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MicroRNA 340 Is Involved in UVB-Induced Dendrite Formation
through the Regulation of RhoA Expression in Melanocytes
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The influence of UV irradiation on pigmentation is well established, but the molecular and cellular mechanisms controlling den-
drite formation remain incompletely understood. MicroRNAs (miRNAs) are a class of small RNAs that participate in various
cellular processes by suppressing the expression of target mRNAs. In this study, we investigated the expression of miRNAs in
response to UVB irradiation using a microarray screen and then identified potential mRNA targets for differentially expressed
miRNAs among the genes governing dendrite formation. We subsequently determined the ability of miRNA 340 (miR-340) to
suppress the expression of RhoA, which is a predicted miR-340 target gene that regulates dendrite formation. The overexpres-
sion of miR-340 promoted dendrite formation and melanosome transport, and the downregulation of miR-340 inhibited UVB-
induced dendrite formation and melanosome transport. Moreover, a luciferase reporter assay demonstrated direct targeting of
RhoA by miR-340 in the immortalized human melanocyte cell line Pigl. In conclusion, this study has established an miRNA as-
sociated with UVB irradiation. The significant downregulation of RhoA protein and mRNA expression after UVB irradiation
and the modulation of miR-340 expression suggest a key role for miR-340 in regulating UVB-induced dendrite formation and

melanosome transport.

elanocytes originate from neural crest-derived melano-

blasts, which migrate and differentiate in the basal layer of
the epidermis (1). A hallmark of melanocytes is their ability to
form dendrites, which are specialized cell structures that transport
melanosomes to their tips for transfer to the surrounding kerati-
nocytes in response to growth factors and UV irradiation. Follow-
ing skin penetration by UV rays and subsequent DNA damage,
thymidine dinucleotide fragments induce melanogenesis and
cause the melanocyte to produce melanosomes (2).These melano-
somes are then transferred to neighboring keratinocytes through
the intricate network of melanocyte dendrites, contributing to
skin darkening and thereby providing protection from UV radia-
tion (3, 4). Melanocyte dendrites can vary markedly in length and
number in response to different growth factors and, in a manner
analogous to the way in which neural cells seek out target neurons,
these dendrites form growth cone-like structures that attach to
keratinocytes. Melanocyte-keratinocyte adhesion is a prerequisite
for the transfer of melanosomes to keratinocytes; therefore, the
formation of melanocyte dendrites, particularly of the appropri-
ate length and number, is essential for efficient melanosome trans-
fer. Due to the importance of dendricity for melanocyte activity,
cutaneous pigmentation, and photoprotection, it is critical to de-
termine the precise mechanisms involved in the regulation of me-
lanocyte dendrite formation.

It is well known that melanocytes are sensitive to UV irradia-
tion, with substantial evidence suggesting that it plays a pivotal
role in regulating melanocyte dendricity. Studies have shown that
UV irradiation induces the production of melanogenic stimula-
tors such as nitric oxide, endothelin 1,a-melanocyte-stimulating
hormone, adrenocorticotropic hormone, and prostaglandin E2
(5, 6, 7). In vivo reflectance confocal imaging of murine skin fol-
lowing exposure to UVB light highlighted its effect on the dendric-
ity of melanocytes (8). Furthermore, UV light exposure along with
genetic factors was found to be a strong predictor for the develop-
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ment of melasma (9, 10), a condition in which epidermal melano-
cytes within lesions exhibit higher levels of melanin and more
dendrites than melanocytes in adjacent normal skin (11).

