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Background: Infantile hemangioma (IH) is the most common benign vascular tumor of infancy and is 
proposed to arise from hemangioma stem cells (HemSCs). Therapies for IH include oral beta-blockers, 
surgery, and the delivery of novel therapeutic agents, such as bioactive microRNAs (miRNAs). However, 
in the extracellular environment, miRNA is easily hydrolyzed by RNase. miR-187-3p has previously been 
confirmed to promote or inhibit various malignancies, but its role in the development and progression of IH 
remains unclear.
Methods: In this study, engineered exosomes (E-exos) were exploited to deliver miR-187-3p into HemSCs. 
The E-exos were generated by introducing miR-187-3p mimics into human adipose mesenchymal stem cell-
derived exosomes (hAMSC-exos) via electroporation. The expression and secretion of miR-187-3p were 
examined by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). Western blot analysis, 
transmission electron microscopy (TEM), and dynamic light scattering (DLS) were used to characterize the 
exosomes. The effects of the E-exos on HemSC viability were examined using the tube formation assay and 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide assay. Western blot analysis was used 
to evaluate the effects of E-exos on Notch-1, Notch-4, and Jagged-1 expression in HemSCs.
Results: E-exos did not differ significantly from hAMSC-exos in terms of morphology, particle size, or 
surface markers. E-exos could be internalized by HemSCs, and the course of cellular uptake of E-exos was 
time dependent. After 12 hours of treatment, E-exos significant inhibited tube formation. Notch signaling 
was also inhibited by miR-187-3p loading by E-exos. E-exos showed excellent inhibitory effects against 
HemSC proliferation via Notch signaling.
Conclusions: This study provides a foundation for using hAMSC-exos to optimize current clinical options 
to facilitate IH treatment and deliver therapeutic agents in the future.
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Introduction

Infantile hemangioma (IH) is the most common benign 
vascular tumor of infancy, affecting approximately 10% 
of infants. It is more likely to occur in White, female, 
and premature infants (1). IH is proposed to arise from 
hemangioma stem cells (HemSCs) during infancy and has 
a unique ability to proliferate rapidly (2). Unfortunately, 
a subset of patients with IH develop complications, 
including pain, functional impairment, and permanent 
visual impairment, which can lead to significant morbidity 
and mortality. Common therapies for IH include oral beta-
blockers, surgery, and laser therapy (2). For patients with 
IH, early intervention during the proliferative phase can 
minimize the risk of developing potential complications. 
Therefore, it is imperative to understand the mechanisms 
responsible for rapid IH cell proliferation in order to treat 
and prevent the disease.

Exosomes are nano-sized extracellular vesicles that 
are secreted by most cell types, including stem cells and 
cancer cells (3). Numerous studies have demonstrated 
exosomes to play a powerful role in the mediation of cell-
cell communication via the delivery of effectors, such as 
proteins, messenger RNAs, or microRNAs (miRNAs), to 
target cells. These natural nanovesicles can transmit crucial 
cellular information and can be engineered to have robust 
delivery and targeting capacity. Mesenchymal stem cells 
(MSCs) have been widely used to produce exosomes due to 
their accessibility and availability from ethically acceptable 
sources, such as fat tissue (4). 

Over the past decade, miRNAs have been one of the 
best-studied non-coding RNAs and play a critical role in 
various biological and pathological processes (5,6). Some 
miRNAs have been reported to be aberrantly expressed in 
IH. For example, Strub et al. (7) identified chromosome 19 
miRNA cluster (C19MC) as the first circulating biomarker 
of IH, reporting that levels of circulating C19MC were 
correlated with IH tumor size and propranolol treatment 
response. Mong et al. (8) discovered the role of the 
LIN28B/let-7 switch in the pathogenesis of IH and 
provided a novel mechanism by which propranolol induces 
IH involution. Zeng et al. (9) found that downregulation of 
miR-501 inhibited hemangioma cell proliferation, cell cycle 
progression, colony formation, migration, and invasion  
in vitro.

miR-187-3p is a novel cancer-related miRNA that has 
been confirmed to promote or inhibit various malignancies 
(10,11). However, its role in the development and 

progression of IH remains unclear. Previously, it was 
determined that human adipose MSC-derived exosomes 
(hAMSC-exos), with outstanding biocompatibility and easy 
accessibility, could serve as a nanoplatforms for delivering 
miRNAs and improve the bioavailability of exogenous 
miRNAs (12).

