
miR-375 controls porcine pancreatic stem cell fate by targeting
3-phosphoinositide–dependent protein kinase-1 (Pdk1)
Shuxian Hu, Mingzhi Zhang, Fen Sun, Lipeng Ren, Xin He, Jinlian Hua and Sha Peng

College of Veterinary Medicine, Shaanxi Center of Stem Cells Engineering and Technology, Key Lab for Animal Biotechnology of Agriculture
Ministry of China, Northwest A&F University, Yangling, Shaanxi, China

Received 7 March 2016; revision accepted 10 April 2016

Abstract
Objectives: miR-375 is one of the highly expressed
microRNAs (miRNAs) found in pancreatic islets of
both humans and mice. In this study, we investi-
gated functions of miRNA miR-375 in porcine pan-
creatic stem cells (PSC).
Materials and methods: We transfected mimic and
inhibitor of miR-375 in PSCs to measure functional
roles of the microRNA and its effects on cell cycle
proliferation and cell differentiation were deter-
mined. Luciferase assays were also performed to
reveal the target gene of miR-375.
Results: Overexpression of miR-375 suppressed
proliferation, promoted apoptosis and inhibited dif-
ferentiation into islet-like cells. PDK1 was identi-
fied as being a target of miR-375. Furthermore, we
found that overexpression of miR-375 inhibited
activation of the PDK1-AKT signalling pathway.
Conclusion: miR-375 directly targeted PDK1 in
porcine PSCs, suppressing cell proliferation and
differentiation into islet-like cells.

Introduction

According to the statistics from the International Dia-
betes Federation (IDF), there were 381.8 million diabetic
patients worldwide in 2013, while the number will reach
591.9 million by 2035 (1–3). The success of islet trans-
plantation suggests that diabetes can be potentially cured
by the replacement of deficient beta cells (4). However,
a shortage of suitable islets for transplantation remains
to be a common problem. Porcine pancreatic stem cell

(PSC) is currently viewed as one of the most promising
alternative sources for diabetes treatment because of the
highly conserved insulin structure and similar physiolog-
ical glucose levels between pigs and humans (5–7).
However, the shortage of quantity and the lack of mech-
anistic understanding of PSC proliferation and differenti-
ation have severely hindered the clinical applications of
porcine PSC for diabetes treatment.

microRNAs (miRNAs) are a type of short (21- to
23-nt long), non-coding RNAs that bind to the 30-untrans-
lated regions (30-UTRs) of target genes and generally
function as negative regulators of gene transcription. miR-
NAs control the expression of many genes (7) and are
involved in a variety of crucial biological processes,
which include development, differentiation, apoptosis,
cell proliferation and diseases (8–11). Recently, a number
of studies have demonstrated that miRNAs can regulate
the development of pancreatic cells (12–15).

miR-375, which was first cloned from a pancreatic
b-cell line, Min6, is highly conserved throughout evolu-
tion (16). Recent studies have shown that miR-375 is
expressed in pancreatic islets and is required for normal
glucose homeostasis (17–19). Furthermore, in pancreatic
islets, miR-375 plays an important role in the complex
regulatory network of pancreatic function and is linked
to diabetes (20–23). These studies raise the interesting
possibility of applying miR-375 to treatment of diabetes.

In adult pancreas, PDK1 expresses in pancreatic
islets and pancreatic ducts. It has been reported that
miR-375 directly regulates Pdk1 mRNA expression and
reduces its protein levels, resulting in lower glucose
stimulation and consequently triggering insulin gene
expression and DNA synthesis in b cells (24). In addi-
tion, PDK1 is closely linked to the regulation of cell
proliferation (24–26), including that of pancreatic carci-
noma cells (24–26). Despite the studies that link miR-
375 to pancreatic development, little is known about the
specific function and the mechanism of miR-375 in
porcine PSCs.
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In this study, we studied the effect of miR-375 on
porcine PSC proliferation, apoptosis, and differentiation
to insulin-secreting cells. We further explored the poten-
tial mechanism for miR-375 in the regulation of porcine
PSC function. Our study has led to new discoveries that
can be potentially used for the future application of
porcine PSCs to diabetes treatment.

