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Exosome-mediated transfer of microRNAs
promotes mouse iPSCs differentiation into
therapeutic insulin-producing cells
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Abstract

Purpose
Exosome-based therapeutic approaches have been applied in diabetes. In the present study, we explored
the effect of exosomes on iPSCs differentiation into insulin-producing cells and its underlying
mechanisms.

Methods
Exosomes were isolated by ultracentrifugation from MIN6 cells and identified by Transmission electron
microscopy (TEM), nanoparticle tracking analysis (NTA) and Western blot. PKH67 tracer and transwell
assay were used to confirm exosome delivery into iPSCs. QRT-PCR was applied to detect key pancreatic
gene expression and miRNAs expression in differentiated iPSCs. Insulin expression was assessed by flow
cytometry (FCM) and immunofluorescence. The mechanism underlying exosome induction capacity for
iPSCs was determined via RNA-interference of Argonaute-2 (Ago2). Streptozotozin(STZ) was used to
establish diabetic mouse model to verify the function of differentiated β-like cells.

Results
MIN6-derived exosomes promoted the key pancreatic gene expression and immunofluorescence for
Nkx6.1 and insulin remarkably, confirming the capability of exosomes for iPSCs differentiation. Moreover,
transplantation of differentiated iPSCs efficiently enhanced IPGTT and partially control hyperglycemia in
T1D mice. Knockdown of Ago2 in MIN6 cells affect exosomal miRNAs expression and pancreatic gene
expression and insulin secretion in iPSCs.The therapeutic effect in vivo was weakened, further indicating
decreased exosomal miRNA affect iPSCs differentiation.7 specific exosomal miRNAs were selected for
single-assay validation. MiR-706, miR-709, miR-466c-5p and miR-423-5p were found dynamic changed
during differentiation stages.

Conclusion
Exosomes is an effective and convenient induction approach for iPSCs differentiation into functional
insulin secreting cells.The effect was downregulated via Ago2 knockdown illustrates the mechanisms are
highly relevant to specific miRNAs enriched in exosomes.

Introduction
Diabetes is one of the most common chronic disease worldwide, maily characterized by the dysfunction
of pancreatic islets or the loss of insulin-producing β cells[1]. The incidence of diabetes has rapidly risen
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in recent years[2, 3]. Replenishment or regeneration of the destroyed pancreatic islet β-cells by appropriate
alternative cells to restore β-cell function was an ideal clinical treatment. Although the application of
pancreas and islet transplantation has provided an opportunity to cure diabetes[4, 5], the approach applied
in clinical treatments are still impaired by lack of donor sources, functionality of isolated pancreatic islets
from donors and immune rejection[6, 7]. In order to overcome the existed shortcomings, stem cell derived
β-cell therapy has been proposed as a feasible solution.

It was reported that iPSCs can be differentiated into IPCs in vitro and used as an alternative source for
transplanting β cells[1], sequential treatments with exogenous molecules were applied to induce
differentiation from iPSCs. However, some DNA-based reprogramming techniques may bring biosafety
problem, such as insertional mutagenesis or tumorigenesi. On the other hand, the functionality and
maturity of iPCs is still low[8]. Therefore, to construct an efficient induction approach for iPSCs
differentiated into functional insulin producing cells sparks many research efforts in recent years.

Exosomes are microvesicles of 30-150nm of diameter that originate from the late endosomal pathway,
with endocytic-derived structures surrounded by a phospholipid bi-layer that can be secreted into the
extracellular space, tranferring bioactive components among cells[9]. Intercellular delivery of exosomes
plays an important role in modifying or reprogramming the phenotype of recipient cells[10]. Pancreatic
islets and different β-cell lines have been reported to release exosomes[11–13]. The function of β-cell
exosomes is just beginning to unfold, but there is already evidence indicating that these extracellular
vesicles participate in the cross talk with stem cells differentiation.

