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ARTICLE INFO ABSTRACT

Keywords: Skin wound healing is a complex physiological process that maintains the integrity of the skin tissues, involving
Microvesicle a variety of distinct cell types and signaling molecules. The specific signaling pathways or extracellular cues that
miR-21

govern the healing processes remain elusive. Microvesicles (MVs) have recently emerged as critical mediators of
cell communication by delivery of genetic materials to target cells. In this study, we found the direct delivery of
HEKa-MVs expressing miR-21 mimics significantly promoted the healing of skin wound in diabetic rats. In-depth
studies showed that MV miR-21 promoted fibroblast migration, differentiation, and contraction, induced a pro-
angiogenic process of endothelial cells and mediated a pro-inflammatory response. Mechanically, MV miR-21
might target specific essential effector mRNA in fibroblasts such as MMP-1, MMP-3, TIMP3, and TIMP4 to
increase MMPs expression and enzymatic activities. Moreover, MV miR-21 regulated a-SMA and N-cadherin to
induce fibroblast-myofibroblast differentiation. MV miR-21 up-regulated the IL-6 and IL-8 expressions and their
secretion to amplify the immune response. Furthermore, MV miR-21 down-regulated PTEN and RECK in protein
level, and activate MAPK/ERK signaling cascade, thereby promoting fibroblast functions. Thus, our study has
provided for the first time the basis for the potential application of HEKa-MVs, and MV miR-21 in particular for
wound healing.

Wound healing
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2013; Steinstraesser et al., 2014; Yang et al., 2017). During the ECM
remodeling, fibroblasts migrate and proliferate at the wound site and

1. Introduction

Diabetes as one of the most common and serious complications af-
fects 340 million people in the world (Whiting et al., 2011). One of the
most severe symptoms of diabetes is the inability in wound healing
(Bloomgarden et al., 2015; Geach, 2015; Long et al., 2016; Salazar
et al., 2016). Approximately 25% of diabetic patients suffer from dia-
betic lower-extremity ulcer throughout their lives. These wounds with
slow healing and frequent reoccurrence, increase the risk of infection
and the need for amputation (Gao et al., 2015; Ke et al., 2015; Wong
et al.,, 2015; Zheng et al., 2015). The skin wound healing has been
widely studied to develop novel treatment modality for wound healing
in diabetic patients. The process of wound healing in skin consists of
keratinocyte proliferation, extracellular matrix (ECM) remodeling, and
angiogenesis (Sorg et al., 2017). The proliferative phase fills up the
defective skin through serving to re-epithelialization, granulation tissue
formation, and restore the vascular network restoration (Kalucka et al.,

synthesize ECM such as collagen and fibronectin for ECM fibers gen-
eration and rearrangement (Govindaraju et al., 2018; Scherer et al.,
2009). Fibroblasts also secrete growth factors to stimulate and promote
angiogenesis at the wound regions to facilitate wound repair (Johnson
and Wilgus, 2014). Despite these important findings, the specific sig-
naling pathways or extracellular cues that coordinate the complex
network of healing processes have remained elusive. Recent studies
have suggested that the collaborative dermal-epidermal crosstalk be-
tween fibroblasts and keratinocytes play a key role in the healing of
skin wound (Bassino et al., 2017; Brauchle et al., 2017; Guzman-Uribe
et al., 2017; Werner et al., 2007). During the re-epithelialization phase
of wound healing, keratinocytes-derived signals are required for dermal
fibroblasts to reestablish a functional epidermis mainly through a
paracrine mechanism (Ghaffari et al., 2009; Harrison et al., 2006). The
signaling mediators of fibroblast-keratinocyte interaction include
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secreted cytokines such as keratinocyte growth factor (KGF), platelet-
derived growth factor (PDGF) and transforming growth factor (TGF)-
(Menon et al., 2012). Furthermore, keratinocytes and fibroblasts co-
operatively induce collagen synthesis and contraction in vitro (Schafer
et al., 1989; Souren et al., 1989).

Microvesicles (MVs), a membrane lipid vesicle with a diameter of
100-1000 nm, mediate cell paracrine action by transferring genetic
materials and proteins to target cells (Bi et al., 2016; Huang et al.,
2015). A variety of cells, including epithelial cells, secrete MVs under
both normal and pathophysiological conditions (Bi et al., 2016; Huang
et al., 2015; Van Niel et al., 2001). The function of MVs is believed
depending on the host cell type which they originate from, and they
carry the cargo by traveling in particular distances to the target cells
through biological fluids (Bi et al., 2016; Lee et al., 2011). There is
growing evidence implicating the involvement of MVs in wound
healing (Huang et al., 2015; Staals and Pruijn, 2010). Recently, we have
shown that the MVs derived from keratinocytes play a profound role in
fibroblast-mediated wound healing in skin and oral cavity (Bi et al.,
2016; Huang et al., 2015). Keratinocyte-derived MVs regulated fibro-
blast gene expressions via activating ERK1/2, JNK, Smad, and p38
signaling pathways and promoted fibroblast cell migration and fibro-
blast-initiated angiogenesis (Bi et al., 2016; Huang et al., 2015). The
precise underlying mechanism has, however, remained unclear.