Materials and methods

Cells culture

Two-month-old foetal porcine pancreases were obtained
from the Yaoan abattoir in Yangling Hi-tech area for
developing porcine PSCs. Porcine PSCs were stored and
obtained as described previously (6). Cells were passaged
with 0.25% (w/v) trypsin (Invitrogen, Carlsbad, CA,
USA) when reaching 70–80% confluency. The culture
medium (low-glucose DMEM; Invitrogen), containing
15% FBS, 0.1 mM b-mercaptoethanol (Sigma, St. Louis,
MO, USA), 2 mM glutamine (Invitrogen) and 100 mg/ml
penicillin/streptomycin, was replaced every 2–3 days.

Cells transfection

Negative control (N.C) miRNAs: 50-CAGUACUUUU-
GUGUAGUACAA-30, the mimic (100 nmol/l): 50-U
CACGCGAGCCGAACGAACAAA-30 and the inhibitor
(20-O-Me modified antisense oligo nucleotides;
200 nmol/l): 50-UUUGUUCGUUCGGCUCGCGUGA-30

of miR-375 were delivered into porcine PSCs using
Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. Forty-eight hours after transfec-
tion, cells were lysed for Western blot or fixed for
immunofluorescent staining, and total RNA was isolated
for real-time quantitative PCR (qRT-PCR) analysis.

Prediction of miR-375 targeted genes

miR-375 target genes were predicted using the TargetS-
can algorithm from TargetScan (Version 6.0; http://
www.targetscan.org/).

Immunofluorescence staining

Cells were permeabilized with 0.1% Triton X-100 for
10 min, blocked with 10% goat serum in PBS at room
temperature for 1 h, and incubated with the primary
antibodies overnight at 4 °C. The primary antibodies
include PDX1 (1:200; Abcam, Cambridge, MA, USA),
ki67 (1:200; Millipore, Billenca, MA, CA, USA),
C-Myc (1:200; Chemicon, Temecula, CA, USA), PCNA
(1:200; Millipore), C-peptide (1:200; Abcam) and

Insulin (1:200; Chemicon). After three washes with
PBS, the cells were incubated with the secondary anti-
bodies at room temperature for 1 h, followed by three
washes in the same buffer. They were then incubated
with Hoechst33342 (Sigma) at room temperature for
5 min. Images were captured and analysed with a Leica
fluorescent microscope. The percentage of PDK1 and
ki67 positive staining was calculated by counting the
cells under the fluorescent microscope.

BrdU incorporation assay

The proliferation ability of porcine PSCs was evaluated
by BrdU incorporation assay. First, after transfection, por-
cine PSCs were treated with 30 mg/ml BrdU (Sigma) for
6 h and then subjected to BrdU immunostaining. Specifi-
cally, cells were fixed in 4% paraformaldehyde (PFA) for
15 min at room temperature and washed three times for
10 min with PBS (pH 7.4) containing 0.1% Triton X-100.
The cells were then washed for three times with PBS (pH
7.4) alone. Anti-BrdU (1:100; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) dissolved in 0.1 M PBS (pH 7.4)
containing 5% goat serum was added, and the cells were
incubated overnight at 4 °C. Cells were washed in PBS
(pH 7.4) three times and then incubated with the sec-
ondary antibody (FITC; Millipore 1:500) for 1 h at room
temperature. After three washes, cells were visualized
under a Leica fluorescent microscope and analysed for
BrdU uptake. The number of BrdU-positive cells was
counted under the fluorescent microscope.

