
transit of metabolites across the mitochondrial outer
membrane, thereby negatively regulating MMP [35].

Fluorescent images showed a significant reduction in
calcein density in the diabetic CPCs after treatment with
CoCl2, suggesting an open state or leaky mitochondrial
permeability transition pore (PTP) in diabetic CPCs,
allowing CoCl2 to quench calcein in the mitochondria,
indicating reduced MMP (Fig. 3e, f). However, overex-
pression of mouse CPCs with miR-30c-5p restored the
MMP in the diabetic CPCs (Fig. 3e, f). Further, knock-
down of Vdac1 recapitulated the prosurvival effects
associated with miR-30c-5p overexpression, confirming
VDAC1 as the underlying signalling mechanism for
miR-30c-5p-associated beneficial effects (Fig. 4 and
ESM Fig. 6).

In vivo overexpression of miR-30c-5p attenuated diabetes-
induced deleterious effects on CPCs To determine whether
the in vitro results can be reproduced in the in vivo setting,
aged diabetic mice received injections of pre-miR-30c-5p
mimic (Fig. 5a). qPCR analysis confirmed a significant
increase in the expression of miR-30c-5p in both circulation
and CPCs in mimic-treated animals (Fig. 5b, c). This was

Table 3 Predicted targets of candidate miRNA by MS

Target proteins Fold change
(diabetic vs non-diabetic CPCs)

Candidate miRNAs predicted Number of prediction databases

Downregulated protein targets

KPNB1 0.39 (p <0.001) miR-376c-3p 1 (TargetScan)

CDK6 0.44 (p <0.001) miR-329-3p 2 (miRDB, RNA22)

miR-495-3p 3 (TargetScan, miRDB, miRanda)

miR-376c-3p 1 (TargetScan)

GCC2 0.54 (p <0.001) miR-329-3p 1 (TargetScan)

miR-495-3p 1 (TargetScan)

miR-376c-3p 1 (TargetScan)

SARNP 0.60 (p <0.01) miR-329-3p 1 (TargetScan)

miR-376c-3p 1 (TargetScan)

GUCY1B1 0.63 (p = 0.01) miR-329-3p 1 (TargetScan)

miR-495-3p 2 (TargetScan, miRanda)

DNAJB4 0.68 (p = 0.04) miR-329-3p 2 (TargetScan, miRanda)

miR-30c-5p 2 (miRanda, microRNA.org)

TPT1 0.75 (p <0.001) miR-329-3p 1 (TargetScan)

miR-495-3p 1 (TargetScan)

CMPK1 0.78 (p <0.001) miR-495-3p 2 (TargetScan, miRanda)

miR-376c-3p 1 (TargetScan)

Upregulated protein targets

MBNL2 1.69 (p = 0.02) miR-495-3p 1 (miRanda)

miR-30c-5p 1 (miRDB)

VDAC1 1.67 (p <0.01) miR-30c-5p 3 (RNA22, Target scan, microRNA.org)

KPNB1, karyopherin (importin) beta 1; GCC2, GRIP and coiled-coil domain containing 2; SARNP, SAP domain containing ribonucleoprotein;
GUCY1B1, guanylate cyclase 1 soluble subunit β 1; DNAJB4, DnaJ heat shock protein family (Hsp40) member B4; TPT1, tumour protein,
translationally-controlled 1; CMPK1, cytidine/uridine monophosphate kinase 1; MBNL2, muscleblind like splicing regulator 2
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associated with marked downregulation of VDAC1 (Fig. 5d
and ESM Fig. 7). Flow cytometry analysis showed a signifi-
cant increase in the number of CPCs in the diabetic heart that
were treated with mimic (Fig. 5e). CyQUANT analysis
showed marked increase in the proliferation of CPCs
(Fig. 5f), while caspase-3/7 assay demonstrated a signif-
icant reduction in the apoptotic cell death (Fig. 5g) in
CPCs isolated from pre-miR-30c-5p-treated diabetic
mice. Baseline echocardiography confirmed the exis-
tence of cardiac dysfunction in diabetic mice before
the treatment (Table 4 and Fig. 5h, i). While there
was no significant improvement in systolic function
following treatment of diabetic mice with miR-30c-5p
mimic, there was a marked improvement in diastolic
function (E/A ratio, Table 4 and Fig. 5i).

