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ABSTRACT

Ultraviolet B (UVB) stimulates the generation of extracellular
vesicles, which elicit systemic effects. Here, we studied
whether UVB affects the release and microRNA (miR) con-
tent of keratinocyte exosomes (EXs) in diabetic conditions. In
vitro, we examined the UVB effects on affecting EX release
from keratinocyte HaCaT cells (HaCaT-EX) pretreated with
high glucose. HaCaT-EX functions were evaluated on Sch-
wann cells (SCs). In vivo, UVB-induced miR change in skin
EXs of diabetic db/db mice was analyzed. The miRs of inter-
est were validated in HaCaT-EXs. We found that: (1) UVB
promoted HaCaT-EX generation in dose- and time-
dependent manners; 100 and 1800 J m−2 of UVB had the
most prominent effect and were selected as effective low- and
high-fluence UVB in vitro. (2) A total of 13 miRs were differ-
entially expressed >3-fold in skin EXs in UVB-treated db/db
mice; miR-126 was the most up-regulated by low-fluence
UVB. (3) Functional studies revealed that the SC viability
was improved by low-fluence UVB HaCaT-EXs, while wors-
ened by high-fluence UVB HaCaT-EXs. (4) MiR-126 inhibi-
tor attenuated the effects induced by low-fluence UVB
HaCaT-EXs. Our data have demonstrated that low- and
high-fluence UVBs promote HaCaT-EX generation but differ-
entially affect exosomal miR levels and functions under dia-
betic conditions.

INTRODUCTION
Diabetes mellitus is the most common endocrine disease that has
a severe impact on health systems worldwide. Increased blood
glucose causes damage to a wide range of cell types including
keratinocytes and Schwann cells in the skin system (1). The skin
represents the primary barrier protecting against pathogen inva-
sion and excessive water loss, provides sensation and facilitates
the production of vitamin D (2). It has been reported that skin

alterations can be found in about 30% of diabetes subjects and
frequently occur before the diagnosis (3), and approximately
40% of diabetic patients are diagnosed with neuropathy. Diabetic
neuropathy is characterized by progressive, distal-to-proximal
degeneration of peripheral nerves that leads to pain, weakness
and eventual loss of sensation (4). There is no effective treatment
and controlling blood glucose and improving lifestyle only delay
the onset and slow the progression.

Ultraviolet B (UVB) is a type of solar irradiation that has sev-
eral known effects on skin health. Excess exposure to UVB
could cause sunburn and skin cancer, while appropriate UVB
irradiation could modulate the immune system such as through
systemic anti-inflammatory effects (5). For example, Xue and
colleagues have shown that appropriate exposure to UVB could
promote cutaneous synthesis of the hormone-mediator vitamin D
(6). Meanwhile, preclinical (7–9) and human studies (10–12)
have demonstrated that ultraviolet irradiation could elicit benefi-
cial effects on overall metabolic health. Studies have demon-
strated that adult mice fed a high fat diet and exposed repeatedly
to sub-erythemal (nonburning) UVB over 12 weeks gained less
weight, exhibited reduced metabolic dysfunction and less hepatic
steatosis and inflammation compared to that found in sham-
treated mice (8,9). Exposure to UVB has also shown to suppress
further weight gain and metabolic dysfunction in already “over-
weight” mice (7), suggesting that UVB might be effective when
disease processes have already been underway. All these findings
indicate that UVB might elicit favorable effects on diabetic com-
plications.

Keratinocytes constitute >90% of the skin epidermal cells and
UVB only reaches the epidermal layer of the skin. The beneficial
effects of UVB might be related to mediators released from ker-
atinocytes, although the underlying mechanism has not been
addressed. Recently, there are growing interests of the role of
extracellular vesicles in human diseases. Exosomes (EXs), a
major type of extracellular vesicles, are emerging as a novel type
of intercellular communicator (13). They are implicated in skin
diseases and could serve as biomarkers in dermatology (14,15).
EXs from human adipose-derived stem cells have been shown to
promote proliferation and migration of skin fibroblasts (16). Our
group has demonstrated that UVB irradiation that reaches the
epidermis stimulates the release of microvesicle in vitro and
in vivo (17,18). Of interest, studies have suggested that
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keratinocyte EXs could participate in regulating cutaneous immu-
nity and pigmentation (19–21). UV irradiation induces the
release of keratinocyte EXs that communicate with melanocytes
to regulate pigmentation (20,21). Extracellular microvesicles
released by melanocytes after UV irradiation promote intercellu-
lar signaling in keratinocytes (22). Given that EXs could poten-
tially serve a messenger function and UVB only reaches the
epidermis, we speculated that keratinocyte EXs might be one
mechanism by which UVB generates signals relevant to diabetes.