Particular microRNAs are selectively packaged into exosomes and transferred to recipient cells, playing
critical roles in post-transcriptional regulation of related gene expression and affect the differentiation
process [14]. During islet development, miRNAs directly or indirectly target islet cell specific genes,
resulting in translational repression or mRNA degradation, thus regulating islet cell differentiation and
maturation[15–18]. Ago2 is integral to miRNA function as well as to the packaging of miRNA into
exosomes[19–21]. It is reported that the function of exosomal miRNA is dependent on Ago2 derived from
the donor cells instead of recipient cells. Therefore, knockdown of Ago2 in host cells allows the isolation
and testing of miRNA-depleted exosomes[22, 23]. So far, the possible contribution of exosomal miRNAs in
the distant signaling on iPSCs differentiation into insulin-producing cells (IPCs) has not been fully
eluciated. Here, we aimed to test the differentiation potential of MIN6 cell-derived exosomes on iPSCs in
vitro and to explore whether the effect is miRNA-dependent. The identification of these miRNAs would
help us better understand the molecular events and the mechanism involved in such differentiation
process, and further improve the potential of islet tissue regeneration engineering.

Materials And Methods
Cell culture
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The MIN6 cell line was purchased originally from ATCC maintained in DMEM supplemented with 10%
(v/v) exosome-depleted FBS (Gibco, Grand Island, NY, USA), 100 U/ml penicillin and 100 µg/ml
streptomycin and cultured at 37°C in a 5% CO2 incubator.                                       The iPSCs induced via a

three-step protocal in our laboratory[24] at Multi-lineage pluripotent cells (MPC) stage was maintained in
DMEM/F12 conditioned medium with 10% (v/v) FBS, 100 U/ml penicillin and 100 µg/ml streptomycin.
Cells were cultured in differential medium prepared with high glucose-DMEM (H-DMEM, Gibco) with or
without exosomes purified from MIN6 cells. The culture medium was changed twice a day for a total 21
days.                            

Exosomes isolation 

Exosomes were isolated from conditioned medium of MIN6 cells culture media. The cell culture media
was centrifuged at 2000 g for 10 min at 4℃and spun again at 11,000 g for 30 min at 4℃. The
supernatant was filtered through a 0.22 μm filter ( Millipore-sigma). Ultracentrifugation was performed at
150,000 g for 2h at 4℃ followed by an additional washing with PBS at 150,000 g for 90 minutes .All the
pellets collected were resuspended in 100μl PBS and stored at -80℃ for further experiments. Exosomes
were diluted in iPSCs culture medium to a final volume corresponding to 1:5 of the original MIN6 culture
volume.

Exosomes identification and quantification 

TEM was applied to observe the morphology of particles in the pellets. In brief, 10 μl exosomes
suspension was placed on to formvar/carbon-coated nickel TEM grids and incubated for 30 min. The
grids were then washed, dried and imaged using an H-7650 transmission electron microscope (HITACHI,
Japan) to identify the morphology.

NTA was carried out using the LM10 Nanosight (Malvern) equipped with a sample chamber and a 405
nm laser. Exosomes were diluted in PBS to fit in the resolution window of measurement suggested by the
instrument manufacturer. Three separate fields of view were captured for each sample for 30s
measurements at room temperature. The Nanosight NTA 3.1 software was used to capture and analyze
the particles. 

Ago2 inactivation in MIN6 cells with siRNA against Argonaut-2 (siAgo2)

MIN6 cells were transfected with Ago2 using Lipofectamine 3000 (Sigma-Aldrich) according to the
manufacture’s protocal. Briefly, 80% confluent MIN6 cells were incubated with Lipofectamine 3000
reagent and siAgo2 or a srambled control siRNA (siNC) for 48h. QPCR and western blot were applied to
verify interference efficiency.

Exosomes labeling and uptaking by iPSCs

Exosomes were labeled with PKH67 Green Fluorescent Cell Linker Kit (Sigma-Aldrich) according to the
manufacturer’s protocal with minor modifications. The labeled exosomes were washed at 150,000 g for



Page 5/24

1h and diluted in 100 μl PBS and added into the iPSCs culture medium for the uptake
experiments.Transwell (Corning) was also applied to co-culture MIN6 cells with iPSCs. MIN6 cells were
seeded in the top inserts placed into 24-well culture plates seeded with iPSCs. The transfection reagent si-
transfect-Cy3 for siRNA positive control was transfected into MIN6 cells. Fluorescence in MIN6 cells were
detected after 24h and iPSCs after 48 h respectively with Fluorescence Microscope.