MicroRNAs (miRs), with their substantial effects on target gene
expression, have emerged as key players in various biological processes,
especially in wound healing (Baumann and Winkler, 2014; Meng et al.,
2018). miR-21, the most frequently upregulated miR in human cancers
and other diseases, was highly implicated in many cellular processes,
including cell proliferation, differentiation, migration, apoptosis, and
epithelial to mesenchymal transition (EMT) (Krichevsky and Gabriely,
2009). Of interest, miR-21 was reported to be elevated in keratinocytes
following skin injury, which was coincident with the temporal expres-
sion of TGF-f1, a critical mediator of wound healing (Long et al., 2018;
Wang et al., 2012; Yang et al., 2011). Importantly, TGF-B1 upregulated
miR-21, which was, in turn, essential for TGF-f-driven keratinocyte
migration (Long et al., 2018; Wang et al., 2012; Yang et al., 2011).
Thus, miR-21 downstream of TGF-f} signaling could be an important
mediator of wound healing. However, the function of miR-21 in the
healing of the diabetic wound is largely unknown.

In this study, we investigated whether and how keratinocyte-de-
rived MV miR-21 was involved in the diabetic wound healing in vivo
and in vitro. We were able to show that the direct delivery of kerati-
nocyte-derived MVs expressing miR-21 mimics significantly promoted
the healing of skin wound in diabetic rats. We showed that MV miR-21
regulated the expression of wound healing-associated genes and effect
on the cell behavior of fibroblasts via the activation of MAPK/ERK
signaling. The findings show a potential role of keratinocyte-derived
MVs and MV miR-21 in diabetic wound healing.

2. Materials and methods
2.1. Cell lines, antibodies, and reagents

Human foreskin fibroblast (HFF-1) and human epidermal kerati-
nocyte adult (HEKa) were obtained from ScienCell (San Diego, CA,
USA). HFF-1 was maintained in DMEM (ThermoFisher Scientific,
Shanghai, China) with 10% heat-inactivated FBS (TBD, Tianjin, China)
and 1% penicillin-streptomycin (Beyotime Biotechnology, Shanghai,
China) at 37 °C in a humidified atmosphere of 5% CO,. HEKa was
cultured in RPMI 1640 (ThermoFisher Scientific, Shanghai, China) with
the same conditions as HFF-1. Antibodies against a-SMA, cadherin-2,
PTEN, RECK, ERK1/2, phospho-ERK1/2, VEGF, and B-actin were pur-
chased from Cell Signaling Technology (Danvers, MA, USA). Rho in-
hibitor Y-27632 was obtained from Selleckchem (Shanghai, China),
while streptozotocin (STZ) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The information of antibodies used in the study is
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Table 1

List of antibodies used for immunocytochemistry and Western blotting.
Antibody Manufacturer Host Dilution
Anti-a-SMA ab5694 Rabbit 1:5000
Anti-Cadherin-2 ab76011 Rabbit 1:5000
Anti-B-Actin ab8227 Rabbit 1:5000
Anti-PTEN ab170941 Rabbit 1:1000
Anti-RECK ab115844 Rabbit 1:5000
Anti-ERK1/2 ab184699 Rabbit 1:1000
Anti-phospho-ERK1/2 ab214362 Rabbit 1:2000
Anti-VEGF ab39638 Rabbit 1:1000

HRP-conjugated goat polyclonal secondary antibody to mouse and rabbit
(1:10,000).

listed in Table 1.

2.2. Stable miR-21 mimic and inhibitor HEKa transfectants

Lentiviral transfer plasmids encoding miR-21 mimic and inhibitor
were obtained from GenePharma (Shanghai, China). To package lenti-
virus expressing miR-21 mimics and inhibitors, the respective transfer
plasmids were individually co-transfected with the packaging vector
into HEK293FT cells using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). Empty vector without miR-21 mimics or inhibitors was transfected
as control. After 48 h, the culture medium was collected for the harvest
of packaged lentiviruses, of which the titers were quantitatively de-
termined. To stably express miR-21 mimic and inhibitor in HEKa cells,
6 X 10° cells were transduced with respective lentiviruses with an MOI
of 40. After 24 h, the cells were washed twice with phosphate buffer
saline (PBS), and medium supplemented with puromycin (5pg / mL)
was replenished for stable cell selection.