It has been documented that the cargoes carried by EXs such
as nucleic acids, proteins and downstream functions of EXs are
vastly different, depending on the cell origin and status (23,24).
Increasing evidence indicate that microRNA (miRs) in extracellu-
lar vesicles including EXs play critical roles in their elicited
effects. Qian and colleagues reported that miR-21 carried by ker-
atinocyte microvesicles is implicated in fibroblast-mediated
angiogenesis (25). Intriguingly, low- and high-fluences of UVB
have been shown to elicit different effects on regulating cytokine
expression (26,27). Given the content and function of EXs vary
upon their generation condition, whether different doses of UVB
might affect EX generation from keratinocytes and modulate the
miR profiling in keratinocyte EXs and their function in hyper-
glycemia condition is of interest.

In this study, we aimed to test the hypothesis that low- and
high-fluences of UVB differentially affect the release, miR pro-
file and function of EXs released from keratinocytes in diabetic
condition using both in vitro and in vivo models.

MATERIALS AND METHODS

Study of UVB on EX release in a diabetic skin cell model. Cell culture.
HaCaT cells, a human keratinocyte cell line, were used in this study.
HaCaT cells were cultured with complete medium consist of DMEM
media (4.5 g L−1 D-glucose) supplemented with 10% fetal bovine serum
(FBS), 1% L-glutamine and 1% Pen-Strep antibiotic solution in a
standard incubator (37°C, 5% CO2). Culture media was replaced every
two days. HaCaT cells were split at 1:7 ratios and passages 55–75 were
used for this study. To generate a diabetic skin cell model, the HaCaT
cells were grown in 10-cm dishes to reach 70–80% confluency, then the
complete medium was replaced with high glucose (HG) medium that was
consist of complete medium plus 25 mM of D-glucose and incubated for
24 h. On the next day, cells were used for different fluences of UVB
irradiation stimulation. HaCaT cells cultured in normal condition were
served as controls.

UVB irradiation to stimulate EXs release from HaCaT cells. On the
treatment day, HaCaT cells cultured in HG or normal condition (NC)
were washed with PBS for three times and then 3 mL of HBSS was
added. Cells were then exposed for 0, 34, 68, 170, 306, 612 and 1224 s
of UVB, corresponding to the low UVB fluences of (0, 50, 100, 200,
500) (28) and high UVB fluences (900, 1800, 3600 J m−2) (17) by using
a Philips F20T12/UVB lamp. The intensity of the UVB source was
measured before each experiment using an IL1700 radiometer and a
SED240 UVB detector (International Light) at a distance of 8 cm from
the UVB source to the cells. After UVB treatment, HBSS was removed,
and 4 mL of serum-free culture medium was added to each dish. Then
the cells were returned to the incubator for additional 4 or 24 h. The cell
culture medium was collected at different time points (0, 4, 24 h) after
the treatment. For the 24 h group, culture medium was entirely replaced
with fresh serum-free medium after 4 h treatment to get rid of the
particles released at the first 4 h. Experiments were independently
repeated 6 times.

EX isolation from the cell medium of HaCaT cells. Cell medium at
different time points was collected for EX isolation as we previously
reported (29). In brief, the culture medium was collected and centrifuged
at 300 g for 5 min followed by 2000 g for 20 min. The obtained
supernatant was centrifuged at 20 000 g for 70 min, then the supernatant
was ultra-centrifugated at 170 000 g for 90 min to pellet the EXs (29).

After ultracentrifugation, the supernatant was discarded, and the pellet
was resuspended in 100 μL of sterile-filtered phosphate buffer saline
(PBS) and used for RNA extraction or particle enumeration.

Nanoparticle tracking analysis (NTA). The size and concentration
determination of the isolated EXs was carried out by the instrument
NS300 (Nanosight, Amesbury, UK) as we reported (29). In brief, the
EX-samples were diluted with sterile-filtered PBS to a concentration of
107–108 particles mL−1. After diluting the sample, 700 μL of the same
was loaded in the instrument for movement tracking at the rate of
30 frames s−1. The videos with particle movement were recorded at least
three times per sample at different positions which were analyzed by the
NTA software (version 2.3, Nanosight). The NTA results were produced
as a mean of three tests performed per sample and the particle
concentration was calculated after considering the accurate dilution factor
for the NTA results.