CCK-8 assay

For CCK-8 (Beyotime) assay, porcine PSCs were seeded
on 96-well plate. Seventy-two hours after transfection,
cells were incubated in CCK-8 solution for 2 h at 37 °C.
The amount of formazan dye was measured by examin-
ing the absorbance at 450 nm with a microplate reader.

qRT-PCR

Quantitative reverse transcriptase-polymerase chain reac-
tion (QRT-PCR) was set up in 25 ll reaction mixtures
containing 12.5 ll 19 SYBR@ PremixExTaqTM

(TaKaRa Biotech Co. Ltd, Dalian, Liaoning, China),
0.5 ll sense primer, 0.5 ll antisense primer, 11 ll dis-
tilled water and 0.5 ll template. Reaction conditions
were as follows: 95 °C for 30 s, followed by 45 cycles
at 95 °C for 5 s and 58 °C for 20 s. The expression
levels of mRNAs were normalized to b-actin in each
well. Expression was quantified as ratio of mRNA levels
in untreated porcine PSC to those in transferred porcine
PSC. qRT-PCR primers are shown in Table 1.
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Flow cytometry analysis

For cell cycle analysis, cells were seeded on 6-well
plates (2 9 105 cells/well) in growth media and allowed
to attach overnight. The cells were transfected with the
miR-375 mimic, inhibitor or control and incubated for
72 h. The cells were then washed with PBS, stained
with propidium iodide by following the protocol
attached with the cell cycle staining kit (MultiSciences
Biotech, Hangzhou, China) and then analysed using a
Beckman Coulter flow cytometer (Beckman Coulter,
Brea, CA, USA). The percentages of cells in the G1, S,
and G2-M phases were determined.

Luciferase reporter assay

A 2367 bp fragment from the 30-UTR of pdk1 contain-
ing the predicted miR-375 binding site was cloned into
the NotI and XhoI sites of psiCHECK-2 (Promega,
Madison, WI, USA) vector. The 30-UTR of pdk1 con-
taining the miR-375 binding site was amplified using
the following primers: forward, 50-ACCCAACCACA-
CAAAGAACAAAA-30 and reverse, 50-
TTTTGTTCTTTGTGTGGTTGGGT-30. 293T cells were
seeded on 48-well plates and co-transfected with the
luciferase reporter vector and the miR-375 mimic, inhi-
bitor or NC as described above. The cells were har-
vested 48 h after transfection, and luciferase activity
was measured using the dual-luciferase assay system
(Vigorous).

Evaluation of apoptosis

Cellular apoptosis was detected using flow cytometric
analysis of Annexin V staining. Annexin V–FITC versus
PI assay was performed as described by kit protocol.

Briefly, adherent cells were harvested and suspended in
the Annexin-binding buffer (~2000 cells/ml). Cells were
thereafter incubated with Annexin V–FITC and PI for
15 min at room temperature and immediately analysed
with flow cytometry. The data are presented as bi-para-
metric dot plots showing Annexin V–FITC green fluo-
rescence versus PI red fluorescence.

Western blot analysis

Seventy-two hours after transfection with miR-375
mimic, inhibitor or NC, cells were subjected to Wes-
tern blot analysis. The primary antibodies used for
Western blot analysis are anti-PDK1 antibody (1:1,000;
Cell Signaling Technology, Danvers, MA, USA), anti-
Akt antibody (1:1000; Cell Signaling Technology),
anti-phosphorylated Akt antibody (Ser473; 1:1,000;
Cell Signaling Technology), anti Bcl2 antibody
(1:1000; SB), anti P53 antibody (1:1000; SB), anti-C-
Myc antibody(1:1000; Chemicon), anti-PCNA antibody
(1:1000; Millipore) and anti-b-actin antibody (1:1,000;
Cell Signaling Technology).