Diabetes induces dysregulation of target miRNAs in human
CPCs Finally, to determine if the results from mouse CPCs
can be translated into the clinic, we performed a proof-of-
concept study on human CPCs. qPCR analysis confirmed

the significant upregulation of miR-376c-3p and miR-495-
3p (p < 0.05 for both) and downregulation of miR-30c-5p
(p < 0.01), while miR-329-3p expression remained unaltered
(Fig. 6a). Western blot analysis confirmed downregulation of
CDK6 (Fig. 6b and ESM Fig. 8) and upregulation of VDAC1
in diabetic CPCs (Fig. 6c and ESM Fig. 9). Similar to the
mouse CPCs, overexpression of miR-30c-5p significantly
reduced the expression of VDAC1 (Fig. 6d and ESM Fig.
10) and caspase-3/7 activity (Fig. 6e) in diabetic human CPCs.

Discussion

To our knowledge, this is the first study to show the differen-
tial regulation of miRNAs associated with cell proliferation
and survival in diabetic CPCs. Our in vitro and in vivo studies
suggest that therapeutic modulation of miRNAs in diabetic
CPCs can improve their functional efficacy.

For the current study, we used a heterogeneous cell popu-
lation for both mouse and human heart. Sca-1+ cells represent

Fig. 2 Validation of targets
predicted by MS of mouse CPCs.
(a, b) Representative western blot
images and quantitative scatter
plot bar graphs showing the
expression of CDK6 (a) and
VDAC1 (b) in diabetic and non-
diabetic mouse CPCs. Data are
presented as the ratio of target
protein and total protein and are
mean ± SEM, n = 4 in each group.
*p < 0.05 and **p < 0.01 vs non-
diabetic. (c) Quantitative scatter
plot bar graph showing luciferase
activity of Vdac1- and Cdk6-3′
UTR wild-type and mutant
luciferase constructs expressed in
mouse CPCs in the presence or
absence of miR-30c-5p-
scrambled (Scr) or -mimic. Data
are presented as relative luciferase
activity normalised to wild-type
Scr of Vdac1 and Cdk6 separately
and are mean ± SEM, n = 4 in
each group. ***p < 0.001 vs the
corresponding Scr-treated group
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a heterogeneous population and possess the characteristics of
CPCs, including the expression of cardiac-specific transcrip-
tion factors as well as telomerase activity [11, 37, 38]. Either
direct transplantation of Sca-1+ cells [39] or treatment with
secretome released by the Sca-1+ cells [40] showed a signifi-
cant improvement in cardiac function in a mouse model of

myocardial infarction. Heterogenous human CPCs used in
our study showed comparable characteristics to the Sca-1+

population, expressing mesenchymal surface markers and
CPC characteristics when cultured in vitro [23, 41]. In contrast
to the other studies, we did not find any significant difference
in the growth rate (proliferation) between diabetic and non-

Fig. 3 Therapeutic modulation of diabetic mouse CPCs with miR-30c-
5p. CPCs isolated from non-diabetic and diabetic mice were transfected
with scrambled (Scr) or miR-30c-5p mimic (30c). (a) Quantitative scatter
plot bar graph showing a marked increase in the expression of miR-30c-
5p in both diabetic and non-diabetic CPCs, 24 h after transfection. Data
are presented as fold change compared with the Scr-treated group and
n = 6 in each group. (b) Representative western blot images and quanti-
tative scatter plot bar graph showing VDAC1 protein expression in
diabetic and non-diabetic CPCs after Scr or miR-30c-5pmimic treatment.
Data are presented as the ratio of VDAC1 and total protein (A.U.) with
n = 6 in each group. (c, d) Quantitative scatter plot bar graphs exhibiting
caspase-3/7 activity of transfected mouse CPCs (c) as well as mRNA