Animal study of UVB irradiation on the release and miR profiling of
skin EXs in diabetic mice. Mice. Nine to ten- week-old type 2 diabetic
db/db mice (female and male) and age-matched control db/c mice were
purchased from the Jackson Laboratory. All mice were maintained in a
22°C room with a 12 h light/dark cycle and fed with standard chow and
drinking water ad libitum. The body weights were recorded weekly. The
ages of mice were 15–16 weeks at the time of experimentation.
Nonfasting blood glucose level was measured prior to UVB irradiation.
A drop of blood was obtained from the tail, and glucose concentrations
were determined using Accu-Check Compact glucose test strips. All
experimental procedures were approved by the Wright State University
Laboratory Animal Care and Use Committee and were in accordance
with the Guide for the Care and Use of Laboratory Animals issued by
the National Institutes of Health.

UVB irradiation on mouse dorsal skin. The dorsal hairs of the mice
were shaved using clippers one day before the experimentation. All mice
were randomly divided into three groups (n = 4/group): non-UVB, low-
UVB fluence (2500 J m−2), high-UVB fluence (7500 J m−2). UVB
irradiation was applied for 0, 13 min 45 s and 41 min 15 s on the shaved
dorsal skin, corresponding to the low-UVB (2500 J m−2) (30) and high-
UVB (7500 J m−2) (18). UVB source was a Philips F20T12/UVB lamp.
The intensity of the UVB source was measured before each experiment
using an IL1700 radiometer and a SED240 UVB detector (International
Light) (30). The mice were then returned to their home cages. Skin
samples were collected 24 h after the treatment.

EX isolation from mice skin tissue biopsy samples. Twenty-four
hours after UVB irradiation, mice were anesthetized by Ketamine/
Xylazine (100 and 10 mg kg−1, respectively) i.p. injection and the skin
tissue biopsy were taken from the mice skin using 5-mm disposable
biopsy punch. Skin EXs were isolated as we recently reported (18). In
brief, the biopsied tissue was weighted, fat trimmed and then cut up
finely in the microcentrifuge tube, digested in 0.5 mL of 5 mg mL−1

collagenase and dispase solution made in deionized filtered water, and
gently shacked overnight at 37°C. After overnight digestion, sample was
spined at 2000 g for 20 min to remove tissue, then followed with
20 000 g for 10 min and 20 000 g for 70 min to remove remaining
tissue, subcellular component and microvesicles. EXs were then pelleted
by ultracentrifugation at 170 000 g for 90 min. EX pellet was re-
suspended in 100 μL of filtered PBS for NTA or stored in −80°C for
miRNome profiling analysis.

MiR profiling analysis of EXs from mice skin biopsy tissues. The
total RNAs of skin EXs isolated from different treatment groups were
extracted by using the Trizol agent. RNA was eluted in 10 μL of RNase-
free water. The concentration of RNA was measured by a Nanodrop 2000.
The miR profiling of EXs isolated from db/db mice skin tissue biopsy
samples was performed with the mouse miRNome microRNA Profilers
QuantiMirTM (384-well plate) from System Biosciences (SBI, Mountain
View, CA). The miR assay primers (709 primers) were resuspended prior
to use. The QuantiMir RT kit was used to prepare cDNA from the eluted
RNA by following the manufacture’s instruction. A SYBR green-based
qPCR was performed in the QuantStudio 7 Flex instrument: 50°C for
2 min, 95°C for 10 min, 95°C for 15 s, 60°C for 1 min (40 cycles), data
read at 60°C for 1 min step. Three endogenous reference RNAs (U1, U6,
RNU43) were used as normalization signals. The results of miRNome
profiling of each pair were processed by array assays and the fold change
>3 was shown. The qPCR array arrangement was downloaded from the
SBI website and data was analyzed by 2�ΔΔCT method.

Quantitative RT-PCR analysis. To further validate the expressions of
miRs of interest, qRT-PCR was conducted with HaCaT-EXs. Reverse
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transcription (RT) reactions were performed using PrimeScriptTM RT
reagent kit (TaKaRa, San Jose, CA, Japan) and PCR reactions were
conducted using SYBR Premix EX TaqTM II kit (TaKaRa). The primers
used are listed in Table 1. The relative expression level of each gene was
normalized to U6 and calculated using the 2�ΔΔCT method. Experiments
were independently repeated 4 times.