The present study exploited engineered exosomes 
(E-exos) to deliver miR-187-3p into HemSCs. The E-exos 
were generated by introducing miR-187-3p mimics into 
hAMSC-exos via electroporation. We hypothesized that 
miR-187-3p would inhibit the viability and proliferation 
of HemSCs by targeting Notch signaling and that using 
hAMSC-exos as the delivery carrier would greatly facilitate 
this process, possibly enhancing the physiological effects 
relative to those of free miR-187-3p. To verify this 
hypothesis, we investigated the effects of miR-187-3p-
containing E-exos on HemSC viability and proliferation  
in vitro. This study provides a foundation for the future use 
of hAMSC-exos to deliver drugs and to optimize current 
clinical options for the treatment of IH. We present the 
following article in accordance with the MDAR reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-21-4138/rc).

Methods

Isolation of hAMSC-exos from human adipose MSCs

Human adipose MSCs (hAMSCs; HUXMD-01001; P2) 
were purchased from Cyagen Biotechnology (Cyagen 
Biotechnology, Guangzhou, China). The hAMSCs 
were cultured in Human Adipose-derived Mesenchymal 
Stem Cell Basal Medium (HUXMD-01001; Cyagen 
Biotechnology) containing 10% fetal bovine serum (FBS; 
A4766801, Gibco, Waltham, MA, USA), 1% penicillin/
streptomycin (10378016; Thermo Scientific, Waltham, 
MA, USA), and 1% glutamine (1294808; Sigma-Aldrich, 
Darmstadt, Germany). When approximately 60–70% 
confluence was reached, the culture medium was discarded 
and the hAMSCs were rinsed three times with phosphate-
buffered saline (PBS; E607008-0500; Sangon Biotech, 
Shanghai, China). Then, the hAMSCs were cultured in 
conditioned medium supplemented with exosome-depleted 
FBS (EXO-FBS-250A-1; System Biosciences, Mountain 
View, CA, USA) for subsequent exosome harvesting. 
Exosomes were isolated by ultracentrifugation according 
to methods reported previously (13). Briefly, after 48-hour 
culture, the hAMSC conditioned medium was collected. 

https://atm.amegroups.com/article/view/10.21037/atm-21-4138/rc
https://atm.amegroups.com/article/view/10.21037/atm-21-4138/rc
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Dead cells and cell debris were removed by centrifugation  
(4 ℃, 300 ×g for 10 minutes). The supernatant was collected 
and filtered through a 0.22-μm filter (GSWP04700; Merck 
Millipore, Darmstadt, Germany ) and then ultracentrifuged 
at 100,000 ×g for 6 hours. The resulting supernatant was 
discarded, and the pellet containing the exosomes was 
retained. All procedures for isolating exosomes from the 
conditioned medium were performed at 4 ℃.

Isolation and culture of HemSCs

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by Institute Review Board of Shanghai Ninth 
People’s Hospital (No. SH9H-2019-T272-1) and informed 
consent was taken from the parents or guardians of all the 
patients. 

Specimens of proliferating IH were collected from the 
IH patients visiting the Department of Oromaxillofacial 
Head and Neck Oncology, Shanghai Ninth People’s 
Hospital between August 2016 and October 2018. 
HemSCs were isolated from specimens of proliferating 
IH as described previously (14). They were cultured in 
endothelial basal medium (EBM-2; CC-3156; Lonza, Basel, 
Switzerland) supplemented with 20% FBS (A4766801; 
Gibco) at 37 ℃ in a 5% CO2 humidified atmosphere. 

Transmission electron microscopy (TEM) and dynamic 
light scattering (DLS)

To determine whether the isolated extracellular vesicles 
were exosomes, the morphology and size distribution of 
the isolated particles were characterized by TEM and 
DLS. The morphology of hAMSC-exos was evaluated 
by TEM as described previously (15). Briefly, exosomes 
were resuspended in PBS and then the suspension was 
dropped on a carbon-coated copper grid, stained with 2% 
uranyl acetate, and imaged under a Hitachi H7500 TEM 
microscope (Tokyo, Japan) at 80 kV. The size distribution 
and exosome concentration in each group were determined 
using a NanoSight LM10 (Malvern Instruments, Malvern, 
UK), as described previously (16). All samples were diluted 
with PBS to a concentration of approximately (1–5)×1010 
particles/mL. The hydrodynamic sizes of the purified 
exosomes were measured by DLS. DLS measurements 
were conducted at 25 ℃ on a Zetasizer Nano ZS (Malvern 
Instruments). The concentration of exosome pellets was  
10 mg/mL. 