expression of cell proliferation marker genes Mki67 and Top-2α (d) in
all the treated groups. Data are presented as luminescence units in (c) and
relative DCT (2−ΔCt ) expression in (d); n = 4 in each group. (e)
Representative fluorescence microscopy images and quantitative scatter
plot bar graph demonstrating calcein accumulation in cells as a measure
of cell viability; n = 12 in each group. Scale bars, 50 µm. (f) Quantitative
scatter plot bar graph showing the MMP as a measurement of fluores-
cence intensity in all the study groups. Data are presented as A.U. with
n = 5 in each group. All the data are mean ± SEM. *p < 0.05,
***p < 0.001 vs the corresponding non-diabetic group; †p < 0.05 and
†††p < 0.001 vs the corresponding Scr-treated group 2–ΔCt
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diabetic mouse CPCs in the CPCs isolated from young mice,
which could be the reason for there being no difference in
growth rate in the diabetic CPCs, although this was different
in CPCs from the aged diabetic mice (discussed below). In
support of this, our previous study showed reduced prolifera-
tion in the diabetic CPCs collected from 20-week-old diabetic
mice [11]. The significant increase in apoptotic activity in
diabetic human CPCs, which were collected from individuals
with diabetes duration of 6 or more years, further confirms this
notion. Therefore, the dysregulated miRNAs in our study are
very likely to have functional effects at a later stage.

We focused on miRNAs associated with cell proliferation,
differentiation and survival as these are the hallmarks of stem
cells. Therefore, among the 16 miRNAs that were significant-
ly altered in the diabetic mouse CPCs, we chose seven that are
associated with cell survival, proliferation and differentiation.
Interestingly, changes in miRNA expression could only be
confirmed in four of the seven selected miRNAs (miR-329-
3p, -376c-3p, -495-3p and -30c-5p), despite reports indicating
superior sensitivity of Nanostring microarray over other tech-
niques [42]. Studies on human CPCs demonstrated a similar
dysregulation of three miRNAs (miR-30c-5p, -376c-3p and -
329-3p) except in miR-329-3p, which remained unaltered in
human diabetic CPCs. While the exact reason for this differ-
ence is not known, it is possible that all the diabetic patients
were on treatment with either oral glucose-lowering agents or

insulin, which could have either normalised or delayed the
changes in miR-329-3p, although further studies are
warranted.

Among the four miRNAs validated, miR-329 has been
demonstrated to be associated with impaired angiogenesis,
and knockdown of miR-329 increased endothelial cell prolif-
eration [43]. In support of this observation, our bioinformatics
analyses predicted that miR-329-3p inhibits cell proliferation
(Table 2). The available evidence for the functional role of
miR-376c-3p and miR-495-3p is limited. Overexpression of
miR-376c inhibited the proliferation of osteosarcoma cells
while inhibiting the differentiation of osteoblasts [44].
Similarly, increased expression of miR-495 inhibited prolifer-
ation of mesenchymal stem cells [45].

To date, there is no evidence for the expression of miR-
329-3p and -376c-3p and -495-3p in cardiomyocytes or CPCs.
In support of this we also failed to detect the expression of
these three miRNAs in normal human ventricular
cardiomyocytes (ESM Fig. 11). However, marked upregula-
tion of these miRNAs in the diabetic CPCs suggest that
hyperglycaemic conditions could activate these miRNAs in
the CPCs, thereby adversely affecting their functional effica-
cy. This was further supported by significant downregulation
of the predicted target CDK6 in the diabetic CPCs. CDK6 is a
40 kDa serine–threonine kinase that stimulates the G1/S phase
of the cell cycle to promote cell proliferation. Studies have