Functional study of UVB-induced EXs from keratinocytes. Co-culture
of HaCaT-EXs with Schwann cells. Schwann cells (ATCC-CRL3387)
were cultured using DMEM high glucose with 10% fetal bovine serum
(FBS) and 1% L-glutamine and 1% Pen-Strep antibiotic solution in an
incubator with maintaining 37°C and 5% CO2 conditions. Schwann cells
were split at 1:4 ratio. Culture media was replaced every two days. For
co-culture experiment, Schwann cells were cultured to 60–70%
confluency and treated with HG (25 mM) to mimic the diabetic condition
for 48 h. Then the Schwann cells were divided into three co-culture
groups: control (culture medium only), low-UVB fluence HaCaT-EXs
(2 × 109 EXs mL−1), high-UVB fluence HaCaT-EXs
(2 × 109 EXs mL−1). To block the effect of miR-126, some of Schwann
cells were treated with miR-126 inhibitor (1 nM, Dharmacon, Lafayette,
CO) that was mixed with DharmaFECT transfection reagent
(Dharmacon). The mixed solution was then added to the culture medium
HaCaT-EXs (31). After 24 h co-culture, Schwann cells were collected for
MTT cell viability assay.

Cell viability analysis of Schwann cells. Cell viability of Schwann
cells after co-culture with different types of HaCaT-EXs was
determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). In brief, Schwann cells were cultured in 96 well plates
at 100% confluency. Triplicates were maintained as per the

manufacturer’s instructions. After the co-culture when Schwann cells
were ready for assay, the media was replaced with 100 µL of fresh
media, and to each of the wells, 10 µL of 12 mM MTT solution was
added and mixed well, then incubated for 2 h. Later 85 µL of the
media was discarded, leaving 25 µL in the wells. Fifty microlitre of
DMSO was added, mixed by vigorous pipetting and incubated at 37°C
for 10 min. The samples were mixed again, and absorbance was read at
540 nm under a microplate reader. Experiments were independently
conducted triplicates.

Statistical analysis. Data was expressed as mean � standard error.
The paired comparison was analyzed using Student’s t-test. The
comparison of multiple groups was detected by one-way or two-way
ANOVA with a Turkey or other appropriate post hoc test. Statistical
calculations were performed with GraphPad Prism 9 (San Diego, CA).
P < 0.05 was considered statistically significant.

RESULTS

UVB promotes EX release from HaCaT cells in dose- and
time-dependent manners, with an augmented effect in HG
condition

To determine the dose effects of UVB irradiation on EX release
from epidermal cells, HaCaT cells cultured in NC or HG condi-
tion were exposed to different fluences of UVB irradiation. After
incubation in serum-free media for additional 24 h, EXs were

Table 1. Primer sequence for miRs used for qRT-PCR.

hsa-miR-23a
RT primer: 50-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAATCCC -30
F primer: 50- AAATTTGGGGTTCCTGGGGATGG -30
hsa-miR-29a
RT primer: 50- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTGAAC -30
F primer: 50- GGGCGCACTGATTTCTTTTGGTG-30
hsa-miR-31
RT primer: 50- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCTAT -30
F primer: 50- GCGATTAGGCAAGATGCTGGCAT-30
hsa-miR-125a
RT primer: 50- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCACAG-30
F primer: 50- GGCCACTCCCTGAGACCCTTTAA-30
hsa-miR-126a-5p
RT primer: 50- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGCGTA-30
F primer: 50- GCGGGGCATTATTACTTTTGGTA -30
hsa-miR-146a
RT primer: 50- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACCCA-30
F primer: 50- GGGCCCTGAGAACTGAATTCCAT-30
hsa-miR-155
RT primer: 50-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACC CCT-30
F primer: 50- GGGGGGGCTTAATGCTAATTGTGAT -30
hsa-miR-181a
RT primer: 50- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACTCAC-30
F primer: 50- CGCGGTAACATTCAACGCTGTCG-30
hsa-miR-196a
RT primer: 50- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCCAAC-30
F primer: 50- GCGCGCTAGGTAGTTTCATGTTG-30
hsa-miR-199a
RT primer: 50- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAACAG-30
F primer: 50- GGCAACCCCAGTGTTCAGACTAC-30
hsa-miR-221
RT primer: 50- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAATCT-30
F primer: 50- GGAGCCACCTGGCATACAATGTA-30
hsa-miR-222
RT primer: 50-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGGATC-30
F primer: 50- AACCGCCTCAGTAGCCAGTGTAG-30
hsa-miR-411
RT primer: 50- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGTACG -30
F primer: 50- CCCGGGTAGTAGACCGTATAGCG -30
R primer for all miRs: 50- CCAGTGCAGGGTCCGAGGTA -30
U6 F primer: 50- CTCGCTTCGGCAGCACA -30; R primer: 50- AACGCTTCACGAATTTGCGT-30
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collected from the culture media and the concentration was ana-
lyzed by NTA. As shown in Fig. 1A, for the HaCaT cells grow-
ing in normal glucose condition, 50 J m−2 UVB irradiation did
not significantly affect EX secretion as compared to the cells
without UVB exposure, whereas 100, 200 or 500 J m−2 UVB
irradiation significantly increased the release of EXs, of which
there was no significant difference among the three groups.
Regarding the high-UVB fluence groups, 1800 J m−2 UVB irra-
diation induced the highest generation of EXs as compared to
900 or 3600 J m−2 did.