Western blot analysis and quantitative reverse 
transcription-polymerase chain reaction (qRT-PCR)

Western blot analysis was performed as described  
previously (17). Primary antibodies against heat shock 
protein 70 (Hsp70; 1:1,000 dilution; ab2787) and tumor 
susceptibility gene 101 (TSG101; 1:1,000 dilution; ab125011) 
were purchased from Abcam (Cambridge, UK), and anti-
CD9 antibodies (1:1,000 dilution; #13174) were purchased 
from Cell Signaling Technology (Danvers, MA, USA). 
Samples were incubated with each primary antibody in turn 
at 4 ℃ overnight, and specific proteins were imaged using a 
FluorChem Q system (ProteinSimple, San Jose, CA, USA).

For qRT-PCR analysis, total exosomal miRNAs were 
extracted using TRIzol reagent (15596026; Invitrogen, 
Waltham, MA, USA). The expression levels of miR-187-
3p were detected using a SYBR green (4364346; Applied 
Biosystems, Waltham, MA, USA) assay according to the 
manufacturer’s instructions. U6 expression was used as control 
for miR-187-3p. Relative expression was analyzed using the  
2−ΔΔCT method. All samples were analyzed in triplicate. 

The primers were used for qRT-PCR were as follows: 
miR-187-3p, 5'-CTT CGT GTC TTG TGT TGC-3'  
(forward) and 5'-GTG CAG GGT CCG AGG T-3' 
(reverse); U6, 5'-TGC GGG TGC TCG CTT CGG CAG 
C-3' (forward) and 5'-GTG CAG GGT CCG AGG T-3' 
(reverse).

Preparing E-exos by electroporation

To load the exosomes with miR-187-3p, E-exos were 
prepared based on the methods of Alvarez-Erviti et al. (18).  
The miR-187-3p mimics, inhibitor, and control were 
purchased from Genomeditech (Shanghai, China). First, 
hAMSC-exos were resuspended with Bovine Serum 
Albumin (23209; Thermo Scientific) to a total protein 
concentration of 12 μg/mL [measured using a BCA kit 
(C503061; Sangon Biotech)]. Then, 200 nM miR-187-
3p mimics or miR-187 negative control (NC) was mixed 
with 50 μL electroporation buffer (MPK10025; Neon 
transfection kit; Invitrogen) at 4 ℃. Following that,  
3 mL prechilled electrolytic buffer (MPK10025; Neon 
transfection kit; Invitrogen) was added to the Neon 
tube. The mixture was aspirated into the Neon pipette, 
which was inserted into the Neon tube. The whole tube 
was inserted into the Neon Pipette Station (MPK500; 
Invitrogen). Then, electroporation was performed once 
at 500 V with a 1-ms pulse duration. After the pulse, 



Zhao et al. miR-187-3p exosomes suppress HemSC viabilityPage 4 of 11

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(11):621 | https://dx.doi.org/10.21037/atm-21-4138

the mixture was transferred to a new tube and incubated 
for 30 minutes at 37 ℃. The free miR-187-3p mimics 
were removed through ultracentrifugation (657,000 ×g,  
6 hours, 4 ℃). The final engineered exosomes (E-exos 
loaded with miR-187-3p mimics or the NC) were 
isolated again by ultracentrifugation (100,000 ×g, 60 
minutes, 4 ℃), suspended in PBS, and stored at −80 
℃ until use. The sequences of the miR-187 mimics 
were 5'-UCGUGUCUUGUGUUGCAGCCGG-3' 
a n d  3 ' - U U A G C A C A G A A C A C A A C G U C G G - 5 ' , 
whereas  the sequences of  the miR-187 NC were 
5 ' - U U C U C C G A A C G U G U C A C G U T T- 3 '  a n d 
3'-TTAAGAGGCUUGCACAGUGCA-5'.