RNA extraction and quantitative RT-PCR analysis

Total RNA was extrated using Trizol and the first-strand cDNA synthesis for Ago2 and other genes were
performed using the RevertAid First Strand cDNA Synthesis Kit (Roche) following the manufacturer’s
instructions. The relative expression levels of each mRNA were calculated by the 2−ΔΔCt method as
previously described, and GAPDH was used as control (U6 was used as control for miRNAs). Each
experiment was performed independently and repeated three times. The qRT-PCR primer sequences were
designed and synthesized by Ruibo Biotech Corp. (Guangzhou, China). Sequences of the primers are
shown in Table 1.

Immunofluorescence 

Cells on glass coverslips were washed with pre-cooling PBS and fixed with 4% paraformaldehyde for
15min at room temperature, permeabilized with 0.5% (v/v) Triton X-100. 5% BSA was incubated
for 1h and co-incubated with specific primary antibodies at 4°C overnight. Cells were stained with
fluorescence secondary antibodies and hochest (Thermo Fisher Scientific). Primary antibodies are listed
as follows:anti-insulin antibody (Abcam), anti-NKX6.1 rabbit mAb (Cell Signaling Technology), anti-
glucagon antibody (Abcam) . Secondary antibodies included donkey anti-rabbit (Alexa Fluor® 555,
Abcam), goat anti-guinea pig (Alexa Fluor® 647, Abcam).

Flow cytometry

FCM was applied to identify the insulin-positive population. 1×106 differentiated iPSCs on day7, day 14
were digested with 0.25% trypsin, washed and resuspended as single cells by incubation in Reagent 1:
Fixation (Beckman Coulter). Then, cells incubated in Reagent 2:Permeabilization (Beckman Coulter) and
washed. Next, cells were resuspended in PBS with primary antibody and incubated for 30 min, then
washed and analyzed with the BD FACSCalibur system (BD Biosciences). The primary antibody was anti-
h/b/m insulin APC-conjugated rat IgG2A (R&D Systems). The isotype antibody was rat IgG2A control
APC-conjugated.

Western blot

Proteins from exosomes and cell lysates were migrated on SDS-PAGE, transferred to PVDF membranes
(Millipore, Bedford, MA, USA), blocked with 5% skim milk and probed with primary antibodies against Alix,
TSG101, Ago2 or β-actin in Antibody Dilution Buffer at 4°C overnight. The membranes were incubated
with HRP-conjugated secondary antibodies after washing with TBST. The blots were then developed by
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using ECL kit (Thermo Fisher Scientific). Densitometry of immunoblotting bands was quantified by using
the Multi Gauge software V3.0 from Fuji Film (Minato, Tokyo, Japan).

Animals

C57BL/6J male mice were from the Laboratory Animal center of Nantong University. Mice were injected
with a single intraperitoneal of 200 mg/kg STZ, non-fasting blood glucose levels in the tail vein were
monitered continuously. Two weeks later, 24 mice with high blood glucose (>14.4mg/mL ) were randomly
divided into STZ +iPSCs group, STZ+exosome-induced iPSCs and   STZ+siAgo2-exosome-induced iPSCs
(n=8). 1×107 iPCs induced with exosomes for 21 days were implanted under the right renal capsule.
Blood glucose were measured before and after transplantation. After fasting for 8 hours on the 7th，14th
and 21st day after transplantation, the intraperitoneal glucose tolerance test (IPGTT) was performed by
intraperitoneal injection of 10% glucose solution (2mg/kg). All animal experiments were performed
according to the Institutional Animal Care guidelines and were approved by the Animal Ethics Committee
of Nantong University.

Statistical analysis

Data are analyzed by Graphpad 10.0. ANOVA analysis was performed for comparisons of three or more
groups and presented as the mean ± standard deviation (SD). p< 0.05 was considered statistically
significant.

Results
Isolation and characterization of exosomes released by MIN6 cells

Exosomes released by MIN6 cells were isolated by ultra-centrifugation and characterized for their size
(Fig 1A). Alix and TSG101, typical markers of exosomes, were highly expressed (Fig 1B). TEM images
was performed on the samples re-suspended in TBS and revealed a diverse population of particles (Fig
1C). Using nanoparticle tracking analysis, the purified microvesicles were mainly enriched from 60 nm to
200 nm in diameter with an average size of 140.3 nm (Fig 1D).

MIN6-derived exosomes successfully integrated and delivered cargos to iPSCs 

To reveal exosome uptake mechanisms by iPSCs, purified exosomes labeled with the green fluorescent
marker PKH67 were incubated with iPSCs. PKH67-labeled exosomes were actually incorporated into
iPSCs 24h later (Fig 2A).