Generation of islet-like clusters from porcine PSC

We used a two-step protocol to obtain islet-like cells as
described previously (6). First, porcine PSCs were cul-
tured in RPMI 1640 medium supplemented with 1%
BSA, 100 mM nicotinamide (NIC; Sigma), 10 ng/ml
exendin-4 (Sigma), 1 mM sodium pyruvate (Invitrogen),
2 mM glutamine (Invitrogen), 1 mM b-mercaptoethanol
(Sigma), 100 mg/ml penicillin/streptomycin, 20 ng/ml
EGF (Millipore) and 20 ng/ml bFGF (Millipore) (Media
I) for 2 days. After transfected with the miR-375 mimic
or the control, cells were then transferred into ultra-low

Table 1. Primer sequences used for qRT-PCR

Primers Forward Reverse Tm (°C)

c-Myc 50-ctggtgggcgagatcatca-30 50-cactgccatgaatgatgttcc30 54
PCNA 50-agtggagaacttggaaatggaa-30 50-agtggagaacttggaaatggaa-30 58
Cyclin A 50-tggctgtgaactacattga-30 50-acaaactctgctacttctgg-30 58
Cyclin D1 50-tgaactacctggaccgct-30 50-caggttccacttgagttgt-30 58
Insulin 50-aagcgtggcatcgtggag-30 50-tcaggactttattgggtttgg-30 58
NeuroD1 50-agctcccatgtcttccacgta-30 50-gaagttgccgttgatgctga-30 58
Nkx 6.1 50-agacccactttttccggaca-30 50-ccaacgaataggccaaacga-30 58
miR-375 50-acactccagctgggtttgttcgttcggctc-30 50-ctcaactggtgtcgtggagtcggcaattcagttgagtcacgcga-30 58
Pdk1 50-ggaacagcgcagtacgtttct-30 50-ctcgtttccagctcggaatgg-30 58
Pdx1 50-gagcccgaggagaacaagc-30 50-tgacagccagctccaccc-30 58
Mafa 50-ttcagcaaggaggaggtcat-30 50-acaggtcccgctctttgg-30 58
Ngn3 50-gcgagttggcactgagca-30 50-aagctgtggtccgctatgc-30 58
18S 50-gtggtgttgaggaaagcagaca-30 50-tgatcacacgttccacctcatc-30 58
b-actin 50-gcggcatccacgaaactac-30 50-tgatctccttctgcatcctgtc-30 58
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attachment plates and cultured in the same medium for
2 days. Next, the inducing conditioned media was sup-
plemented with 25 lmol/l ZnAc, 19ITS, 10 nmol/l
Exendin4 and 4 nmol/l Betacellulin (Media II). The
clusters were cultured in Media II on ultra-low attach-
ment plates for another 6 days. The clusters were then
collected for the experiments discussed in the following
sections.

Glucose stimulation and insulin content analysis

After 10 days of induction, porcine PSC-derived islet
clusters were plated on six-well plates in triplicate, with
approximately 200 clusters/well, and cultured overnight
to ensure that clusters were attached to the plates. Clus-
ters were subsequently washed three times in glucose-
free RPMI 1640 medium and preincubated in low
(2 mM) glucose RPMI 1640 medium for 2 h to remove
residual insulin. Clusters were washed twice in PBS and
incubated in low-glucose RPMI 1640 medium for
30 min, and the resulting supernatant was collected.
Clusters were again washed twice in PBS and incubated
in high-glucose RPMI1640 medium for 30 min, and the
supernatant was collected. Finally, clusters were incu-
bated in RPMI 1640 containing 2 mM glucose and
30 mM KCl (depolarization challenge) for 30 min, and
then the supernatant was collected. The insulin content
release by islet-like clusters was detected by radioim-
munoassay (RIA).

Statistical analysis

Each experiment was repeated for at least three times.
Data are presented as mean � SDs of the mean and
were analysed by two-tailed independent-sample Stu-
dent’s t test or one-way ANOVA, as appropriate. P val-
ues <0.05 were considered statistically significant
(*P < 0.05; **P < 0.01).