HemSC uptake of E-exos

Labeling of hAMSC-exos and E-exos was performed using 
the CellTracker CM-Dil kit (180854-97-1; Invitrogen). 
Briefly, exosomes were resuspended in PBS and incubated 
with 5 μM CM-Dil dye at 37 ℃ for 15 minutes in the 
dark. The free CM-Dil dye was subsequently removed 
via ultracentrifugation at 100,000 ×g for 15 minutes at  
4 ℃. The labeled exosomes were rinsed twice with PBS and 
stored at 4 ℃. HemSCs were incubated with 5 μg/mL Dil-
labeled exosomes for 4 hours at 4 ℃. After the supernatants 
had been discarded, samples were washed with PBS, fixed 
with 4% paraformaldehyde at 37 ℃ for 15 minutes, washed 
three times with PBS, and finally incubated with Hoechst 
(C1017; Beyotime Biotechnology, Shanghai, China) at 37 ℃ 
for 5 minutes. Samples were then imaged using a confocal 
laser scanning microscope (FV3000; Olympus, Tokyo, 
Japan).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay

The effects of E-exos on the viability and proliferation of 
HemSCs were evaluated using an MTT assay. HemSCs 
were seeded into 96-well plates at density of 1×104 cells/
well and then cultured for 8 hours at 37 ℃ in a 5% CO2 
atmosphere. Then, cells were treated with PBS, free miR-
187-3p mimics, hAMSC-exos, E-exos (NC), or E-exos 
for an additional 24 hours. The supernatants were then 
removed, and 180 μL fresh medium and 20 μL of 5 mg/mL 
MTT reagent (ST1537-1g; Beyotime Biotechnology) were 
added to each well. Samples were then incubated at 37 ℃ 
for 4 hours, the medium was then removed, and the crystals 
in each well were dissolved in 200 μL dimethylsulfoxide 

(ST038-100ml; Beyotime Biotechnology). The plates 
were then incubated at 37 ℃ for 30 minutes before being 
transferred to a microplate reader (BioTek Synergy HTX). 
Optical density (OD) was measured at 490 nm. All samples 
were analyzed in triplicate.

Tube formation assay

HemSCs were cultured on Matrigel-coated plates with 
EBM-2 supplemented with 20% FBS (A4766801; Gibco) at 
37 ℃ in a 5% CO2 humidified atmosphere. When the cells 
reached 70–80% confluence, HemSC suspensions were 
prepared by trypsinizing the cells and then resuspending 
them in culture medium supplemented with 10% FBS 
(A4766801; Gibco). The HemSCs were treated with 
either EBM-2 medium (control group), free miR-187-3p 
mimics, hAMSC-exos, E-exos (NC), or E-exos, cultured for  
12 hours at 37 ℃ in a 5% CO2 atmosphere, and then 
imaged under an inverted microscope (Eclipse Ts2R; 
Nikon, Tokyo, Japan). Free miR-187-3p mimics, hAMSC-
exos, E-exos (NC), and E-exos were administrated at three 
different concentrations (6, 9, and 12 μg/mL). All samples 
were analyzed in triplicate.

Statistical analysis

Quantitative data are presented as the mean ± SD. The 
significance of differences between groups or treatments 
was measured using Student’s t-test or analysis of variance 
(ANOVA) followed by the Bonferroni post test. Data were 
analyzed using GraphPad Prism 8.0. P<0.05 was considered 
significant. All experiments were repeated in triplicate.

Results

Preparation and identification of E-exos

To determine whether extracellular particles could act 
as effective carriers for the delivery of miR-187 to target 
cells, we first isolated hAMSC-exos to investigate the basic 
characteristics of isolated naïve exosomes. TEM analysis 
verified that the naturally isolated extracellular particles 
were dish-shaped vesicles with a double-layer membrane 
structure (Figure 1A). Next, we used electroporation 
to load hAMSC-exos with miR-187 NC and miR-187 
mimics, to obtain E-exos (NC) and E-exos, respectively. 
Using TEM (Figure 1B) and DLS analysis (Figure 1C), we 
found that there were no differences in morphology or 
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size distribution between hAMSC-exos and E-exos; both 
exhibited a similar size distribution, with a peak diameter of 
110 nm (Figure 1C). Finally, western blot analysis revealed 
that the expression levels of the exosome-specific markers 
CD9, Hsp70, and TSG101 were similar between hAMSC-
exos and E-exos (Figure 1D). These results show that the 
morphology, particle size, and surface markers of E-exos 
generated by electroporation did not differ significantly 
from those of hAMSC-exos.