An additional effect of UV irradiation on human cells is the
alteration of microRNA (miRNA) expression profiles. miRNAs
are evolutionarily conserved, small noncoding RNAs that regulate
gene expression through sequence-specific base pairing with the
3’ untranslated region (3'UTR) of target mRNAs. Diverse biolog-
ical functions are regulated by miRNAs, including the coordina-
tion of cell differentiation, proliferation, apoptosis, tumorigene-
sis, and the immune response (12—17). Recent studies have shown
that miRNAs are also important for regulating tissue morphogen-
esis, for example, the rescue of brain morphogenesis in maternal-
zygotic dicer mutant zebrafish by miRNA 340 (miR-340) (18).
Indeed, miR-34a has been shown to regulate cross talk between
the GTPases RhoA and Racl and negatively modulate the reorga-
nization of the actin cytoskeleton, which is essential for establish-
ing chondrocyte-specific morphology (19). Other studies have
shown that miR-134, miR-132, and miR-138 are involved in reg-
ulating dendritic spine morphogenesis during neuronal develop-
ment (20-22). Although these varied roles for miRNAs have re-
cently been elucidated, little is known about the function of
miRNAs in the regulation of melanocyte dendrite formation.
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The miRNA expression profiles of UV-irradiated cells have
been investigated using miRNA microarrays, and in one such
study, differential miRNA expression profiles were found in UVB-
irradiated NIH 3T3 cells compared with nonirradiated cells (23).
The miRNA expression changes were most pronounced within
the first hours following UVB irradiation, suggesting that miRNA-
mediated gene regulation operates earlier than most transcrip-
tional responses (24).

In this study, to further elucidate the effect of UVB irradiation
on miRNA expression in melanocytes, we utilized the immortal-
ized human melanocyte cell line Pigl (25). Specifically, we com-
pared the miRNA expression profiles of UVB-treated Pigl cells
with those of untreated Pig1 cells using miRNA arrays. To predict
miRNA targets, TargetScan and gene ontology analyses were con-
ducted, which revealed that miR-340 was upregulated 4.8-fold in
Pigl cells treated with UVB irradiation. Overexpression of miR-
340 significantly repressed RhoA protein expression, increased the
number and total length of dendrites per cell, and promoted mela-
nosome aggregation in dendritic tips of melanocytes. Conversely,
transfection of cells with miR-340 inhibitors blocked UVB-in-
duced miR-340 expression and upregulated RhoA mRNA and
protein expression. This reduced the number and total length of
dendrites per cell and caused melanosomes to aggregate around
the cell nucleus. We concluded that miR-340 plays a key role in
regulating UVB-induced dendrite formation and melanosome
transport.

MATERIALS AND METHODS

Cell line culture and treatment. The human epidermal melanocyte cell
line Pigl (kindly provided by Caroline Le Poole, Skin Cancer Laborato-
ries, Loyola University Medical Center, Maywood, IL) and normal human
epidermal melanocytes (NHEMs; isolated from human foreskin speci-
mens obtained during circumcision surgery) were maintained in medium
254 supplemented with human melanocyte growth supplement (Life
Technologies) and 5% fetal bovine serum (FBS; Gibco). The human
HaCaT keratinocyte cell line was grown in Dulbecco’s modified Eagle
medium (DMEM; Gibco) supplemented with 10% fetal bovine serum.
Cocultures were established by seeding Pigl melanocytes and HaCaT
keratinocytes in a ratio of 1:20 in medium containing 50% medium 254
supplemented with human melanocyte growth supplement and 50%
DMEM supplemented with 10% FBS. Cells were grown to 80% conflu-
ence in six-well culture plates and used for subsequent experiments. All
cell lines were cultured in a 37°C humidified atmosphere containing
5% CO,.

Pigl cells and cocultured cells were evenly divided into a control group
and a UVB-irradiated group. UVB irradiation was carried out usinga UV
light therapy apparatus (Sigma). Before the cells were irradiated, the cul-
ture medium was removed and cells were washed twice with phosphate-
buffered saline (PBS), and then 1 ml PBS was added for the irradiation
process. Cells were exposed to 100 m]J - c¢cm ™ 2 UVB, and then PBS was
replaced with the appropriate cell culture medium.

miRNA microarray analysis. Total RNA was extracted from cells in
the control and UVB-irradiated groups using RNAiso Plus (TaKaRa Bio)
according to the manufacturer’s instructions. The concentration and
quality of total RNA were measured by UV absorbance at 260 nm and 280
nm (A,g0,,50) and confirmed by gel electrophoresis. The extracted RNA
was Cy3 labeled and hybridized to miRNA microarrays. The hybridized
microarray images were quantified with GenePix Software (Molecular
Devices). All data normalization and selection of differentially regulated
genes were performed using GeneSpring GX 10.0 (Agilent Technologies).
The averages of normalized ratios were calculated by dividing the average
normalized signal channel intensity by the average normalized control
channel intensity. Gene expression by the control group was used as the
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control. The signal intensity of experimental groups was compared with
that of the control group, and the ratio of signal intensity was calculated.
The ratios of signal intensity for each miRNA were compared, and a dif-
ferential expression of >3-fold was regarded as significant. All experi-
ments were conducted in triplicate.