Fig. 4 Vdac1 knockdown
reduced apoptosis in diabetic
mouse CPCs. (a) Quantitative
scatter plot bar graph showing the
expression pattern of Vdac1 gene
expression by qPCR; n = 4 in
each group. Data are presented as
relative DCT (2−ΔCt ) expression.
(b) Representative western blot
images and quantitative scatter
plot bar graph demonstrating fold
difference in VDAC1 expression
in diabetic and non-diabetic
mouse CPCs after treatment with
scrambled (Scr) or Vdac1 siRNA
(siRNA); n = 4 in each group.
Data are presented as the ratio of
VDAC1 and total protein (A.U.).
(c) Quantitative scatter plot bar
graph showing caspase-3/7
activity in all the treated groups.
Data are presented as
luminescence units; n = 6 in each
group. All the data are mean ±
SEM. *p < 0.05, **p < 0.01 and
***p < 0.001 vs the
corresponding non-diabetic
group; †p < 0.05, ††p < 0.01 and
†††p < 0.001 vs the corresponding
Scr-treated group
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demonstrated the role of CDK6 in stem cell proliferation [34].
Knockdown of cyclin D2, an activator of CDK6, induces

insulin resistance and hence diabetes in the experimental
animal model. Another study showed that prosenescent

Fig. 5 In vivo overexpression of miR-30c-5p attenuated diabetes-
induced deleterious effects on CPCs. (a) Experimental protocol used for
in vivo experiments. W, week/weeks. (b, c) Quantitative scatter plot bar
graphs showing the expression pattern of miR-30c-5p in circulation (b,
n = 8 in each group) and in CPCs (c, n = 5 in each group). Data are
presented as relative DCT (2−ΔCt ) expression. (d) Western blot images
and quantitative scatter plot bar graph demonstrating VDAC1 expression
in diabetic and non-diabetic mouse CPCs after treatment with miR-30c-
5pmimic or scramble (Scr); n = 8 in each group. Data are presented as the
ratio of VDAC1 and total protein (A.U.). (e) Flow cytometry scatter plot
images and quantitative scatter plot bar graph showing the percentage of
Sca-1+ cells in all the groups; n = 6 in the non-diabetic Scr-treated group
(ND Scr) and n = 7 in the diabetic Scr (D Scr) and mimic (D mimic)

groups. (f, g) Quantitative scatter plot bar graphs showing the prolifera-
tion (f) and caspase-3/7 activity (g) in all the treated groups. Data are
presented as fold change vs the initial seeding density (f) or luminescence
units (g); n = 6 in each group. (h, i) Quantitative line graphs showing
ejection fraction (h) and E/A ratio (i) at baseline and after 6 weeks of
treatment in each group; n = 8 in each group. All data are presented as
mean ± SEM, (b–g) *p < 0.05, **p < 0.01 and ***p < 0.001 vs ND Scr-
treated group; ††p < 0.01 and †††p < 0.001 vs D Scr-treated group. (h, i)
***p < 0.001 vs ND Scr-treated group at corresponding time point;
†††p < 0.001 vs D Scr-treated group at corresponding time point;
‡‡p < 0.01 vs baseline; p = 0.06 for D Scr vs D mimic-treated group in
(h). Echo, echocardiography; D, diabetic; mimic, miR-30c-5p mimic;
ND, non-diabetic; Scr, scramble
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miR-34a directly targets CDK6, and our previous study iden-
tified a marked upregulation of miR-34a in the diabetic heart
[19, 46]. Taken together, our results suggest that diabetes-
induced activation of miR-329-3p, -376-3p and -495-3p in
CPCs possibly inhibits their proliferation by downregulation
of their target gene Cdk6.

miR-30c is one of the five members of the highly
conserved miR-30 family (miR-30a–e) that share 85%
sequence similarity. It is a mirtron derived from the miR-
30c-1 and miR-30c-2 genes that are encoded in intronic
sequences in both humans and mice. Unlike the other three
miRNAs, miR-30c has been demonstrated to be expressed by
cardiomyocytes [47]. Studies have shown marked downregu-
lation of miR-30c in the heart following myocardial infarction
and ischaemia–reperfusion [47]. Importantly, miR-30c has
been demonstrated to be downregulated in heart tissues
collected from diabetic patients, which aligns with our current
findings showing a marked downregulation of miR-30c in
diabetic mouse and human CPCs [48]. Our study identified
Vdac1 as a new direct target for miR-30c-5p, and it was signif-
icantly upregulated in diabetic mouse and human CPCs.
VDAC1 is a component of the mitochondrial PTP, the open-
ing of which triggers apoptotic cell death. Opening of PTPs
also allows for the diffusion of calcium ions into the mito-
chondria, causing calcium overload and accumulation of reac-
tive oxygen species, leading to the loss of MMP [49]. This
was true in our study showing impaired MMP in the diabetic
mouse CPCs. Importantly, downregulation of VDAC1 and

preservedMMP bymiR-30c-5p overexpression, together with
recapitulation of the effect of miR-30c-5p on CPC survival by
direct knockdown of Vdac1, demonstrated the involvement of
VDAC1 as the downstream mechanism for miR-30c-5p-
induced protective effects.