To determine whether miRNAs had been successfully 
loaded into hAMSC-exos, the hAMSC-exos and the E-exos 
were lysed separately to detect the control and miR-187-3p  
mimics. Using qRT-PCR, the relative expression of  
miR-187-3p in the E-exos group was found to be 
significantly higher than that in the E-exos (NC) group, and 
higher than that in the incubated group (i.e., hAMSC-exos 

incubated with free miR-187 for 30 minutes; Figure 1E). 
These data suggested that exogenous miR-187-3p had been 
successfully loaded into hAMSC-exos by electroporation, 
which indicated that E-exos had been successfully generated 
and that they met the required characterization criteria of 
exosomes described in previous studies (19,20).

Effects of miR-187-3p-loaded E-exos on HemSC viability 
in vitro 

We next incubated HemSCs with E-exos and analyzed 
their uptake of miR-187-3p. We found that E-exos could 
be internalized into HemSCs and that the course of cellular 
E-exos uptake was time dependent. These results indicated 
that E-exos could serve as effective carriers for the delivery 
of miR-187 to recipient cells (Figure 2).

Figure 1 Generation of E-exos by loading miR-187-3p into hAMSC-exos. (A,B) TEM characterization of the morphology of hAMSC-exos 
(A) and E-exos (loaded with miR-187-3p; B). Scale bars: 100 nm. (C) Particle concentrations of hAMSC-exos and E-exos, as determined by 
DLS. (D) Western blot analysis of the expression of the exosome-specific markers Hsp70, CD9, and TSG101 in hAMSC-exos and E-exos. 
(E) qRT-PCR results confirming the successful generation of E-exos via loading of miR-187-3p into hAMSC-exos. ***, P<0.001. hAMSC-
exos, human adipose mesenchymal stem cell-derived exosomes; E-exos, engineered exosomes; Hsp70, heat shock protein 70; NC, negative 
control; TEM, transmission electron microscopy; DLS, dynamic light scattering; qRT-PCR, quantitative reverse transcription-polymerase 
chain reaction. 
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To further explore the potential effects of exogenous 
miR-187-3p on HemSCs, we used the tube formation assay 
to evaluate E-exos regulation of the biological behavior 
of HemSCs. Compared with HemSCs incubated with 
6, 9, and 12 μg/mL hAMSC-exos, those incubated with 
6, 9, and 12 μg/mL free miR-187-3p were respectively 
less able to form capillary-like tubular structures after  
12-hour culture. Further, the ability of HemSCs to form 
tube-like structures declined significantly with increasing 
concentrations of E-exos. As shown in Figure 3, extensive 
tube networks were observed in HemSCs incubated with 
EBM-2 medium (control group), hAMSC-exos, and E-exos 
(NC). In contrast, free miR-187-3p and E-exos significantly 
inhibited tube formation after 12-hour culture (Figure 3).  
Moreover, inhibition of tube formation was slightly 
enhanced with E-exos compared to with free miR-187-3p 
after 12-hour culture (Figure 3). However, these findings 
appear inconsistent with the superior effects of E-exos on 
cell proliferation. We speculate that this could be attributed 
to the fact that the HemSC tube formation assay was 
conducted within a short period of time, during which only 
limited amounts of E-exos were integrated into HemSCs 
due to the time-dependent uptake.

The MTT assay showed that E-exos inhibited HemSCs 
cell viability at low (6 μg/mL; Figure 4A), medium (9 and 
12 μg/mL; Figure 4B,4C), and high (24 μg/mL; Figure 4D)  
concentrations. There were significant differences in 
cell viability between all E-exos-treated groups (low, 
medium, and high concentrations) and the control group  
(Figure 4), but there was no significant difference between 
the hAMSC-exos-treated (Figure 4A-4D) or free miR-
187-treated (Figure 4C,4D) group and the control group. 
Together, these findings indicate that E-exos loading with 
miR-187-3p significantly inhibits the viability of HemSCs 
in vitro, suggesting that hAMSC-exos are efficient in 
enhancing miR-187-3p bioavailability.