When the cells were grown in HG condition, 50 J m−2 UVB
promoted EX generation, suggesting that the cells in HG condi-
tion might be more sensitive to UVB irradiation. 100, 200 or
500 J m−2 UVB significantly stimulated the release of EXs, with
a peak at 100 J m−2 UVB. Among the high-UVB fluence
groups, 1800 J m−2 UVB elicited the greatest release of EXs. Of
note, with the same UVB, HaCaT cells in HG condition released

more EXs than the cells in NC did. All these data indicate that
UVB promoted EX release from HaCaT cells in a dose-
dependent manner. Based on these findings, we chose 100 and
1800 J m−2 to represent an effective low- and high- UVB irradi-
ation for the subsequent studies generating HaCaT-EXs.

Our previous study has demonstrated that UVB treatment of
HaCaT cells could result in an increased level of microvesicle
generation at 4 h (17). Here, we studied whether the effect eli-
cited by low- and high- fluences of UVB on EX release from
HaCaT cells under HG condition was in a time-dependent man-
ner. After serum-free media incubation for 0, 4 or 24 h, EXs
were collected and enumerated by NTA. As shown in Fig. 1B,
in response to both UVB fluences, the level of EXs at 24 h were
much higher than those measured at 0 or 4 h post-UVB irradia-
tion.

UVB alters the level and miR profiling of skin EXs in T2D
diabetic mice

To determine the effect of UVB irradiation on skin EX genera-
tion in diabetes, we treated the diabetic db/db and control db/c
mice with either low- or high-fluence of UVB. Skin biopsy tis-
sues were collected 24 h after the irradiation and used for EX
isolation.

At the time of study, db/db mice weighed 44 � 4 g compared
with 28 � 1.6 g of db/c mice, and the nonfasted blood glucose
concentrations leveled in db/db at 520 � 10 and in db/c at
104 � 5 mg dL−1. The isolated skin EXs positively expressed
exosomal marker CD63 and keratinocyte-specific marker cytok-
eratin 14 (Fig. 2A). As revealed by the NTA analysis, baseline
levels of skin EXs were increased in diabetic db/db mice than
that in the control db/c mice (Fig. 2B). In response to irradiation
with a low fluence of UVB (2500 J m−2), db/c mice had a slight
increase of skin EXs, while db/db mice had a significant increase
of EX generation. In response to a higher fluence of UVB
(7500 J m−2) irradiation, the level of EXs in skin tissues was
increased in both genotypes, but the db/db mice had a much
higher level than that in the db/c mice. These data suggest that
the diabetic mice skin is more sensitive to this UVB irradiation
regime than control mice did. We then focused on investigating
whether UVB irradiation affects miR contents of skin EXs. We
conducted miRNome profiling analysis with the skin EXs from
db/db mice.

As shown in Fig. 2C, there were seven differentially
expressed miRs among 709 miRs when compared with the EXs
from low-fluence UVB-irradiated db/db mice with db/db mice
without UVB irradiation. The expression difference was >3-fold.
Among them, two miRs (miR-155 and miR-199a-3p) were
down-regulated and five miRs (miR-23a, miR-126-5p, miR-181a,
miR-221 and miR-222) were up-regulated. There were eight dif-
ferentially expressed miRs (>3-fold) when compared the EXs
from high-fluence UVB-irradiated db/db mice with the sham-
irradiated db/db mice, of which five miRs (miR-31, miR-125a,
miR-126-5p, miR-196a, miR-222) were down-regulated and
three miRs (miR-29a, miR-146a, miR-411) were up-regulated.
As shown in the Venn diagram (Fig. 2D), two of these miRs
(miR-126-5p and miR-222) were modulated by both low- and
high- UVB irradiation. MiR-126 expression exhibited the great-
est change in response to low-fluence UVB.