Next, a transwell co-culture assay system with 0.4-μm porous membrane was applied to study the
crosstalk between MIN6 cells and iPSCs. MIN6 cells were seeded in the top well incubated with Cy3 and
iPSCs in the bottom well. Fluorescence imaging in the top well demonstrated that the Cy3 was
transfected successful into MIN6 cells. As MIN6 cells were not able to migrate through the 0.4μm porous
membrane filter, the Cy3-labeled components the must have been transported and taken up into iPSCs as
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red fluorescence was observed 48h later (Fig 2B, C). The robust consistency of the two experiments
confirmed that MIN6 cell-derived exosomes successfully integrated and delivered their cargo into iPSCs.   

Pancreatic marker genes expression in iPSCs with the induction of exosomes in the early stage

Exosomes were added to the medium to prepare the conditioned medium for iPSCs culture, without any
other supplementation of known differentiation inducing factors. Exosomes induced the formation a
cluster-like morphology of iPSCs and cell aggregates were observed at day 7 (Fig 3B). 

We analyzed the expression of endocrine and β-cell specific genes as well as genes previously reported
enriched during specific stages of pancreas development. Our results confirmed that insulin gene
transcriptional activators, such as Mafa A and Ngn3 were significantly higher in exosome-induced iPSCs
as compared to control cells. The expression of two transcription factors Foxa2 and Pdx1 critically
involved in early pancreas development were also been analyzed. Indeed, we observed an increased
expression of Foxa2 and a Pdx1expression on day 5, while the expression levels of both transcription
factors show a decreased trend on day 7. The mRNA for the hormone markers, Ins1, Ins2 and Gcg was
found significantly higher in exosome-induced iPSCs than in control cells. In addition, Nkx6.1, Neurod1,
SST, GCK and Isl1 showed a significant upregulation in the early stage of induction versus iPSCs without
exosomal induction, demonstrating the endocrine pancreatic lineage commitment of these cells during
the differentiation process. Unexpectly, the expression of Glut2 were inconsistantly with studies reported,
demonstrating very low expression in the induced cells (data not shown). Totally, the genetic changes
demonstrated that exosome induced iPSCs differentiation into insulin-producing cells specifically follows
the steps of endocrine pancreas organogenesis. The typical embryonic/iPS stem cell marker Oct4 and
endoderm marker Sox17 could be detected in iPSC clusters. However, there was no significant change in
the expression of the two gene expression from day 3 to day 7 (Fig 3C). Primers were shown in Table 1.

FCM was performed to identify differentiation efficiency of insulin positive (insulin+) cells on day 7. The
results showed that insulin+ cells were accounted for 22.3% compared to 11.9% in control cells without
exsosomes, nearly 2 fold as much (Fig 3D). 

Table 1. Polymerase chain reaction primers sequences.
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Gene Sequence(5'-3')
NGN3 F: CCTCTTCTGGCTTTCACTACTTG R: GCGAGAGTTTGATGTGGCTG
Foxa2 F: GCATGGGACCTCACCTGAGT R: CGAGTTCATGTTGGCGTAGG
MafaA F: GGGAACGGTGATTGCTTAGG R: ACTGCGCTCCACGTCTGTAC
Neurod1 F: CCAGGGTTATGAGATCGTC R: GGTCATGTTTCCACTTCCTG
GGC F: TTTACTTTGTGGCTGGATTGCT R: CTCTGTGTCTTGAAGGGCGT
SST F: GAGAATGATGCCCTGGAGCC R: TGTCTTCCAGAAGAAGTTCTTGC
GCK F: TAAGGCACGAAGACATAGACAAGG R: GCCACCACATCCATCTCAAAG
Ins1 F: ACTTCCTACCCCTGCTGG R: ACCACAAAGATGCTGTTTGACA
Ins2 F: GCTTCTTCTACACACCCATGTC R: AGCACTGATCTACAATGCCAC
Isl1 F: ATGATGGTGGTTTACAGGCTAAC R: TCGATGCTACTTCACTGCCAG
Nkx6.1 F: CTGCACAGTATGGCCGAGATG R: CCGGGTTATGTGAGCCCAA
Pdx1 F: CCTTTCCCATGGATGAAGTC R: CGTCCGCTTGTTCTCCTC
OCT4 F: CAGTGCCCGAAACCCACAC R: GGAGACCCAGCAGCCTCAAA
Sox17 F: GATGCGGGATACGCCAGTG R: CCACCACCTCGCCTTTCAC
GAPDH F: AGGTCGGTGTGAACGGATTTG R: GGGGTCGTTGATGGCAACA