Role of the Notch pathway in E-exos inhibition of HemSC 
viability

Next, we evaluated how the viability of HemSCs was 
affected by E-exos and the potential underlying molecular 
mechanism. Previous studies have shown that Notch 
signaling plays an important role in the regulation of 
HemSC proliferation (21-23). Consistent with the 
results reported above, E-exos loading with miR-187-

Figure 2 E-exos were successfully taken up by HemSCs in a time-dependent manner. Nuclei of HemSCs were labeled with Hoechst (blue), 
whereas exosome membranes were stained with CM-Dil (red). Scale bars: 100 μm. E-exos, engineered exosomes; HemSCs, hemangioma 
stem cells. 
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3p significantly inhibited the viability of HemSCs in vitro 
compared with free miR-187 or hAMSC-exos. However, 
the addition of the Notch signaling inhibitor BMS 299897 
(Tocris Bioscience, Minneapolis, MN, USA), which inhibits 
γ-secretase, reversed this phenotype to a state close to that 
in the control group. This result indicates that the E-exos-
induced decrease in cell viability may be regulated through 
Notch signaling. 

To verify the above hypothesis, HemSCs were treated 
with free miR-187-3p mimics, hAMSC-exos, E-exos (NC), 
E-exos, or E-exos plus the γ-secretase inhibitor. Then, 
proteins related to Notch signaling were detected in each 
group through western blot analysis. Compared with the 
control and hAMSC-exos, E-exos treatment downregulated 
the expression of Notch-1, Notch-4, and Jagged-1  
(Figure 5). These data suggest that Notch signaling is 
affected by E-exos, potentially by the efficient delivery of 

miR-187-3p by the electroporated exosomes, as indicated 
by Notch signaling activation not being higher in the E-exos 
(NC)-treated group than it was in the group treated with 
naïve exosomes.

Discussion

Exosomes are known as natural nanovesicles and have roles 
in intercellular communication and molecular transfer. 
They have been studied for several years (24,25). The ability 
of exosomes to transfer bioactivators, such as cytokines, 
signaling lipids, and miRNAs, between cells makes them 
promising carriers for the effective therapeutic delivery 
of compounds for the treatment of various conditions, 
including cancer (26), inflammation (27), and infection (28).

MSC-derived exosomes can be engineered to shuttle 
miRNAs to target cells. For example, exosomes from 

Figure 3 Tube formation assays in vitro. (A) HemSCs treated with endothelial basal medium 2 (control), hAMSC-exos, and E-exos (NC) 
formed capillary-like tubular structures after 12-hour culture. Scale bars: 200 µm. (B-D) Graphical summary of the tube formation assays. 
HemSCs incubated with 6, 9, or 12 μg/mL free miR-187-3p were less able to form capillary-like tubular structures after 12-hour culture. 
Incubation of HemSCs with 6, 9, or 12 μg/mL E-exos significantly inhibited tube formation after 12-hour culture. ***, P<0.001 compared 
with control; ###, P<0.001 E-exos versus free miR-187-3p. hAMSC-exos, human adipose mesenchymal stem cell-derived exosomes; E-exos, 
engineered exosomes; NC, negative control; HemSCs, hemangioma stem cells. 
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miR-199a-expressing MSCs have been shown to be able 
to deliver miR-199a to glioma cells, resulting in the 
suppression of glioma cell proliferation, invasion, and 
migration (29). In addition, miR-644-5p carried by MSC-
derived exosomes was found to target p53 regulation to 
inhibit ovarian granulosa cell apoptosis (30). Also, in a rat 
model of calvarial defect, exosomes derived from miR-
375-overexpressing hAMSCs enhanced bone regenerative 
capacity (31). In the present study, we observed that miR-
187-3p-loaded hAMSC-exos decreased HemSC viability by 
inactivating Notch signaling via their targeting of Notch-1/
Notch-4/Jagged-1 in vitro. Also, free miR-187-3p or naïve 
hAMSC-exos partially inhibited the viability of HemSCs, 
but E-exos significantly inhibited cell viability. These results 
indicate that the exosome-based delivery strategy was 
crucial for miR-187-3p to function more effectively in the 
intracellular environment. Moreover, due to its natural lipid 
bilayer membrane, exosomes protected the miRNA against 
degradation by the physical environment and increased the 