Results

miR-375 suppresses porcine PSC proliferation

To explore whether miR-375 played a role in prolifera-
tion of porcine PSCs, we transfected the miR-375
mimic, inhibitor or NC, respectively, into porcine PSCs
(n = 3) and assessed the impact on proliferation using
BrdU labelling. Cells with the miR-375 mimic showed a
lower percentage of BrdU-positive cells than the control
group. In contrast, cells treated with the miR-375 inhibi-
tor exhibited a higher percentage of BrdU-positive cells
(Fig. 1a,b). We also measured cell growth using the
CCK-8-based colorimetric assay, which showed that the

miR-375 mimic inhibited proliferation of PSCs when
compared with the control group, while miR-375 had an
opposite effect on PSCs proliferation (Fig. 1c). Next, we
examined the expression of cell proliferation markers in
PSCs treated with the miR-375mimic, inhibitor or NC.
As shown in Fig. 1d, the mRNA expression of PCNA,
C-Myc, Cyclin A and Cyclin D was reduced in cells
transfected with the miR-375 mimic, while the cells
treated with the miR-375 inhibitor increased the expres-
sion of these genes. Consistent with the pattern of
mRNA expression, the PCNA and C-Myc proteins were
also down-regulated in porcine PSCs treated with the
miR-375 mimic (Fig. 1e,f). To further validate the effect
of miR-375 on cell proliferation, we examined the
changes in cell-cycle progression and found that the per-
centage of S-phase cells decreased after miR-375 mimic
treatment, whereas the miR-375 inhibitor increased the
ratio of S-phase cells (Fig. 1,h). These results demon-
strated that miR-375 acts as inhibitor of porcine PSC
proliferation.

Effect of miR-375 on apoptosis of porcine PSCs

Latreille (27) reported that the level of circulating miR-375
is elevated in human T1D, while the level is decreased in
many types of cancer cells (28–30). T1D is generally char-
acterized by death of islet b cells, while cancer cells often
share similar features to stem cells. These results led us to
hypothesize that miR-375 might have a role in apoptosis of
porcine PSCs. To test this hypothesis, we examined the
percentage of apoptotic cells after various treatments using
flow cytometry analysis (n = 3). We found that the rate of
apoptosis was elevated after miR-375 mimic treatment,
while the rate was reduced with miR-375 inhibitor treat-
ment (Fig. 2a,b). Furthermore, the expression of P53, an
apoptosis-inducing gene, was up-regulated, while Bcl2, an
anti-apoptosis gene, was down-regulated in cells treated
with the miR-375 mimic. In contrast, miR-375 inhibitor
caused an opposite effect on P53 and Bcl2 expression
(Fig. 2c,d). These results suggest that miR-375 can pro-
mote apoptosis of porcine PSCs, likely by targeting P53
and Bcl2.

miR-375 suppresses porcine PSC differentiation

We induced porcine PSCs to differentiate into insulin-
secreting cells using a step-wise protocol established
previously by us, with minor modifications (6). Experi-
ments with DTZ staining showed that the number of
islet-like clusters differentiated from porcine PSCs
(brownish red) was reduced in cells treated with the
miR-375 mimic (Fig. 3a). We also detected fewer cells
that co-expressed insulin and C-peptide in clusters
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transfected with the mimic than the control miRNA
(Fig. 3b). Insulin secretion, as determined by the use of
RIA, also decreased in cells with the miR-375mimic
(Fig. 3c). Furthermore, two crucial transcription factors
associated with b-cell differentiation, Nkx6.1 and

NeuroD1, were down-regulated in cells transfected with
the miR-375 mimic in comparison with those transfected
with the control miRNA (Fig. 3d). Thus, miR-375 inhi-
bits porcine PSC differentiation into insulin-secreting
cells.

Figure 1. miR-375 suppresses porcine PSC proliferation. Cells were transfected with mimic, inhibitor and nonsense oligomer (NC group) of
miR-375. Non-transfected cells were used as the blank control (control group). (a) BrdU incorporation assay of porcine pancreatic stem cells (PSCs)
after treatment with the mimic and inhibitor of miR375, representative images of BrdU staining are shown. (b) Quantification and statistical analysis
for (a). (c) Cell viability as measured with CCK-8 assay. (d) The mRNA levels of cell proliferation markers including PCNA, C-Myc, Cyclin A
and Cyclin D1, as detected with qRT-PCR. (e) Western blot analysis of C-Myc and PCNA protein. (f) Quantification of results from (e). Image J
(V1.48d) gradation analysis was carried out. (g) Cell cycle analysis. (h) Quantification of S-phase cells as described in (g). Values are mean � SD
of triplicate experiments. *P < 0.05; **P < 0.01.
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miR-375 targets PDK1 post-transcriptionally