Figure 1. UVB irradiation promotes EX release from HaCaT cells in
dose- and time-dependent manners. The HaCaT cells were cultured in
NC or HG condition and then exposed to different fluences of UVB. (A)
Summarized data showing the concentration of EXs released from
HaCaT cells stimulated by different fluences of UVB. *P < 0.05 vs NC
at the same UVB irradiation; #P < 0.05 vs 200 or 500 in NC; +P < 0.05
vs 0 or 50 in HG; $P < 0.05 vs 900 in NC; &P < 0.05 vs 900 or 3600 in
HG. (B) The summarized data show the concentration of HaCaT-EXs in
different time points after UVB irradiation. *P < 0.05 vs NC at the same
time point; #P < 0.05 vs 0 h at the same UVB fluence; +P < 0.05 vs 0
or 4 h at the same UVB fluence. Data are expressed as mean � SD.
N = 6/group.
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Validation of the expressions of miRs in HaCaT-EXs: miR-
126 expression is up-regulated in HaCaT-EXs generated in
response to HG plus low-fluence UVB irradiation but
decreased in response to HG plus high-fluence UVB

We further validated the relative levels of the 13 miRs screened
by the miRNome profiling analysis in the EXs isolated from
HaCaT cells in different NC or HG groups: no UVB, HG +
low-fluence (100 J m−2) UVB, HG + high-fluence (1800 J m−2)
UVB. The data show that (Fig. 3) the basal levels of three miRs
(miR-29a, miR-155 and miR-199a) were upregulated, while nine
miRs (miR-31, miR-125a, miR-126-5p, miR-146a, miR-181a,
miR-196a, miR-221) were downregulated in HG HaCaT-EXs as
compared to those in the NC HaCaT-EXs. Low-fluence UVB
partially restored some of the down-regulated miRs (miR-23a,
miR-29a, miR-31, miR-125a, miR-126-5p, miR-181a, miR-196a,
miR-221 and miR-222) in HG HaCaT-EXs. Meanwhile, the data
showed that high-fluence UVB could significantly up-regulate
some miRs such as miR-29a, miR-146a, miR-155, miR-199a and
miR-411 in HG HaCaT-EXs. The levels of miR-29a and miR-

155 in NC HaCaT-EXs were also raised by high-fluence UVB.
Among the differently expressed miRs, miR-126-5p level change
was the most in HaCaT-EXs generated under HG plus low-
fluence UVB, or HG plus high-fluence (0.55 � 0.09,
7.28 � 1.06, 0.32 � 0.07 for miR-126 level in HaCaT-EXs gen-
erated under HG, HG plus low-fluence UVB or HG plus high-
fluence UVB, respectively).

HaCaT-EXs generated in response to HG plus low-fluence
UVB improves Schwann cell viability via conveying miR-126

Since miR-126 level was remarkably altered in HaCaT-EXs by
UVB irradiation, to illustrate whether these EXs can convey
miR-126 to recipient cells, we conducted a co-culture study with
Schwann cells and analyzed the miR-126 level in Schwann cells
after co-culture. Our data showed that (Fig. 4A) HG-treated Sch-
wann cells had a lower level of miR-126 than that seen in naı̈ve
Schwann cells. In contrast, co-culture with HaCaT-EXs released
under NC plus 100 J m−2 UVB irradiation had raised miR-126
level in Schwann cells. Of note, co-culture with HaCaT-EXs

Figure 2. MiRNome analysis of miR expression profile in the skin EXs of db/db mice. (A) representative western blot bands of skin EXs expressing
CD63 and cytokeratin 14. (B) summarized data showing the level of skin EXs in the two mouse groups. *P < 0.05 vs db/c at the same UVB fluence;
+P < 0.05 vs db/db no-UVB; #P < 0.05 vs db/db low-fluence UVB. Data are expressed as mean � SD. N = 4/group. (B) The representative miR profil-
ing graph showing the changes of miRs in skin EXs from db/db mice received low- or high- fluence UVB. (C) Venn diagram shows the miR changes
in the skin EXs. Green: up-regulated miRs >3-fold; Pink: down-regulated miRs >3-fold; Yellow: up- or down- regulated in both groups.
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released under HG plus 100 J m−2 UVB irradiation significantly
increased miR-126 level in Schwann cells. Not surprisingly,
those EXs released in response to 1800 J m−2 UVB irradiation
did not significantly change miR-126 expression in Schwann
cells.