In vivo treatment of diabetic mice with miR-30c-5p
improved CPC proliferation and survival. This is interesting
because, as discussed above, we did not observe any changes
in proliferation (growth rate) in diabetic CPCs after in vitro
overexpression of miR-30c-5p, which is likely due to the
difference in the age of CPCs used in our experiments.
In vitro studies used CPCs collected from 10-week-old mice
that did not exhibit cardiac dysfunction, whereas in vivo stud-
ies were conducted in 24-week-oldmice that already exhibited
cardiac dysfunction. Aged animals were used for the in vivo
study as the majority of the patients attending the diabetes/
endocrinology or cardiology clinic are in older age groups and
exhibit some form of cardiac dysfunction. We did not observe
a significant improvement to the impaired systolic function
following treatment of diabetic mice with miR-30c-5p mimic.
This is likely to be attributed to the short-term follow-up
nature of our study. In addition to its expression in CPCs,
miR-30c-5p was also demonstrated to be expressed in
cardiomyocytes exhibiting anti-apoptotic effects [48].
Therefore, it is possible that the beneficial effects, especially
those related to cardiac function that are observed following
in vivo injection of miR-30c-5p mimic, could be through
improvement in cardiomyocyte survival. Future studies are

Table 4 Cardiac function at baseline and at 6 weeks after treatment

Baseline 6 weeks

Variable ND Scr D Scr D mimic ND Scr D Scr D mimic

LVAWs (mm) 1.45 ± 0.03 1.28 ± 0.02** 1.34 ± 0.05* 1.51 ± 0.03 1.23±0.03*** 1.33 ± 0.05**,†

LVPWs (mm) 1.26 ± 0.05 1.44 ± 0.06 1.32 ± 0.05 1.36 ± 0.08 1.31±0.03 1.39 ± 0.06

LVPWd (mm) 0.92 ± 0.06 0.98 ± 0.04 0.89 ± 0.02 0.95 ± 0.05 0.86±0.04 1.00 ± 0.03

LVIDs (mm) 1.90 ± 0.1 2.65 ± 0.17*** 2.4 ± 0.10** 2.08 ± 0.05 3.09±0.17***,‡‡ 2.9 ± 0.23**,‡‡‡

LVIDd (mm) 3.34 ± 0.04 3.82 ± 0.58 3.62 ± 0.08 3.33 ± 0.05 4.13±0.04*** 3.92 ± 0.22**

FS (%) 43.5 ± 2.8 33 ± 4.8*** 32.2 ± 2.9** 38.2 ± 1.7 24.8±3.9** 28.9 ± 4.7*

ESV (μl) 13.2 ± 1.6 18.1 ± 1.5 17.5 ± 0.8 15.6 ± 0.7 32.1±2.7*** 23.8 ± 3.3*,†

EDV (μl) 61.3 ± 2.2 69 ± 2.0* 68.6 ± 2.5* 62.8 ± 2.2 73.5±2.3** 65.1 ± 2.2

SV (μl) 48.1 ± 1.7 50.9 ± 2.1 51.1 ± 2.5 47.1 ± 2.0 41.5±3.1‡ 41.3 ± 3.5‡

EF (%) 78.9 ± 2.5 73.7 ± 2.1 74.4 ± 1.3 74.9 ± 1.8 56.2±3.6***,‡‡ 63.9 ± 4.4

HR (bpm) 502 ± 5 448 ± 11** 451 ± 9** 528 ± 9 461±11*** 495 ± 10††

CO (ml) 24.2 ± 0.9 22.8 ± 0.7 23.0 ± 1.3 24.9 ± 1.2 19.2±1.7* 20.4 ± 1.8

E/A ratio 2.2 ± 0.03 1.1 ± 0.1*** 1.1 ± 0.04*** 2.1 ± 0.06 0.99±0.03*** 1.5 ± 0.12
***,†††,‡‡‡