Bioinformatics analysis of target gene prediction, includ-
ing the use of PicTar, TargetScan and miRanda, led us
to predict PDK1 as one of the potential targets of miR-
375. The predicted binding of miR-375 to PDK1 30UTR
is shown in Fig. 4a. We examined the relative expres-
sion of miR-375 and PDK1 in porcine PSCs. As shown
in Fig. 4b, miR-375 expression was elevated when cells
were transfected with the miR-375 mimic, but was
reduced when cells were treated with the miR-375 inhi-
bitor. However, Pdk1 expression was unaltered by miR-
375 overexpression at the transcriptional level. Instead,
the PDK1 protein level was significantly reduced fol-
lowing transfection of cells with the miR-375 mimic,
but was elevated after treatment with the miR-375 inhi-
bitor (Fig. 4c,d).

To investigate whether PDK1 acted as the direct tar-
get gene of miR-375, we generated a dual-luciferase
reporter system containing the miR-375 target site of
PDK1 30UTR and delivered it into porcine PSCs
together with the miR-375 mimic, inhibitor or control
miRNA, respectively. As shown in Fig. 4e, the relative
luciferase activity was reduced in cells co-transfected
with the miR-375 mimic. In contrast, little change was

observed in cells con-transfected with the miR-375 inhi-
bitor. Thus, miR-375 inhibits the expression of PDK1
by directly targeting the 30UTR of the Pdk1 transcript.

To investigate whether PDK1 plays a role in the reg-
ulation of porcine PSC proliferation and apoptosis, we
first assessed the subcellular localization of PDK1.
Immunofluorescence of PDK1 showed significant co-
localization of PDK1 in cytoplasm with Ki67 in the
nucleus. Also, the percentages of Ki67-positive and
PDK1-positive cells were significantly elevated after
transfection with the miR-375 inhibitor, while the miR-
375 mimic had an opposite effect (Fig. 4f,g).

Effect of PDK1 on proliferation and apoptosis

To directly assess the function of PDK1, we treated the
porcine PSCs with a specific PDK1 inhibitor (OSU-
03012). We found that the G1 population of porcine
PSCs was elevated from 19% in control cells to 23.7%
in OSU-03012-treated cells, while the S-phase fraction
was reduced from 68.3% to 49.2% (Fig. 5a). In addi-
tion, the apoptotic rate after OSU-03012 treatment was
elevated to 74.8%, compared with 61.2% in the control
group (Fig. 5b). Next, we examined the expression of
cell proliferation and differentiation markers in PSCs

Figure 2. miR-375 promotes apoptosis of porcine PSCs. (a) Rates of apoptosis in cells stained with Annexin V/propidium iodide (PI) and deter-
mined with flow cytometry. (b) Quantification of the results from (a). (c) Western blotting of P53 and Bcl2 proteins. (d) Quantification of results
from (c). Image J (V1.48d) gradation analysis was carried out. Values are mean � SD of triplicate experiments. *P < 0.05; **P < 0.01.
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treated with OSU-03012. As shown in Fig. 5c,d, the
mRNA expression of PCNA and Cyclin D1 was
reduced in cells after OSU-03012 treatment, and treat-
ment with it decreased the expression of Ngn3 and
Nkx6.1 as well. Consistent with the pattern of mRNA
expression, the C-Myc proteins were also down-regu-
lated in porcine PSCs treated with the miR-375 mimic
(Fig. 5e). Furthermore, OSU-03012 decreased the pro-
tein levels of PCNA, and BCL2, but increased the level
of p53 in porcine PSCs (Fig. 5e,f).