Validation of microarray expression by qRT-PCR. Total RNA was
isolated from the Pigl cell line and primary melanocytes from the UV-
treated and control groups. Real-time reverse transcription PCR (qRT-
PCR) analysis was performed using a Chrom 4 or iQ5 real-time PCR
detection system (Bio-Rad Laboratories) and the All-in-One miRNA
qRT-PCR detection kit (GeneCopoeia). Amplified product levels were
detected by real-time monitoring of SYBR green II dye fluorescence
(TaKaRa Bio) under the following conditions: 95°C for 2 min, followed by
45 cycles of denaturation at 95°C for 5 s, annealing at 60°C for 10 s, and
extension at 72°C for 15 s. All reactions were run in triplicate in a mini-
mum of three independent experiments. Relative quantification was per-
formed according to the comparative threshold cycle (C;) method, in
which the mRNA fold change was generated using the equation 2~ 447,
The expression of primary miR-340 was performed using TagMan Pri-
miRNA assays according to the manufacturer’s protocol (Life Technolo-
gies).

Oligonucleotide synthesis and transient transfection. miR-340
mimics and negative-control miRNA were chemically synthesized by Life
Technologies. miR-340 inhibitors (Life Technologies) were used to in-
hibit the function of miR-340, and a scrambled RNA sequence was used as
an additional negative control. The oligonucleotides were transfected into
Pigl cells using Lipofectamine 2000 (Life Technologies) according to the
manufacturer’s protocol. The sequences of these RNA oligonucleotides
were as follows: for miR-340 mimics, sense, 5'-UUAUAAAGCAAUGAG
ACUGAUU-3',and antisense, 5’ -UUAAUAUUUCGUUACUCUGACU-
3'; for miRNA control, sense, 5'-UUGUACUACACAAAAGUACUG-3';
for miR-340 inhibitors, 5'-AAUCAGUCUCAUUGAUUUAUAA-3’ ; and
for scrambled RNA, 5'-CAGUACUUUUGUGUAGUACAA-3" . For
transfection, 1 X 10° Pigl cells were seeded into culture plates and incu-
bated in medium 254 supplemented with human melanocyte growth sup-
plement overnight.

Plasmid construct and luciferase reporter assay. The putative targets
of miR-340 were predicted using TargetScan. To determine whether miR-
340 was able to directly bind to the RhoA 3'UTR and suppress RhoA
protein expression, the wild-type 3"UTR of RhoA (NM_001664) and an
miR-340 binding site mutant of the RhoA 3"UTR were chemically synthe-
sized by Life Technologies (see Fig. 3D for these two sequences). Each
sequence was subcloned into the psiCHECK-2 vector (Promega), and
these plasmids were designated Psicheck-2-RhoA-wt and Psicheck-2-
RhoA-mut after sequencing. For the luciferase assay, cells were seeded in
24-well plates 1 day before transfection and then transiently cotransfected
with 0.3 g of either Psicheck-2-RhoA-wt or Psicheck-2-RhoA-mut and
20 pmol of a miR-340 mimic or control miRNA. Cotransfections were
performed using Lipofectamine 2000 (Life Technologies), according to
the manufacturer’s protocol. Twenty-four hours after transfection, the
cell culture medium was removed and cells were lysed in passive lysis
buffer (Promega). The firefly and Renilla luciferase activities were mea-
sured consecutively using the dual-luciferase assay system (Promega) ac-
cording to the manufacturer’s instructions. Firefly luciferase activity was
normalized against Renilla luciferase activity, and the relative luciferase
activity was calculated using the following formula: relative luciferase ac-
tivity = firefly luciferase activity/Renilla luciferase activity. All experi-
ments were performed twice, in triplicate.