Immunofluorescence assays for Nkx6.1 and insulin in exosome induced iPSCs in the early stage 

To further verify whether exosomes promoted specific protein expression in iPSCs, immunofluorenscence
for Nkx6.1 and insulin were performed. On day 3, almost no fluorescence were detected neither in
exosome-induced cells nor in control cells. On day 5, both Nkx6.1 and insulin positively expressed in
exosomes-induced iPSCs. On day 7, expression of insulin increased significantly compared to day 5 in
exosomes-induced iPSCs (Fig 4).   

Argonaut-2 (Ago2) inactivation in MIN6 cells weakens gene expression associated with differentiation

On day14, insulin positive cells were accounted using FCM. The results confirmed that insulin+ cells
increased to 52.7% in the presence of exosomes compared to 22.4% of control group. Paralled with day 7,
the insulin+ cells was about 2 fold higher as well (Fig 5A), which suggested that exosomes-derived
molecules could induce insulin expression of iPSCs stably.

To test whether the increased gene expression was due to transfer of exosomal miRNAs, MIN6 cells were
transfected with siRNA directed against Ago2. Ago2 knockdown effciency was confirmed by qRT-PCR and
Western blotting. The result revealed a 70% decrease in Ago2 mRNA and an approximately 50% decrease
in Ago2 protein levels in MIN6 cells (Fig 5B、5C). 

Most endocrine and β-cell specific genes expression as well as genes enriched during early stages were
weakened since siAgo2 transfection (Fig 5D). Isl1, Ins2, Isl1, MafaA, GCG, GCK, Ngn3, SST were
upregulated on day 14 and day 21 (except GCG) compared with control group. Nkx6.1and Neurod1
expression were synchronous with MafaA in exosome-induced iPSCs. Significantly, we found that the
expression of two transcription factors Foxa2 and Pdx1 critically involved in early pancreas development
were downregulated in the late stages, while the expression of both genes show an increased expression
in siAgo2-exosome-induced iPSCs on day14 and day21. In addition, the typical embryonic stem cell



Page 9/24

marker Oct4 and endoderm marker Sox17 show a significant downregulation in iPSC clusters both on
day14 and day21. Taken together, the results suggested that exosomes delivery stably induce iPSCs
differentiation in vitro and mainly associated with miRNAs. Exosomal miRNAs form a novel class of
signal molecules that mediate intercellular communication.

Immunofluorescence assays for glucagon and insulin expression in the late stage

Immunofluorenscence for insulin and glucagon (a marker for α-cells) which is another islet cell type, were
performed to verify the induction efficiency in vitro. We found that both insulin and glucagon were with
weak positive signal in control cells. Additionally, there was no obvious cell morphological change,
basically maintaining the original pleomorphic state of iPSCs cells. Surprisingly, both insulin and
glucagon demonstrated a strong positive signal in exosome-induced iPSCs. Cells tended to gather and
grow in clusters and became larger and rounder. While the two hormone marker were weakened in
siAgo2-exosome-induced iPSCs, the morphology failed to be round. The results indicated that knockdown
of Ago2 inhibited induction effect of exosomes in iPSCs, mainly through miRNA-dependent mechanisms
(Fig 6A ).

Differentially expressed microRNAs of MIN6 cell-derived exosomes and single-assay validation  

Published work identified 24 miRNAs overlapping in two different miRNA sequencing datasets, among
which 6 microRNAs were identified with high fold changes (MIN6 derived exosome versus MIN6 cells)
(Fig 7A ). The other 17 microRNAs were with lower expression in exosomes or almost equal
representation in MIN6 parental cells. In order to confirm and validate the differential expression of those
microRNAs identified, we analyzed the expression through qRT-PCR, miRNA information are listed in
Table 2. The results demonstrated that miR-706 expressed gradually higher from day7 to day21, while in
siAgo2-exosome induced iPSCs, the expression increased only on day7 and then decreased on the late
stage. MiR-709 was upregulated significantly on day 14 and day21 compared to control group. The
results showed an expression peak on day21. MiR-466c-5p demonstrated a similar expression pattern
with miR-709. However, miR-423-5p showed its maximum upregulation in the early stage, and guadually
decreased on the late stage. miR-1187 in siAgo2-exosome induced iPSCs was signifecantly reduced on
day14 and day21. However, miR-1895 and miR-671-5p had no obvious change during differentiation (Fig
7B ).