As a downstream signalling molecule of PI3K,
PDK1 plays a central role in many signal transduction
pathways and activates more than 20 substrates includ-
ing AKT, PKC and S6 kinase (5). It has recently been
reported that miR-375 regulates cell survival and growth
through the PDK1/Akt pathway (24,26). We, therefore,
assessed the expression of total and phosphorylated Akt
in cells with various treatments. We found that the level
of phosphorylated Akt was markedly reduced in porcine
PSCs transfected with the miR-375 mimic, but was

Figure 3. miR-375 suppresses porcine PSC differentiation. (a) Top: Phenotypes of islet-like clusters derived from porcine PSCs on days 0, 2
(adherent culture) and 4 (suspension culture) after induction of differentiation, scale bar, 50 lm. Bottom: Phenotypes of insulin-secreting clusters on
days 6 and 10 after induction of differentiation of porcine pancreatic stem cells (PSCs). Scale bar, 100 lm. (b) Immunofluorescence of insulin and
C-peptidein insulin-secreting clusters. Scale bar, 200 lm. (c) Insulin release of insulin-secreting clusters in response to glucose stimulation as mea-
sured by radioimunoassay. (d) The mRNA levels of miR-375, NeuroD1 and Nkx6.1 in insulin-secreting clusters assessed with qRT- PCR. Values
are mean � SD of triplicate experiments. *P < 0.05; **P < 0.01.
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Figure 4. miR-375 targets PDK1 by binding to 30-UTR of pdk1 transcript. (a) A putative binding site of miR-375 to PDK1 30-UTR predicted
by TargetScan. (b) The mRNA levels of miR-375 and Pdk1 in porcine pancreatic stem cells (PSCs) as detected by qRT-PCR. (c) Western blotting
of PDK1. (d) Quantification of the results from (c) with Image J (V1.48d) gradation analysis. (e) Analysis of dual-luciferase activity after overex-
pression of Pdk1 30UTR and the miR-375 mimic or inhibitor in porcine PSCs. (f) Immunofluorescence of Ki67 and PDK1 in porcine PSCs with
various treatments. (g) Quantification of the results from (f). (h) Western blotting of AKT and p-AKT after transfection of porcine PSCs with the
miR-375 mimic and inhibitor. (i) Quantification of the results from (h) with Image J (V1.48d) gradation analysis. Values are mean � SD of tripli-
cate experiments. *P < 0.05; **P < 0.01.
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Figure 5. Effect of PDK1 on apoptosis and proliferation of porcine PSCs. (a, b) The changes in cells cycle and apoptosis measured with flow
cytometer. After treated with OSU-03012 for 24 h. (c, d) The mRNA levels of cell proliferation and differentiation markers, including C-Myc,
Cyclin A, Cyclin D1, Pdx1, NeuroD1, Mafa Nkx6.1 and insulin, as detected with qRT-PCR. (e) Western blotting of AKT, p-AKT, PCNA, C-Myc,
BCL2 and P53 proteins. (f) Quantification of the results from (e) using Image J (V1.48d) gradation analysis. Values are mean � SD of triplicate
experiments. *P < 0.05; **P < 0.01.
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substantially elevated after the miR-375 inhibitor treat-
ment. In contrast, the levels of total Akt were largely
unaltered. Thus, miR-375 inhibits porcine PSCs prolifer-
ation and survival by targeting PDK1 and subsequently
the Akt pathway (Fig. 4h,i). As expected, Akt phospho-
rylation at Ser473 was completely inhibited by OSU-
03012, while the total levels of Akt protein remained
unchanged (Fig. 5e,f). Data represent mean � SD, and
error bars indicate SD. Similar results were obtained in
at least three independent experiments.