Protein extraction and Western blotting. Cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris-
HCI [pH7.4], 1 mM EDTA, and 0.1% NP-40) containing protease inhib-
itors (20 mg - ml~" leupeptin, 10 mg - ml~"' pepstatin A, 10 mg - ml~"
chymostatin, 2 mg - ml™" aprotinin, and 1 mM phenylmethylsulfonyl
fluoride). After vigorous pipetting, extracts were centrifuged for 15 min at
10,000 X g at 4°C, and then total protein was measured using a bicin-
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FIG 1 Effects of UVB irradiation on melanocyte dendrite formation and melanosome transport. (a) The morphology of Pig1 cellsand NHEMs 48 h after 100 mJ - cm >
UVB irradiation was acquired by a bright-field microscope using a 20X or 40X objective lens and compared with that of untreated control cells. Scale bar, 100 wm. (b)
The dendrite lengths of Pigl cells that were UVB irradiated or untreated were measured by AxioVisionRel 4.8.2 software. Data are depicted relative to the control, and
graphs depict the means = SEM. Student’s  test was used to compare dendrite lengths between groups. *, P < 0.05. (c) The dendrites in Pig1 cells from each experiment
were manually counted, and sample groups were compared using the Student ¢ test. Graphs depict the means = SEM; *, P < 0.05. (d) Control and UVB-treated cells were
stained with anti-gp100 antibody (red) and DAPI (4',6-diamidino-2-phenylindole) (blue) and then viewed using a confocal microscope under a 60X objective lens to
determine the localization of melanosomes within the cells. Scale bar, 50 wm. (e) Melanosome transfer was observed in the melanocyte-keratinocyte coculture model by
light and immunofluorescence microscopy. Pigl melanocytes or HaCaT keratinocytes were stained by L-DOPA or labeled with antibodies against gp100 (red) or keratin
10 (green), respectively, and then visualized by light or confocal microscopy using a 40X objective lens. Scale bar, 100 pwm.
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FIG 2 Identification of miRNAs involved in UVB-induced dendrite formation. (a) Hierarchical clustering analysis of miRNA expression in Pigl cells without
UVB irradiation or 3 h after UVB treatment. Red, +1.5-fold change in gene expression (high expression); green, —1.5-fold change in gene expression (low
expression). (b) miR-340 target binding site in RhoA, which was predicted as a target of miR-340 using computational methods. The miR-340 seed binding region
downstream of the coding sequence (CDS) is located in the 3’ UTR of RhoA, and the sequence of this miR-340 seed binding region is identical in different species.
(c) qQRT-PCR analysis of miR-340 expression 3 h after UVB radiation in Pigl cells and human epidermal melanocytes (NHEMs). The expression of miR-340 was
normalized relative to the expression of U6 snRNA. Expression is presented relative to the controls, as the means = SEM. ¥, P < 0.05, Student’s ¢ test. (d) Two
luciferase reporter constructs that contained either the wild-type RhoA 3'UTR, including the putative binding site for miR-340, or the RhoA 3"UTR containing
mutations within the putative targeting region were generated. The wild-type and mutated RhoA 3"UTR sequences are shown. (e) Wild-type and mutated RhoA
3'UTR sequences were inserted into the psiCHECK-2 vector to create Psi-RhoA-wt and Psi-RhoA-mut constructs, respectively. Each of these constructs was
transiently cotransfected into Pig1 cells, along with either miR-340 mimics or control miRNA (miR-control), and luciferase activity was then measured 24 h after
transfection. Luciferase activity is shown relative to that in Pig1 cells transfected with Psi-RhoA-wt alone, and data are presented as the means + SEM. *, P < 0.05;
#, P> 0.05 (Student’s ¢ test). (f) QRT-PCR analysis of primary and mature miR-340 expression UVB radiation in NHEMs. The expression of primary or mature
miR-340 was normalized relative to the expression of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) or U6 snRNA. Expression is presented relative to
the controls, as the means = SEM. %, P < 0.05, Student’s  test. (g) P53, Drosha, and p68 (DDX5) protein expression in UVB-irradiated and control cells, detected

by Western blotting.