To further determine whether UVB irradiation affects the
function of HaCaT-EXs, we analyzed the cell viability of Sch-
wann cells. Prior to being co-cultured, Schwann cells were trea-
ted with HG to mimic the diabetic condition in vitro. Our data
(Fig. 4B) showed that the HaCaT-EXs released under NC plus
100 J m−2 UVB irradiation slightly improved the cell viability of
Schwann cells, but those released in response to NC plus
1800 J m−2 UVB decreased the cell viability of Schwann cells.
As expected, HaCaT-EXs generated under HG plus 100 J m−2

UVB irradiation significantly improved the cell viability of HG-
injured Schwann cells, whereas HaCaT-EXs generated from HG
plus 1800 J m−2 UVB irradiation further decreased the Schwann
cell viability. Meanwhile, our data showed that miR-126 inhibi-
tor could block the effect of HaCaT-EXs released under NC or
HG plus 100 J m−2 UVB irradiation. These results suggest that
miR-126 is implicated in the effects on Schwann cells elicited by
HaCaT-EXs.

DISCUSSION
In this study, we have demonstrated that UVB irradiation can
promote the release of EXs from keratinocytes, especially in high

glucose mimicking the diabetic condition. We also have shown
that this effect is dose- and time-dependent. Moreover, we identi-
fied that low- and high- fluences of UVB could alter the miR
profiling of skin EXs in vivo and in vitro. Loss-of function stud-
ies confirmed that miR-126 might be responsible for the effects
on Schwann cells elicited by HaCaT-EXs, suggesting that UVB
might have effects on Schwann cells through UVB-induced
release of EXs from keratinocytes.

Keratinocytes are the most abundant cell type in the skin and
spatially occupy the most basal and superficial layers of the strat-
ified epithelia, serving as the primary barrier between the body’s
interior and the external environment. UVB has multiple positive
effects to include the promotion of Vitamin D synthesis (6) and
elicitation of favorable effects on metabolic disease (7). Pho-
totherapy of UVB has been applied as a common phototherapy
treatment for skin disorders such as atopic dermatitis and psoria-
sis (32,33). UVB only reaches the epidermal layer of the skin.
Increasing evidence shows that keratinocyte-released extracellular
vesicles including EXs play an important role in skin tissue inter-
cellular communication and are associated with several different
types of human skin alterations (20,25). Our group has demon-
strated that UVB phototherapy could increase microvesicle gen-
eration in the circulation at 4 h post-UVB (17). Given that EX
level and cargoes vary upon the stimulation condition of the par-
ent cells (13), we speculate that the level and cargoes of EXs
released by keratinocytes under different fluences of UVB stimuli
are altered. To test our hypothesis, we first determined different

Figure 3. QRT-PCR analysis of miR expression in HaCaT-EXs. (A–M) miR expression levels in NC and HG HaCaT-EXs released in response to low-
or high- fluence UVB. *P < 0.05 vs NC HaCaT-EXs; +P < 0.05 vs HG HaCaT-EXs or NC HaCaT-EXs at the same UVB fluence. Data are expressed
as mean � SD. N = 4/group. NC HaCaT-EXs: EXs generated from NC HaCaT cells; HG HaCaT-EXs: EXs generated from HG-treated HaCaT cells;
100 J m−2 UVB+NC HaCaT-EXs: EXs generated from NC HaCaT cells exposed to 100 J m−2 UVB; 100 J m−2 UVB+HG HaCaT-EXs: EXs generated
from HaCaT cells treated with HG plus 100 J m−2 UVB; 1800 J m−2 UVB+NC HaCaT-EXs: EXs generated from NC HaCaT cells treated with
1800 J m−2; 1800 J m−2 UVB+HG HaCaT-EXs: EXs generated from HaCaT cells treated with HG plus 1800 J m−2 UVB.
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fluences of UVB on keratinocyte EXs in the cell-culture system.
Our data revealed that both low- and high-fluence UVB stimu-
lated EXs generation. This effect was much more pronounced
when the HaCaT cells were cultured under HG condition, sug-
gesting that the hyperglycemia environment makes the ker-
atinocyte to be more sensitive to UVB irradiation. Of note, our
data revealed that among the low-fluence UVB ranges,
100 J m−2 elicited the greatest effects on stimulating EX release.
This is in line with a previous study showing that low fluences
of UVB do not result in growth retardation in HaCaT cells (34).
Meanwhile, a relatively high-fluence UVB (1800 J m−2) stimu-
lated the greatest generation of EXs from HaCaT cells in HG
condition at 24-h post-UVB. Given that the function of EXs var-
ies upon their release condition, besides the observed level
change, we speculate that the EXs released under different flu-
ences of UVB stimuli might carry varied cargoes that contribute
to their functional effects.