Table 2. List of miRNAs detected during differentiation stages in the experiment.
Gene name Accession No. Sequence(5'-3')
mmu-miR-466c-5p MIMAT0004877 UGAUGUGUGUGUGCAUGUACAUAU
mmu-miR-1895 MIMAT0007867 CCCCCGAGGAGGACGAGGAGGA

mmu-miR-671-5p MIMAT0003731 AGGAAGCCCUGGAGGGGCUGGAG
mmu-miR-709 MIMAT0003499 GGAGGCAGAGGCAGGAGGA

mmu-miR-1187 MIMAT0005837 UAUGUGUGUGUGUAUGUGUGUAA

mmu-miR-706 MIMAT0003496 AGAGAAACCCUGUCUCAAAAAA
mmu-miR-423-5p MIMAT0004825 UGAGGGGCAGAGAGCGAGACUUU
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Differentiated insulin-producing cells improve glucose control capacity of experimental diabetic
hyperglycemia in vivo                            

Non-fasting blood glucose was monitored to explore the functionality of differentiated insulin-producing
cells. The results showed that the non-fasting blood glucose concentrations of control mice remained
stable and normal, while blood glucose concentrations of the STZ +iPSCs group, STZ+exosome-induced
iPSCs group and STZ+siAgo2-exosome-induced iPSCs showed much higher glucose levels (Fig 8A). Until
iPCs transplantation at day7, blood glucose concentration in both STZ+exosome-induced iPSCs group
and STZ+siAgo2-exosome-induced iPSCs group showed a downward trend. It could be maintained stable
for 14 days after transplantation in STZ+exosome-induced iPSCs animals, implying that the transplanted
cells effectively controlled blood glucose levels. Although the concerntration did not decrease to a normal
level as reported, our results demonstrated a drop to half of the concentration (10mmol/L) compared to
NC group. Meanwhile, STZ-treated mice exhibited progressively impaired glucose tolerance at day 7, 14
and 21, respectively. STZ+exosome-induced iPSCs group show a much better blood glucose control
capacity compared to the other two groups at day14 and 21(Fig 8B). 

Immunofluorescence for frozen kidney slices demonstrated that insulin expression in STZ+exosome-
induced iPSCs group was significantly increased compared to the siAgo2-exosome group (Figure 8C),
implying that the graft was functionally deficient, which further supported that knockdown of Ago2
significantly weakened exosomal miRNA function and affect differentiation.

Disscussion
Common forms of diabetes (Type 1 and 2) are characterized by decreased β-cells and insulin
deficiency[25]. Current clinical treatments almost rely on daily insulin injections or the transplantation of
cadaveric islets. However, the strategies are limited by drug tolerance, lack of donor sources, functionality
of isolated islets or immune rejection. Therefore, to generate functional islet-like cells and restore insulin
secretion is considered to be an effective approach for clinical treatments.

Published literatures have reported the application of iPSCs-based differentiation protocols for β-like cell
regeneration[26–31]. However, the differentiation efficiency of iPSCs are impaired by several technical or
biological limitations, which may result in imperfect differentiation and immature insulin producing cells.
As important epigenetic regulators, miRNAs have been reported to affect stem cell differentiation.
Although microRNAs secreted by MIN6 cells into exosomes have been profiled in recent years[32, 33], few
work has specifically elucidated the distinct roles of exosomal miRNAs in iPSCs differentiation. Here, we
established a novel and simplified protocol using MIN6 derived exosomes for iPSCs differentiation in
vitro and explored the mechanisms.