2.3. MV collection

MVs were collected as previous described (Bi et al., 2016; Huang
et al., 2015). HEKa cells with or without miR-21 mimic or miR-21 in-
hibitor were cultured for 48 h in complete DMEM medium with 10 uM
Y-27632 to prevent keratinocyte terminal differentiation (Chapman
et al., 2010). Confluent HEKa cells were washed thrice with PBS and
then cultured in serum-free DMEM with 10 pM Y-27632 for another
48 h. Conditioned medium from the cultures was centrifuged (Allegra
64R, Beckman Coulter, Shanghai, China) at +4 °C at 3000 g for 15 min
to remove cell debris following with centrifuging at 25,000 g for 30 min
to collect MVs. The collected MVs pellets were rinsed with PBS,
homogeneously re-suspended in FBS-free medium, and kept on ice until
used. Total MV protein content was measured using Bio-Rad protein
assay (Bio-Rad, Life Science, Shanghai, China).

2.4. Scan transmission electron microscopy

Scan transmission electron microscopy was performed as previously
described (Bi et al., 2017). Collected MVs were resuspended in 2.5%
glutaraldehyde (Beyotime Biotechnology) in 0.1 M PIPES [piperazine-
1,4-bis (2-ethane sulfonic acid)] buffer pH 7.4 (Beyotime Bio-
technology). A drop of resuspended MVs was placed on a 200 mesh
formvar-coated copper grid and negatively stained with 2% aqueous
uranyl acetate (Beyotime Biotechnology). The MVs were imaged at 30
KeV in STEM mode with a segmented solid-state STEM detector in
bright-field mode (Helios 650 Nanolab, FEI, Hillsboro, OR, USA).
Images were captured using MAPS software (FEI) for automated ac-
quisition of high-resolution images from large areas; in this case,
73x49 um was analyzed with a 7-mm pixel resolution. The stitched
image was saved as a TIFF file and analyzed using ImageJ software
(imagej.nih.gov).
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2.5. Migration assay

Sterile 12 mm coverslips were first coated with 0.2% gelatin solu-
tion (Fisher Scientific) at + 37 °C for 1 h, followed by cross-linking with
1% glutaraldehyde solution for 30 min. HFF-1 (50,000 per well) was
seeded on the coverslips and cultured in culture medium with 10% FBS
for 24h following with serum-starved for another 24 h. The cultures
were then wounded with a sterile pipette tip and treated with 2 ug MVs
collected from normal or transfected HEKa (empty vector, miR-21
mimic or mir-21 inhibitor) for 10 h. Cell migration was observed every
2h and images were taken using Nikon Eclipse TS100 microscope
(Nikon) with Nikon Coolpix 995 camera (Nikon). A set of samples were
fixed and stained with 1% crystal violet (Sigma) at the timepoint of 0 h
and 10 h.

2.6. Tube formation assay

HFF-1 were seeded in 6-well plates (2 x 10° cells per well) for two
days. HFF-1 was then rinsed with sterile PBS and treated with 2 ug / mL
respective MVs in FBS-free medium for another two-day incubation. All
medium were collected, first spun at 3000 g at +4°C for 15min to
remove cell debris, and then concentrated using Amicon Ultra
Centrifugal Filters (Millipore Ireland Ltd, Tullagreen, Carrigtwohill CO,
CORK IRL). For the assay, 96-well plate was coated with 30puL of
Geltrex LDEV-free basement membrane extract (Gibco) per well.
HUVECs (human umbilical vein endothelial cell, Gibco) were main-
tained in Medium 200 (Gibco) supplemented with LSGS (low serum
growth supplement, Gibco) and antibiotics (100 U / mL penicillin, 100
U / mL streptomycin sulfate; TBD C0222). For the experiment, HUVECs
(40,000 per well) were seeded in 100 L of fibroblast conditioned
medium into the precoated 96-well plate and incubated overnight.
Endothelial tube formation was quantified using digital images of the
wells.

2.7. The diabetic rat model of skin wound

Animals were maintained according to protocols approved by the
Institutional Animal Care and Use Committee, Huazhong University of
Science and Technology (Hubei, China; IACUC ID: 2014S652). During
experimentation, all mice were kept in the animal center of the Tongji
Medical College, Huazhong University of Science and Technology
under specific pathogen-free (SPF) conditions (License Number:
SYXK#2016-0057). Male Sprague-Dawley rats (6-8 weeks old), pur-
chased from Nanjing Biomedical Research Institute of Nanjing
University, were kept in a humidity-controlled facility with a 12-h
light/dark cycle at ambient temperature (25°C). Rats were given ad li-
bitum access to sterilized chow and water. Diabetes was induced in rats
(weighted 180 to 220 g) by an intraperitoneal injection of 30 mg / kg
STZ in 2% sodium citrate buffer (pH 4.5) after overnight fasting.
Diabetic rats showed elevated blood glucose (i.e., > 16.65 mmol/L),
strong positive glycosuria and clinical symptoms (i.e., thinned skin and
weight loss). A full-thickness cutaneous wound in 2.54 cm? round area
was created on the back of the rat under the anesthetization with
pentobarbital sodium (30 mg/kg, i.p.).