Discussion

Diabetes mellitus is a metabolic disease characterized by
insulin resistance, relative insulin deficiency and ele-
vated blood glucose. The usage of porcine islet cells
derived from PSCs is currently viewed as one of the
most promising alternatives for human islet transplanta-
tion for diabetes treatment. To obtain a stable cell line
for the mechanistic study of pancreatic cells develop-
ment, we previously isolated and established immortal-
ized porcine pancreatic mesenchymal stem cells
(iPMSCs) (5,31). The islet-derived iPMSCs share

characteristics of typical PSCs and have unlimited pro-
liferation potential. These cells can secrete insulin and
C-peptide in vitro and reverse hyperglycaemia in the
mouse diabetic model. To optimize the proliferation and
differentiation capacity of PSCs, we investigated the
effects of molecules such as the GSK3 inhibitor-BIO,
Conophylline and Wnt3a (5,31).

A growing number of reports have shown that non-
coding RNAs play a critical role in the regulation of cell
growth and differentiation (32–34). Previous studies
have demonstrated that miR-375 inhibits several types
of digestive cancers (28,30). We also found that
miR-375 is specifically expressed in islet cells of the
pancreas and associated with pancreatic development.
However, there was still lack of information about the
specific function and mechanism of miR-375 in porcine
PSCs.

To dissect the function of miR-375 in porcine PSCs,
we transfected porcine PSCs with the miR-375 mimic or
inhibitor and analysed the changes in phenotype and
molecular expression associated with cell proliferation
and apoptosis. The results from these analyses indicate
that miR-375 inhibits proliferation and promotes

Figure 6. Diagram illustrating the mecha-
nisms of miR-375 regulating PSC prolifera-
tion, apoptosis and differentiation. miR-375
achieved its effect through complementary
base-pairing with the 30UTR of Pdk1 mRNA
and directly repressed its translation in por-
cine PSC. Furthermore, miR-375 could
induce cell apoptosis and decrease the prolif-
eration, even inhibit cell differentiation into b
cell by depressing the Akt signaling pathway.
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apoptosis of porcine PSCs. Specifically, flow cytometry
analysis showed that the population of cells at S phase
after miR-375 mimic treatment is reduced, while the
apoptosis rate is elevated. Furthermore, the BrdU assay
and analysis of the cell proliferation marker expression
confirmed that miR-375 inhibits proliferation and pro-
motes apoptosis of porcine PSCs at the molecular level.

In addition, to analyse the role of miR-375 in the
regulation of PSC differentiation, we induced differenti-
ation into insulin-producing cells using our previously
developed protocol and examined the effect of miR-375
overexpression (6). We found that overexpression of
miR-375 in PSCs restrains cell differentiation into insu-
lin-secreting cells, as judged by morphology, DTZ stain-
ing, expression of cell-specific markers and the level of
insulin secretion. Our results demonstrated that miR-375
overexpression not only decreases the expression of
C-peptide and insulin, but also reduces insulin secretion
of islet-like cell mass after porcine PSC differentiation.
Interestingly, it was previously reported that in human
mesenchymal stem cells (MSCs) and embryonic stem
cells (ESCs), miR-375 is beneficial for the production of
insulin-producing cells (27,35–38). The differential
effects of miR-375 on human MSCs, ESCs and PSCs
might be caused by differences in cell types and/or other
undefined factors.

Increasing evidences has shown that several classes
of miRNAs are expressed and play essential roles in
pancreatic cell development. Generally, miRNAs func-
tion using their seeding sequences to bind to the 30UTR
sequences of target genes (39,40). In our study, we
demonstrated that the 30UTR of porcine PDK1 contains
a putative target sequence of miR-375. We showed that
miR-375 overexpression specifically decreases PDK1
expression in PSCs at the protein level. Thus, miR-375
might target PDK1 in porcine PSCs to inhibit cell prolif-
eration and promote apoptosis. Indeed, we found that
miR-375 modulates phosphorylation of Akt, a protein
kinase downstream of PDK1, in PSCs (Fig. 5d,e).
Together, we identified a critical role of miR-375 in reg-
ulating PSC fate (Fig. 6), a novel mechanism for
enhancing islet integrity and a potential innovative strat-
egy for diabetes therapy involving the use of PSCs.
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