choninic acid (BCA) protein assay kit (Bio-Rad Laboratories). Equal
amounts of each sample (30 pg) were run on 12% SDS-polyacrylamide
gels and transferred to a polyvinylidene difluoride (PVDF) membrane
using the Bio-Rad semidry transfer system. After blocking of nonspecific
binding using a solution of 5% (wt/vol) nonfat dry milk in Tris-buffered
saline containing 0.05% Tween 20, membranes were incubated with the
appropriate antibodies overnight at 4°C with gentle agitation. Blots were
then incubated with peroxidase-conjugated secondary antibodies for 60
min at room temperature and visualized by enhanced chemiluminescence
using the ChemiLucent Plus Western blot enhancing kit (Millipore).

Immunofluorescence and DOPA staining. For immunofluorescence
staining, cells on coverslips were fixed in cold acetone for 10 min at room
temperature. The cells were permeabilized by incubation with 0.1% Tri-
ton X-100 in PBS for 10 min at room temperature. Nonspecific binding of
antibodies was blocked by incubation with 5% bovine serum albumin for
1 h at room temperature. After washing twice with PBS, a primary anti-
body against gp100 (Thermo) was applied to cells, and they were incu-
bated overnight for staining of melanosomes. Cells were examined for
staining using a confocal microscope (Bio-Rad Laboratories). For 3,4-
dihydroxyphenylalanine (DOPA) staining, cells on coverslips were fixed
with 5% formalin in phosphate buffer (pH 7.0) at 4°C for 30 min, rinsed
with distilled water, and then incubated with 0.1% L-DOPA (Sigma) in
phosphate buffer at 37°C for 3 h. After one change of solution, the samples
were fixed with 10% formalin in phosphate buffer at 25°C for 1 h, air
dried, and examined by light microscopy (Niko).

Statistical analysis. All data are expressed as the means * standard
deviations (SD). Data were analyzed using Student’s f test or one-way
analysis of variance (ANOVA) using Prism 5 software (GraphPad Soft-
ware, San Diego, CA), with statistical significance defined as P values of
<0.05. For each analysis, one representative experiment is shown from
duplicate or triplicate analyses.

RESULTS

UVB irradiation promotes melanocyte dendricity. Although it is
likely that UV light is a primary stimulus for melanocyte dendrite
formation, the molecular mechanisms underlying this effect have
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not been fully elucidated. In this study, we first investigated the
effect of UVB irradiation on dendrite formation using normal
human epidermal melanocytes (NHEMs) and the Pigl cell line.
Cells were irradiated with 100 mJ - cm™ 2 UVB and then cultured
for 48 h. The dendrites of NHEMSs and Pig1 cells from each exper-
iment were manually counted, and the dendrite lengths were mea-
sured by AxioVision Rel 4.8.2 software. Morphological changes
induced by UVB irradiation were evident within Pigl cells (Fig.
la), with significant elongation of dendrite length (control,
42.37 = 2.96 wm; UVB irradiated, 76.33 = 4.06 pwm) (Fig. 1b) and
a marked increase in the number of dendrites (66% * 3.46%)
compared with untreated cells (36.27% = 0.4%) (Fig. lc).
NHEMs showed statistically significant elongation of dendrite
length (control, 101.32 * 4.32 wm; UVB group, 137.48 * 11.23
pm) (Fig. 1b) and a marked increase in the number of dendrites
(86.77% = 1.83%) compared with untreated cells (32.88% =
2.68%) (Fig. 1c). Immunofluorescence staining analysis further
verified dendrite elongation (Fig. 1d), and immunofluorescence
and DOPA staining revealed that the number of dendrites was also
increased by UVB irradiation when using a melanocyte-keratino-
cyte coculture model (Fig. le). In addition, increased transport of
melanosomes to the dendritic tips of NHEMs and Pigl cells (Fig.
1d) and transfer from Pigl melanocytes to HaCat keratinocytes
(Fig. le) were apparent after UVB treatment.