Diabetic rats with cutaneous wound were randomly assigned into 4
different groups: (i) 200 uL PBS (n = 3); (ii) 2ug MVs with empty
vector (n = 3); (iii) 2 ug MVs with miR-21 mimics (n = 3); and (iv) 2 ug
MVs with miR-21 inhibitor (n = 3). PBS or MVs were applied at the
edge of the cutaneous wound three days after the injury was created. At
day 4, 7, 11, 14, 17, 21 post-wounding, wounds were digitally photo-
graphed with an Olympus SP-800 UZ camera. The area of the wound
was measured by digital planimetry using ImageJ software version
2.1.4.6 (NIH, Bethesda, MD, USA). At day 21, wound tissues were
collected for western blotting, Haematoxylin and eosin (H&E) staining
and Masson’s staining (Masson staining kit; Leagene, Beijing, China).
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2.8. Immunohistochemistry

Collected skin tissue sections of the rat were deparaffinized in xy-
lene, rehydrated through graded ethanol and then boiled for 30 min in
citrate buffer (10 mM, pH 6.0) for antigen retrieval. Endogenous per-
oxidase activity was inhibited by 3% hydrogen peroxide for 30 min;
samples were then blocked with 5% bovine serum albumin (BSA; Boster
Biological Technology, China) and incubated with diluted primary an-
tibody against VEGF (abcam, Shanghai, China) for 12 h at 4 °C followed
by secondary antibody (abcam, Shanghai, China) for 20 min at 37 °C.
Finally, the slides were visualized with 3,3’-diaminobenzidine (DAB;
Boster Biological Technology, China) and counterstained with hema-
toxylin for microscopic observation.

2.9. RT-qPCR and western blotting

Fibroblasts HFF-1 were treated with different types of MVs for 24 h
(for total RNA isolation) or 48 h (for protein isolation) in a serum-free
medium. Expression of wound healing-associated genes and proteins
were analyzed using RT-qPCR and western blotting, respectively, as
previously described (Bi et al., 2018, 2017). The information of primers
for RT-qPCR used in this study are listed in Table 2. Actin and U6 were
used as housekeeping genes in the analysis. To assess the activation of
cellular signaling pathways, HFF-1 cells were starved in a serum-free
medium for 2h following with MV treatment for 15 min., based on
previously described (Bi et al., 2016; Huang et al., 2015). The activation
of ERK1/2 signaling was then analyzed by western blotting.

3. ELISA

ELISA was performed as previously described (Bi et al., 2016; Huang
et al., 2015). To examine the effect of MVs on the release of IL-6 and IL-
8 from fibroblasts, HFF-1 cells were seeded in 6-well plates (2 X 10°
cells per well), cultured for two days and then treated with respective
MVs (2 ug/mL) for another two days. IL-6 and IL-8 in the collected
culture medium were determined using human IL-6 and IL-8 ELISA kits
(R&D Systems, Minneapolis, MN).

3.1. Statistical analysis

Statistical software GraphPad Prism version 4.0 (GraphPad Software
Inc., San Diego, CA, USA) was used for data analysis. All experiments

Table 2
Primers used for RT-qPCR.

Target Primer sequence Orientation Amplicon (bp)

miR-21 CGGTAGCTTATCAGACTG Forward 53
GAGCAGGCTGGAGAA Reverse

MMP-1 TGAAGAATGATGGGAGGCAAG Forward 168
ACTGAGCCACATCAGGCACTC Reverse

MMP-3 TGGCATTCAGTCCCTCTATGG Forward 147
ATTTCTCCCCTCAGAGTGCTG Reverse

TIMP-3 CGCAAGGGGCTGAACTATC Forward 156
GGCGTAGTGTTTGGACTGGTAG Reverse

TIMP-4 CCCTAACGAGTGCCTCTGGAC Forward 151
AACGATGTCAACAAACTCCTTCC Reverse

a-SMA TGTACCCTGGGATCGCTGAC Forward 179
CTCGTCGTACTCCTGCTTGG Reverse

Cadherin-2 GATCCTACTGGACGGTTCGC Forward 155
GGGTGCTGAATTGCCCTTG Reverse

1L-6 AAAGCAGCAAAGAGGCACTG Forward 137
TACCTCAAACTCCAAAAGACCAG Reverse

1L-8 GACATACTCCAAACCTTTCCACC Forward 162
AACTTCTCCACAACCCTCTGC Reverse

Actin TGACGTGGACATCCGCAAAG Forward 205
CTGGAAGGTGGACAGCGAGG Reverse

U6 CTCGCTTCGGCAGCACATA Forward 92
CGCTTCACGAATTTGCGTG Reverse
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0.084

0.06+

0.044

0.02+

Relative fold enrichment

0.00-

30 pm

were repeated separately at least three times, and data were expressed
as the mean #+ standard error of the mean (SEM). Student’s t-test and
one-way ANOVA with Tukey’s post hoc test was performed for paired
comparisons and multiple comparisons, respectively (p < 0.05). RT-
qPCR data were analyzed using log2-transformed data.