intracellular uptake by target cells (32). 
miRNAs are small, non-coding regulatory RNA 

molecules that function as post-transcriptional gene 
regulators of various cell behaviors, including proliferation, 
apoptosis, and angiogenesis. Changes in miRNA expression 
patterns can contribute to many physiological and 
pathological events, including several cancers (33-35). 
However, in the extracellular environment, free miRNAs are 
susceptible to hydrolyzation by RNase. To protect miRNA 
against degradation during delivery in the present study, 
hAMSC-exos were engineered to deliver miR-187-3p.  
We selected hAMSC-exos as the carrier of exogenous miR-
187-3p because hAMSCs have the potential to produce 
a large number of exosomes. We found that miR-187-
3p-loaded E-exos could be taken up by the target cells. 
Subsequently, E-exos mediated target gene repression. 
These results are consistent with previous findings that 
MSC-derived exosomes can be used as nanocarriers to 
deliver miRNA (36,37). In this context, encapsulating 

Figure 4 Effects of E-exos on HemSCs compared with the effects of HemSC treatment with endothelial basal medium 2 (control), hAMSC-
exos, free miR-187-3p, and NC. (A) 6 μg/mL; (B) 9 μg/mL; (C) 12 μg/mL; and (D) 24 μg/mL. E-exos significantly enhanced the inhibition 
of HemSC viability at 6 (A), 9 (B), and 12 μg/mL (C), and both E-exos and miR-187-3p significantly enhanced inhibition of HemSC 
viability at 24 μg/mL (D). ***, P<0.001 compared with control; ###, P<0.001; ns, not significant. hAMSC-exos, human adipose mesenchymal 
stem cell-derived exosomes; E-exos, engineered exosomes; NC, negative control; OD, optical density; HemSCs, hemangioma stem cells. 
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Figure 5 E-exos promote the migration of HemSCs via inactivating Notch signaling. Compared with the control and hAMSC-exos-
treated groups, E-exos downregulated the expression of Notch-1, Notch-4, and Jagged-1, as demonstrated by western blot analysis. 
(A) Representative western blot showing Notch-1, Notch-4, and Jagged-1 in HemSCs. (B-D) Quantification of the effects of different 
treatments on Notch-1 (B), Notch-4 (C), and Jagged-1 (D) protein expression in HemSCs. #, P<0.05; ###, P<0.001 compared with control; 
***, P<0.001; ns, not significant. hAMSC-exos, human adipose mesenchymal stem cell-derived exosomes; E-exos, engineered exosomes; NC, 
negative control; inhibitor, BMS 299897; HemSCs, hemangioma stem cells. 

active agents into hAMSC-exos can further enhance their 
treatment effects, which enhances the promise of hAMSC-
exos-based therapy. 

Notch signaling is an evolutionarily highly conserved 
signaling pathway that regulates cell fate decisions in 
pathological angiogenesis (38). Aberrant activity of the 
Notch pathway is related to the initiation and progression 
of some malignancies, although Notch can be oncogenic 
or tumor suppressive depending on the cellular context. 
Therefore, Notch signaling represents a significant 
target for therapeutic agents precisely designed to treat 
many types of tumors. In contrast with Cui and Shi’s 
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tumor growth and invasion via direct targeting of mitogen-
activated protein kinase (MAPK) 12 (39), the present study 
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Notch-4/Jagged-1 signal plays a critical role in the viability 
of HemSCs. Furthermore, this study found that naïve 
hAMSC-exos also negatively affected HemSCs viability, 
which may be attributed to the diversity of cellular signaling 
effectors encapsulated in the naïve hAMSC-exos cargo. 
In the present study, miR-187-3p was integrated into the 
cargo of naïve hAMSC-exos, which not only downregulated 
the expression of Notch pathway-related proteins in target 
cells, but also regulated tumor growth and angiogenesis via 
other possible pathways (10,41).

In conclusion, the results  of  the present study 
demonstrate that miR-187-3p carried by hAMSC-derived 
exosomes can inhibit HemSC viability by targeting 
Notch-1/Notch-4/Jagged-1 in the cells. Therefore,  
miR-187-3p may have potential in the treatment of IH.
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