ND Scr, non-diabetic scramble; D Scr, diabetic scramble; D mimic, diabetic miR-30c-5p mimic; LVAWs, left ventricualr anterior wall at systole;
LVPWs, left ventricular posterior wall at systole; LVPWd, LVPW at diastole; LVIDs, left ventricular internal diameter at systole; LVIDd, LVID at
diastole; FS, fractional shortening; ESV, end systolic volume; EDV, end diastolic volume; SV, systolic volume; EF, ejection fraction; HR, heart rate;
bpm, beats per min; CO, cardiac output. *p < 0.05, **p < 0.01 and ***p < 0.001 vs ND Scr at the corresponding time point; † p < 0.05, †† p < 0.01 and
††† p < 0.001 D Scr vs D mimic of the corresponding time point; ‡ p < 0.05, ‡‡ p < 0.01 and ‡‡‡ p < 0.001 baseline vs 6 weeks
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required to determine the effect of mIR-30c-5p mimic treat-
ment on other cell types in the heart.

Although our approach of delivering miR-30c-5p to the
diabetic animals without specifically targeting CPCs did not
indicate any noticable adverse effects, it is important to
consider other possible modes of CPC-directed delivery of

miRNAs. This could be achieved by conjugating miRNAs
with CPC-specific promoters or receptors to direct the deliv-
ery of miRNAs specifically to the CPCs.

In conclusion, our results have newly identified that diabetes
induces dysregulation of three miRNAs (miR-30c-5p, -376c-3p
and -329-3p) that are associated with stem cell survival and

Fig. 6 Expression and
modification of candidate
miRNAs and target proteins in
human diabetic CPCs. (a)
Quantitative scatter plot bar graph
showing the expression pattern of
candidate miRNAs by qPCR; n =
6 in each group. Data are
presented as relative DCT (2−ΔCt )
expression. (b, c). Representative
western blot images and
quantitative scatter plot bar
graphs exhibiting CDK6 (b) and
VDAC1 (c) protein expression in
diabetic and non-diabetic human
CPCs; n = 5 in each group. Data
are presented as the ratio of
CDK6 (b) or VDAC1 (c) and
total protein (A.U.). (d)
Representative western blot
images and quantitative scatter
plot bar graph demonstrating
VDAC1 expression in diabetic
and non-diabetic human CPCs
after treatment with scrambled
(Scr) or miR-30c-5p mimic; n = 6
in each group. Data are presented
as the ratio of VDAC1 and total
protein (A.U.). (e) Quantitative
scatter plot bar graph showing the
caspase-3/7 activity in all the
treated groups. Data are presented
as luminescence units; n = 6 in
each group. All data are presented
as mean ± SEM *p < 0.05,
**p < 0.01 and ***p < 0.001 vs
the corresponding non-diabetic
group; †p < 0.05 and ††p < 0.01 vs
the corresponding Scr-treated
group
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proliferation. Thiswas associatedwithmarked downregulation of the
cell proliferationactivatorCDK6(target formiR-30c-5p, -329-3p and
-376c-3p) andupregulation of proapoptoticVDAC1,whichwe iden-
tified as a new target for miR-30c-5p. Therapeutic modulation of
mouse (in vitro and in vivo) and human (in vitro) diabeticCPCswith
miR-30c-5p significantly reduced apoptotic cell death and loss of
MMP. Moreover, protective effects of miR-30c-5p on human
CPCshas provided a strong foundation for the need for larger clinical
studies. Altogether, our results suggest that modification of miRNA
expression could be an effective approach to improve the therapeutic
potential of diabetic CPCs. However, further long-term in vivo stud-
ies are required as the next step towards translation of this new
treatment into the clinic.
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