4. Result
4.1. Morphology and miR-21 expression of keratinocyte-derived MVs

MVs derived from keratinocyte HEKa cells were isolated and pur-
ified by a series of low-speed centrifugation and ultracentrifugation,
and the morphology of the isolated MVs was confirmed using STEM.
The result showed that the HEKa-MVs displayed a round morphology in
the range of 1 to 0.5um (Fig. 1A), which was similar to previously
described (Bi et al., 2016; Hu et al., 2018; Huang et al., 2015). miR-21
was detected in HEKa-MVs by agarose gel electrophoresis (data not
shown). The expression of miR-21 in different MVs was studied using
real-time PCR. Normal HEKa-MVs and MVs from HEKa infected with
virus carrying the empty vector only (Vector) showed a similar level of
miR-21 expression (Fig. 1B). Comparing to the vector MVs, the MVs
from miR-21 mimic infected HEKa (miR-21 mimic) had significantly
higher expression of miR-21, while the MVs from miR-21 inhibitor in-
fected HEKa (miR-21 inhibitor) showed lower expression of miR-21
(Fig. 1B).

4.2. MV miR-21 promoted fibroblast migration and fibroblast-mediated
angiogenesis

To investigate whether MV miR-21 plays a key mediation function
in fibroblast-keratinocyte crosstalk during the wound healing process,
we examined whether miR-21-containing MVs derived from keratino-
cytes would role in fibroblast ECM remodeling and fibroblast-mediated
angiogenesis. The migration ability of fibroblasts after MV treatment
was assessed using the wound-healing assay. Results showed that in
contrast to vector MVs, treatment with MVs overexpressing miR-21
mimic significantly accelerated wound closure of HFF-1 cells at 24 h
and 48 h after scratching, while the pro-migratory effect was attenuated
by miR-21 inhibitor MVs (Fig. 2A and B). We also tested the contraction
activity of fibroblasts with the treatment of empty vector, miR-21
mimic or miR-21 inhibitor MVs by fibroblast-collagen gel contraction
assay (Huang et al., 2015). However, neither the miR-21 mimic nor
miR-21 inhibitor MVs did not regulate collagen gel contraction, which
was consistent with the previous observation (data not shown) (Huang
et al., 2015).

Next, we investigated the influence of MV miR-21 on the angiogenic
activity of endothelial cells by the tube formation assay of HUVEC.
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Fig. 1. Morphology and miR-21 expression of
keratinocyte-derived MVs (A) STEM image of
HEKa-MVs. Bar = 30 um. (B) The expression of
miR-21 in MVs derived from HEKa was ana-

miR-21 in MVs
lyzed by RT-qPCR. The results show
mean + SEM from triplicate experiments (",
wan P < 0.001 comparing to HEKa-MVs group.
### P < 0.001 comparing to miR-21 mimic
group).
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Tube formation of HUVEC was significantly increased by the culture
medium of fibroblast with MVs (Fig. 2C). miR-21 mimic MVs increased
both the number and relative length of branches compared to vector
MVs and miR-21 inhibitor MVs (Fig. 2D and E). However, it showed no
significant differences between miR-21 inhibitor MVs and vector MVs
in the number and relative length of branches of HUVEC tube forma-
tion.

4.3. MV miR-21 promoted diabetic cutaneous wound healing in the rat
model

We next investigated the in vivo effect of miR-21 containing MVs on
the healing of the cutaneous wound in diabetic rats. Treatment with
miR-21 mimic MVs dramatically accelerated wound healing process as
revealed by the progressively smaller wound areas measured at day 7,
11, 14 and 17 post-wounding, comparing to treatments with PBS,
vector MVs, and miR-21 inhibitor MVs (Fig. 3A and B). At day 21,
complete wound closure was observed in rat with the treatment of the
miR-21 mimic MVs, while the rats treated with PBS, vector MVs, and
miR-21 inhibitor MVs remained scar in the areas (Fig. 3A and B).
Consistent with the results of tube formation of HUVEC, the wounds
treated with miR-21 mimic MVs exhibited more neo-epidermis and
abundant new blood vessel formation (Fig. 3C). On the contrary, the
epidermis and blood vessels were insufficiently observed in control
wounds and the wounds treated with miR-21 inhibitor MVs (Fig. 3C).
Vascular endothelial growth factor (VEGF) is a signaling protein well-
known for its stimulatory effect on vessel formation (Jiang et al., 2016;
Spuul et al., 2016). Treatment with MVs expressing miR-21 mimic
showed substantial expression of VEGF (Fig. 3D). These in vivo data
collectively suggested miR-21 from keratinocytes-derived MVs would
accelerate wound healing by promoting angiogenesis.