In this study, we focused on the miRs contents of EXs, since
increasing evidence indicate that the exosomal shuttled miRs
play an important role in the keratinocyte extracellular vesicles
mediated intercellular communication in the skin (20,25). Studies

from EXs isolated from the skin biopsy tissues of T2D diabetic
mice in response to either low- or high-fluence UVB stimulation
revealed two major findings. First, the diabetic db/db mice were
more sensitive to UVB radiation to release EXs than the control
mice did. This is consistent with the data observed in our
in vitro cell model. Second, the miRNome profiling analysis was
used to analyze the miR changes in EXs. The UVB fluences
employed for these in vitro and in vivo studies were chosen
based on previous and our recent study (18,30). We found 13
miRs were differently expressed >3-fold among 709 miRs in the
diabetic skin-EXs at 24-h post-UVB irradiation. Some of these
miRs are related to the pathogenesis of diabetic phenotype (miR-
29a, miR-181a) (35,36) or have diabetic implications such as
diabetic neuropathy (miR-199a) (37), some are associated with
diabetic dermopathy (miR-155) (38) or diabetic angiopathy
(miR-21, miR-126-5p) (25). The expressions of these miRs were
validated in HaCaT-EXs which are in consistent with the data of
miRNome.

It is well known that miR-126 plays critical roles in angiogen-
esis and maintenance of vascular integrity (39) and wound heal-
ing (40). However, in diabetes, its level is decreased in the
circulation. We have demonstrated that the miR-126 carried by
circulating endothelial progenitor cells microvesicles is responsi-
ble for the compromised function of endothelial progenitor cells
in diabetes (41). Increasing evidence indicates that miR-126
plays an important role in the diabetic vascular complications.
Some reports have shown that diabetic microangiopathy, includ-
ing diabetic wounds, obtain a better curative effect via increasing
the expression of miR-126 directly or indirectly (42,43). In this
study, our data revealed that the miR-126 level was largely
reduced in the skin-EXs of T2D db/db mice and HaCaT-EXs
released under HG and low- fluences of UVB. Since the level of
miR-126 differs substantially in EXs released under low- or
high- fluence of UVB radiation, we hypothesized that miR-126
might affect the function of those EXs. Indeed, our data of the
co-culture study findings have uncovered that HaCaT-EXs carry-
ing a higher level of miR-126 exhibited different effects on Sch-
wann cells as compared to those EXs which carried a relative
low level of miR-126 did. With the miR-126 inhibitor manipula-
tion, we found that the favorable effect elicited by HaCaT-EXs
generated by HG plus low-fluence UVB radiation was abolished.
These results therefore argue that the altered miR-126 level
might be responsible for the effects of HaCaT-EXs on Schwann
cells. Nevertheless, whether similar responses could be elicited
by EXs released from primary keratinocytes that exposed to low-
and high-fluence UVB radiation are waiting to be confirmed.
Whether the changed miR-126 level in keratinocyte EXs con-
tribute to the overall function of keratinocyte EX and thereby
affect cutaneous damage in diabetes also require further investi-
gation. In addition, the molecules that are responsible for the
adverse effect exhibited by HaCaT-EXs generated in response to
HG plus high-fluence UVB radiation on Schwann cells and the
underlying mechanism of how UVB radiation affect miR packag-
ing into EXs remain to be determined.

CONCLUSION
In summary, our data suggest that UVB alters the level and miR
contents of EXs released by keratinocytes under diabetic condi-
tions. The level of miR-126 was significantly up-regulated by
low-fluence of UVB yet down-regulated by higher UVB fluence,

Figure 4. HaCaT-EXs co-culture altered the viability of Schwann cells.
EXs were collected from the culture medium of HaCaT cells exposed to
NC or HG plus low- or high- fluence UVB and used for co-culture assay.
The concentration of EXs was 2 × 109 EXs mL−1. Schwann cells were
exposed to HG 48 h prior to the co-culture. MTT assay was conducted at
24-h co-culture to evaluate the cellular viability of Schwann cells, and
qRT-PCR was applied to determine miR-126 level in Schwann cells after
EX co-culture. (A) miR-126 level in Schwann cells co-cultured with dif-
ferent types of EXs. (B) Schwann cell viability in different co-culture
groups. *P < 0.05 vs control; +P < 0.05 vs HG only; #P < 0.05 vs
100 J m−2 UVB + NC HaCaT-EXs or 100 J m−2 UVB + HG HaCaT-
EXs. Data are expressed as mean � SD. N = 3/group.

1128 Jinju Wang et al.



suggesting that miR-126 in keratinocyte EXs might be involved
in diabetic complications such as diabetic angiopathy and neu-
ropathy.
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