Our initial data revealed the expression of genes related to endocrine pancreas development, such as
mature endocrine cell specific genes Ins1 (Insulin1), Ins2 (Insulin2), GCG and SST, insulin gene
transcriptional activators Mafa A, NEUROD1and NGN3, the transcription factors Nkx6.1, Foxa2 and Pdx1.
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Additionally, we analyzed the expression of GCK and Glut2 as part of glucose responsive machinery
genes and stem cell specific gene Oct4 and Sox17. Among these genes, we found that expression of
Nkx6.1 and Mafa A show a obvious upregulation on day3 compared to cells cultured in medium without
exosomes. The other genes expression show significant differences at least on day5. Meanwhile, FCM
detection further demonstrated that insulin+ cells were accounted for 22.3% on day7 and increased to
52.7% on day14. Based on these data, upregulation of the β-cell marker genes comfirm the feasibility of
exosome induction for iPSCs reprogramming. In addition, as previous study reported that insulin+ cells
co-expressing Nkx6.1 can differentiate into functional β-cells following transplantation in vivo[34, 35], we
analyzed immunofluorescence staining for insulin and Nkx6.1 in iPSCs at different stages. Our results
demonstrated that both insulin and Nkx6.1 feebly expressed on day3, but remarkably upregulated on
day5 to day7. Instead, there was almost no immunofluorescence enhancement in iPSCs cultured without
exosome. In this regard, we can speculate that exosomes indeed promote iPSCs differentiation into islet-
like cells and promote insulin secretion, which indicates that MIN6 cell-derived exosomes have sufficiently
high reprogramming efficiency for iPSCs.

In our studies reported here, siAgo2-exosomes from MIN6 cells poorly induced pancreatic related gene
expression. Further support came from our studies in immunofluorescence assay for glucagon and
insulin expression on day21 in vitro. Following differentiated β-like cells transplantation, we found the
graft contributed to blood glucose control in the diabetic mice and improved the fasting blood glucose
levels and glucose tolerance. The hyperglycemia in mice was attenuated, implying the functionality of
transplanted cells in mice, although it was not downregulated to the normal level. Immunofluorescence
for insulin in transplanted graft revealed that knockdown of Ago2 impaired insulin expression, indicating
that the essential driving force for differentiation was dependent mostly on exosomal miRNAs from
donor cells.

Two literatures performed MIN6 exosomal miRNA-seq were analyzed and 24 miRNAs were overlapped[33,

36]. Among them, 6 microRNAs were with high fold changes, indicating that particular miRNAs were
preferentially packaging into exosomes while others may selectively retain in parent MIN6 cells. Selective
accumulation of specific miRNAs in exosomes released by other cell types was reported before[37, 38].
MiR-709, miR-706 and miR-466c-5p were upregulated gradully from day7 to day21. The expression
pattern of miR709 was in line with studies reported[39], which was also been reported to inhibit adipocyte
differentiation through targeting GSK3β and subsequently activating Wnt/β-catenin signaling
pathway[40].On the contrary, miR-423-5p, reported associated with diabetes[41–43], was downregulated
gradually with the passage of induction time, which further underlined the exosomal-miRNA activity may
need to be within a narrow range in regulating iPSCs differentiation. However, miR-671-5p and miR-1187
did not show significantly change. Based on our data, 4 exosomal microRNAs (miR-706, miR-709, miR-
466c-5p and miR-423-5p) actively modulating iPSCs differentiation. Therefore, it is worthy of our focus
on these microRNAs in the future research.
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Undeniably, our findings confirmed that iPSCs differentiation into functional pancreatic β-like cells
through delivery of exosomes was effective and feasible, although the present study was unable to
delineate the exact mechanisms of miRNA interaction network or identify dominant miRNAs involved in
the mechanism. On the other hand, the population of insulin+ cells induced with exosomes in vitro
achieved 52.7% on the middle differentiation stage, which was higher than our previous methods[24].
However, hyperglycemia in mice was downregulated only partially. The decreased endocrine function
after cell transplantation may due to the lack of optimized differentiation microenvironment in vivo.
Although β-cell differentiation is a complex and highly regulated process, our findings provide greater
insights into the roles of exosomal miRNAs. Our findings encourage us to concentrate on refinement of
exosome induction scheme, such as pancreatic acellular scaffold apply, to further improve differentiation
efficiency, as well as reveal the function and mechanism of exosomal miRNAs in a more detailed and
systematic way.
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Figure 1

Exosomes isolation and characterization. A. Scheme of exosome ultra-centrifugation from MIN6 cells
culture media. B. Western blot analysis of Alix and TSG101, Whole cell lysates (WCL) of MIN6 cells were
loaded as controls. C. Representative TEM image. Scale bar =200 nm. D. Size distribution detection by
NTA.
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Figure 2