4.4. MV miR-21 facilitated fibroblast differentiation

After showing the in vivo effect of miR-21 of keratinocyte-derived
MVs on the healing of the cutaneous wound, we studied the underlying
molecular mechanism of miR-21 action. We determined whether miR-
21 of keratinocyte-derived MVs would affect fibroblast-to-myofibro-
blast differentiation which may drive effective wound closure. Masson
staining was used to detect the fibroblast proliferation and myofibro-
blasts differentiation. As showed by the staining, vector MVs as well as
miR-21 mimic MVs stimulated the fibroblast differentiation and in-
creased the proportion of myofibroblasts in a significant manner
(Fig. 4A). a-SMA and N-cadherin (CDH2) are known markers of acti-
vated myofibroblasts and are stimulatory on collagen production and
contraction (Black et al., 2018). In agreement with the Masson staining,
treatment of cultured HFF-1 with vector MVs and miR-21 mimic MVs



miR-21 inhibitor

miR-21 mimic

0.5

Relative wound size

International Journal of Biochemistry and Cell Biology 114 (2019) 105570

Fig. 2. Regulation of fibroblast migration and
fibroblast-mediated angiogenesis by HEKa-
MVs. (A) Confluent fibroblast cultures were
scratch wounded and exposed to HEKa-MVs
(2 pg protein / ml) containing vector, miR-21
mimic or miR-21 inhibitor for 48 h. (B) The
remaining wound area was quantified by
ImageJ from triplicate experiments. (C)
Endothelial cells seeded on basement mem-
brane matrix treated with concentrated (5 x)
conditioned medium from HEKa-MV-treated
(2 g protein / ml) fibroblasts. Angiogenesis
was quantified as (D) branches per intersection
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significantly elevated both the gene and protein expression of a-SMA
and N-cadherin (Fig. 4B, C and D). In contrast, the treatments with miR-
21 inhibitor MVs did not show obvious fibroblast-to-myofibroblast
differentiation in the Masson staining as well as did not elevation in a-
SMA and N-cadherin expression in neither gene or protein level
(Fig. 4A-D). Taken together, these results made it evident that miR-21
from keratinocyte-derived MVs would promote the switch of fibroblast
to myofibroblasts.

4.5. MV miR-21 modulated pro-inflammatory interleukins and MMPs in
fibroblasts

To investigate whether MV miR-21 would affect the expression of
other wound healing-related genes in fibroblasts, we tested the ex-
pression of relevant cytokines, MMPs, and MMP inhibitors in mRNA
and protein level. Gene expression of IL-6 and IL-8 was significantly up-
regulated by miR-21 mimic MVs in the fibroblasts comparing to the
control (vector MVs), whereas they were suppressed by miR-21 in-
hibitor MVs (Fig. 5A). Consistently, cytokine ELISA revealed that the
protein levels of IL-6 and IL-8 in the culture medium of fibroblasts was
also significantly increased by treatment of miR-21 mimic MVs, and
decreased by treatment of miR-21 inhibitor MVs, comparing to the
control (Fig. 5B). These data likely suggested MV miR-21 would play a
certain modulating role in IL-6 and IL-8 expression.

We next determined whether MV miR-21 was involved in the reg-
ulation of MMP expression of fibroblast. It was found there were sig-
nificant increasing mRNA expression of MMP-1 and MMP-3 in response
to treatment of miR-21 mimic MVs comparing to vector MVs (Fig. 5C).

and (E) lengths of branches in randomly se-
lected images from the culture plates. The re-
sults show mean = SEM from triplicate ex-
periments (™, P < 0.001 comparing to
vector group. *, P < 0.05; *#*# P < 0.001
comparing to miR-21 mimic group).

Inversely, the mRNA transcripts of TIMP-3 and TIMP-4, the endogenous
inhibitors to MMPs, were significantly down-regulated by miR-21
mimic MVs comparing to vector MVs (Fig. 5D). In contract, the effect
was specific to miR-21 mimic because the up-regulation of MMPs and
the down-regulation of TIMPs were significantly diminished with the
administration of miR-21 inhibitor MVs (Fig. 5C and D). These data
pointed to a notion that keratinocyte-derived miR-21 would increase
MMP-1 and MMP-3 in fibroblasts by suppressing TIMPs.

4.6. MV miR-21 modulated PTEN, RECK, and the activation of MAPK/
ERK signaling

Previous studies have shown that miR-21 can target PTEN and RECK
in fibroblasts and activate MAPK/ERK pathway (Hu et al., 2018). We
also showed in our previous publication that the modulation of MAPK/
ERK pathway by keratinocyte-derived MVs was highly involved in fi-
broblast phenotype and function (Bi et al., 2016; Huang et al., 2015).
We investigate whether miR-21 of keratinocyte-derived MVs would
regulate these molecules and activate the ERK1/2 signaling pathway in
the fibroblast. PTEN and RECK were significantly reduced in fibroblast
after treatment of miR-21 mimic MVs in 15 min., comparing to vector
MVs and MV miR-21 inhibitor (Fig. 6A and B). Consistently, treatment
with MVs expressing miR-21 mimic elevated significantly phosphor-
ERK1/2 in 15 min. (Fig. 6C and D).

5. Discussion

MVs play crucial roles in intercellular communication by delivering
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comparing to miR-21 mimic group).

miRNAs, mRNAs, and proteins to recipient cells (Mitchell and
Tollervey, 2010). More importantly, plasma-derived MVs are gaining
increasing attention to serve as diagnostic biomarkers for various dis-
eases (Staals and Pruijn, 2010). Recently, it was reported that MVs
derived from human peripheral blood PRP (platelet-rich plasma) could
have therapeutic effects on diabetic wound healing in rats, implying the
roles of MVs in tissues regeneration (Hashemi et al., 2017). Also, we
previously reported that keratinocyte MVs promote wound healing in
skin fibroblast (Huang et al., 2015). However, the cargo contents in
MVs are complex and enormous (Bi et al., 2016; Huang et al., 2015). In
this study, we found that the miR-21 expressed in the keratinocyte MVs
may represent as a key candidate molecular in the regulation of fibro-
blast during wound healing.

Re-epithelization, scar formation and angiogenesis are essential
processes for the restoration of normal tissue architecture after injury.
Fibroblasts as the main source of the ECM proteins constitute granu-
lation tissue in the form of myofibroblasts and provide structural in-
tegrity to the wound and even wound contraction (Govindaraju et al.,
2018). Relatedly, miR-21 was reported with functions in wound
healing, including cell migration, angiogenesis and re-epithelization
(Wang et al., 2012; Yang et al., 2011). We previously reported that
keratinocyte MV promoted skin fibroblast migration (Huang et al.,
2015). In this study, treatment of HFF-1 with MVs expressing miR-21
mimic enhanced cell migrating ability of fibroblast. Furthermore, the
angiogenic activity of endothelial cells, one of the key process in wound
healing, were also reported to be affected by MVs in our previous
publication (Asai et al., 2006; Huang et al., 2015). We showed here that
miR-21-containing MVs promoted tube formation by an enhanced mi-
gration capacity of HUVEC. Our result supported the notion that miR-
21 in HEKa-MVs would facilitate the angiogenic ability of endothelial

cells. This was confirmed with our in vivo results of diabetic wound
healing rat model. The HEKa derived MVs from various groups was
directly injected at the wound edge. Strikingly, the wound closure was
significantly accelerated and was complete after 21 days following MV-
miR-21 treatment and, to a less extent, HEKa-MVs. This observation
was further verified by H&E and IHC staining that the wounds treated
with MV miR-21 mimic produced more neo-epidermis, abundant new
blood vessels in conjunction with upregulation of VEGF. Masson
staining also revealed that HEKa-MVs, as well as MV miR-21 mimic,
promoted the fibroblast differentiation and increased the proportion of
myofibroblasts, which are specialized for wound contraction and drives
effective wound closure (Barisic-Dujmovic et al., 2010; Darby et al.,
2014; Hinz, 2016). Consistently, the mRNA expression and protein le-
vels of a-SMA and N-cadherin, known markers of activated myofibro-
blasts, were elevated in fibroblasts treated with HEKa-MVs or MV miR-
21 mimic. These findings implicated the direct transplantation of MV
miR-21 would enable skin re-epithelialization and angiogenesis of
wounds, in turn, facilitating the wound healing process in vivo. We
provide evidence suggesting the potential clinical use of HEKa-MVs in
wound healing.

With these encouragingly in vivo findings, we further deciphered the
possible mechanisms by which miR-21 regulates wound healing. MMPs
were reported to facilitate re-epithelialization by cleaving different
ECM or ECM-associated proteins to affect integrin-matrix adhesion
(Rohani and Parks, 2015). Accumulating evidence has demonstrated
that MMPs were crucial to facilitate re-epithelialization (Spuul et al.,
2016). Also, RECK and TIMP3, which negatively regulates MMPs, were
direct targets of miR-21 and promoted migration activity in glioma cell
(Shao et al., 2017). We have previously shown that MMPs were re-
markably regulated by keratinocyte MVs in skin and gingiva fibroblast
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Fig. 4. The effect of HEKa-MVs on myofibro-
blast differentiation-related mRNA and protein
expression in fibroblasts. (A) Representative
images of Masson staining showing the differ-
entiation of fibroblast into myofibroblast as
stimulated by miR21 from HEKa-MVs in dia-
betic rats. (B) The gene expression of a-SMA
and N-cadherin (CDH2) in cultured HFF-1 after
treatment with different MVs for 24h was
analyzed by RT-qPCR. (C) The protein levels of
a-SMA and N-cadherin (CDH2) in cultured
HFF-1 after treatment with different MVs for
48 h was analyzed by western blotting. (D) The
intensity of bands from western blotting was
quantified and compared. The results show
mean * SEM from triplicate experiments (",
P < 0.01; ™, P< 0.001 comparing to
vector group. **#, P < 0.001 comparing to
miR-21 mimic group).