Exosomes purified from MIN6 cells were uptaken by iPSCs. A. Exosomes released by MIN6 cells were
labeled with PKH67 and green fluorescence were observed in iPSCs 24h after incubation, scale bar =
50μm. B. Digram for transwell experiment. C. Fluorescence were detected for MIN6 cells in the top well (a-
c) and iPSCs in the bottom well (d-f), scale bar = 100μm. Hochest was applied for nuclei staining.
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Figure 3

IPSCs morphologies, number of insulin+ cells and quantitative RT-PCR analysis of key genes in the early
induction stage. A. Schematic diagram of the experiment. B. Bright-field images of iPSCs morphology
induced with exosomes, red arrows indicate the cell clusters, scale bar = 100μm. C. Flow cytometry
detection on day7. D. Expression of selected endocrine and beta cell specific genes, including insulin1,
insulin2, Isl1, Mafa A, Ngn3, Nkx6.1, Neurod1, Pdx1, Foxa2, Gcg, Gck, Sst and stem cell marker Oct4 and
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Sox17 in iPSCs. GAPDH was used as the internal control. Error bars show mean ± SD (n=3). Compared
with day3,*p<0.05, **p< 0.01, ***p< 0.001, ****p< 0.001; Compared with the control group on the same
day , #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001.

Figure 4

Immunofluorescence assays for Nkx6.1 and insulin expression. A. Representative images of co-
immunostaining of Nkx6.1 (green) and insulin (red), nuclear hochest staining is shown in blue, scale bar
= 50μm.
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Figure 5

Quantitative RT-PCR analysis of the key genes and flow cytometry for insulin+ cells on the late induction
stage. A. Flow cytometry detection on day14. B. Efficiency for Ago2 knockdown was confirmed by qRT-
PCR. C. Efficiency for Ago2 knockdown was confirmed by Western blotting. D. Expression of selected
endocrine and beta cell specific genes, including Ins1, Ins2, Isl1, Mafa A, Ngn3, Nkx6.1, Neurod1, Pdx1,
Foxa2, Gcg, Gck, Sst and stem cell marker Oct4 and Sox17 during the exosome-induced late stage.
GAPDH was used as the internal control. Error bars show mean ± standard deviation (SD) (n=3).
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Compared with day 14,*p<0.05, **p< 0.01, ***p< 0.001, ****p< 0.001; Compared with the control group on
the same day , #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001.

Figure 6

Immunofluorescence assays for glucagon and insulin expression of differentiated iPSCs at day21. A.
Representative images of co-immunostaining of glucagon (green) and insulin (red), nuclear hochest
staining is shown in blue, scale bar = 50μm.
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Figure 7

Common expressed miRNAs screening in exosomes and single-assay validation. A. Venn diagram
presented exosomal miRNAs sequenced from two reported MIN6 exosomes. 7 highly expessed miRNAs
in exosomes (fold change >10) among the 24 miRNAs were validated. Cells shaded in red or blue
highlighted indicated the miRNAs reported associated with stem cell differentiation. B. Single-assay
validation of miRNAs with quantitative RT-PCR. Error bars show mean ±SD (n=3). Compared with day7,
*p<0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001; Compared with NC group on the same day , #p<0.05,
##p<0.01, ###p<0.001, ####p<0.0001.
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Figure 8

Transplantation of differentiated iPCs into STZ pre-treated C57BL/6J mice. A. Non-fasting blood glucose
concentrations of STZ +iPSCs group, STZ+exosome-induced iPSCs and STZ+siAgo2-exosome-induced
iPSCs(n=8); NC group, n=5; B. Intraperitoneal glucose tolerance tests (IPGTT) were performed on day 7,
day 14 and day 21. C. HE staining and immunofluorescence detection for insulin (red) at day28 after
transplantation. Data were showed as mean ± SD,compared with NC group, *P<0.05,**P<0.01,
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***P<0.001; compared with iPSCs group, #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001; compared with
exosome group, +p<0.05, ++p<0.01, +++p<0.001, ++++p<0.0001. Scale bar =50μm.Abbreviations:IPGTT,
intraperitoneal glucose tolerance test; STZ, streptozotocin.