miR-21 inhibitor showed the opposite effects. Interestingly, the mRNA
transcripts of RECK and TIMP-3 were lower following vector control
and MV miR-21 mimic treatment. These data here demonstrated MV
miR-21 was involved in the upregulation of MMP-1 and MMP-3 and
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expression of IL-6 and IL-8 in cultured HFF-1
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analyzed by RT-qPCR. (B) The protein levels of
IL-6 and IL-8 in the culture medium of HFF-1
were quantified using respective ELISA. (C)
The gene expression of MMP-1 and MMP-3 in
cultured HFF-1 after treatment with various
MVs for 24h was analyzed by RT-qPCR. (D)
The gene expression of TIMP-3 and TIMP-4 in
cultured HFF-1 after treatment with various
MVs for 24h was analyzed by RT-qPCR. The
results show mean *= SEM from triplicate ex-
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Fig. 6. HEKa-MVs regulated PTEN, RECK and ERK1/2 signaling
activation in fibroblasts. (A) and (B) Fibroblasts were treated with
various HEKa-MVs (2 ug protein / ml) for 15 min followed with
western blotting for analysis of PTEN and RECK protein expres-
sion. (C) and (D) Fibroblasts were treated with various HEKa-MVs
(2 pg protein / ml) for 15 min followed with western blotting for
analysis of phosphor-ERK1/2 and ERK1/2. (B) and (D) Analysis
was performed by ImageJ, and quantification was relative to
cellular B-actin. The results show mean + SEM from triplicate
experiments (, P < 0.05; ", P < 0.01; ™, P < 0.001 com-
paring to vector group. **#, P < 0.001 comparing to miR-21
mimic group).
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suppressed RECK and TIMP3 in the fibroblast during the wound
healing.

A finely-tuned inflammation was thought to be essential for the
wound healing process, with the inflammatory cells releasing a variety
of pro-inflammatory cytokines and chemokines that act directly on
keratinocytes, fibroblasts, and endothelial cells (Eming et al., 2014).
Stimulated fibroblast was demonstrated to produce cytokines such as
IL-6 and IL-8 not only to amplify the wound inflammatory response but
also serves as a feedback loop to support keratinocytes proliferation
(Werner et al., 2007). We then examined to test whether IL-6 and IL-8
in fibroblasts would be altered by keratinocytes-derived MV miR-21.
gPCR and ELISA assays indicated that MV miR-21 was indeed upre-
gulated, implying MV miR-21 might play an important role in this
paracrine feedback loop. However, additional experiments are still
needed to verify this observation. PTEN which critically mediate in-
flammatory cytokine including IL-6 and IL-8 was recently reported as
the target of miR-21 (Hu et al., 2018; Korkaya et al., 2012; Simone
et al.,, 2011). Also, PTEN and MAPK/ERK signaling pathway were
previously shown to have promoting effects on cell proliferation and
migration (Chen et al., 2018; Hu et al., 2018). We showed that reduced
PTEN, as well as increased phosphor-ERK1/2, was found in fibroblast
treated with HEKa-MVs and, to a more extent, MV with miR-21 over-
expression, whereas the miR-21 inhibitor remarkably impaired these
effects. Consistently, we have shown that keratinocyte-derived MV-
regulated MAPK/ERK is remarkably related to the fibroblast MMP and
cytokine expression (Bi et al., 2016; Huang et al., 2015). Nevertheless,
whether PTEN would be indispensable for MV miR-21 initiated fibro-
blast gene expression, as well as the crosstalk of PTEN and MAPK/ERK
pathway in MV miR-21 treatment, need to be further addressed. Col-
lectively, our findings demonstrated that the delivery of MV miR-21
improved fibroblast functions likely through its modulation on MMPs,

which might subsequently be implicated in ECM remodeling, thus ac-
celerated wound healing.

To summarize, the present study has provided for the first time the
in vivo evidence suggesting the direct delivery of HEKa-MVs can be a
promising therapeutic intervention for wound healing through activa-
tion of fibroblasts and angiogenic process, in which MV miR-21 is the
key mediator, at least partially. The evidence supports the irreplaceable
role of keratinocyte-derived MV miR-21 in skin wound healing in this
study is of clinical importance.
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