Identification of miR-340 as a key regulator of dendrite for-
mation. miRNAs are evolutionarily conserved small noncoding
RNAs that regulate gene expression and play important roles in
diverse biological functions, including cell differentiation, prolif-
eration, apoptosis, tumorigenesis, and the immune response (12—
17). Previous studies have shown that miRNA expression profiles
change in response to UVB irradiation, and these changes were
most pronounced within the first few hours following UVB expo-
sure (23, 24). Thus, we wanted to determine whether miRNA is
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TABLE 1 Expression of miRNA in UVB-treated cells compared with
control untreated cells

Direction of change in

expression miRNA name Fold change

Upregulation hsa-miR-629* 7.46
hsa-miR-132% 5.64
hsa-miR-602 5.06
hsa-miR-340 4.87
hsa-miR-188-5p 4.50
hsa-miR-630 3.56
hsa-miR-19b-1* 3.08
hsa-miR-371-5p 3.08
hsa-miR-135a* 2.82
hsa-miR-610 2.64
hsa-miR-223* 2.60
hsa-miR-29b-1* 2.20
hsa-miR-636 2.14
hsa-miR-1181 2.09
hsa-miR-939 2.07
hsa-miR-940 1.97
hsa-miR-1180 1.94
hsa-miR-134 1.91
hsa-miR-494 1.90
hsa-miR-132 1.81
hsa-miR-923_v12.0 1.80
hsa-miR-638 1.78
hsa-miR-552 1.72
hsa-miR-1307 1.71
ebv-miR-BART13 1.67
hsa-miR-197 1.67
hsa-miR-1207-5p 1.65
hsa-miR-595 1.61
hsa-miR-150% 1.61
hsa-miR-1226* 1.59
hsa-miR-129-3p 1.58

Downregulation hsa-miR-187* —3.82
hsa-miR-362-3p —3.30
hsa-miR-501-5p —2.79
hsa-miR-25% —2.62
hsa-miR-137 —2.36
hsa-miR-892a —2.29
hsa-miR-15b* —1.98
hsa-miR-548g -1.97
hsa-miR-300 —1.88
hsa-miR-1236 —1.79
hsa-miR-29a* —1.78
hsa-let-7e* —-1.77
ebv-miR-BART11-5p —1.74
hsa-miR-450b-3p —1.73
hsa-miR-484 —1.64
hsa-miR-32* —1.61
hsa-miR-574-3p —1.59
hsa-miR-548d-5p —1.57

involved in UVB-induced melanocyte dendricity at an early stage.
To investigate this, Pigl cells were irradiated with 100 mJ - cm >
UVB and total RNA was extracted after 3 h. An Agilent miRNA
microarray was then used to screen differentially expressed
miRNAs, and clustering analysis of the data was performed using
Cluster 3.0 software (Fig. 2a). As expected, a number of miRNAs
were differentially expressed (fold change, equal to or more
than *1.5) in treated cells compared with the control (Table 1).

3412 mcb.asm.org

Specifically, the expression of 31 miRNAs was upregulated follow-
ing UVB irradiation, while 19 miRNAs were downregulated.

The prediction of miRNA-regulated gene targets is a necessary
step in understanding the functions of miRNA; therefore, we pre-
dicted the targets of all miRNAs that were differentially expressed
in response to UVB irradiation using a public database (Target-
Scan). Fourteen genes that are known to be associated with den-
drite formation and contain recognition sequences for miR-340
were identified (Table 2). As RhoA is a key regulator of melanocyte
dendricity, it was selected from the identified miR-340 target
genes for further analysis. This analysis identified a conserved
miR-340 binding site in the 3'UTR of RhoA from a number of
different species (Fig. 2b). Real-time PCR was used to measure the
expression of miR-340 in order to confirm the array data. This
analysis revealed that miR-340 expression was significantly up-
regulated within 3 h of UVB irradiation in both Pigl melanocytes
and normal human epidermal melanocytes compared with un-
treated controls (Fig. 2c).

Next, we performed a luciferase reporter assay to verify the
sequence region of the RhoA 3'UTR that directly interacts with
miR-340. Two luciferase reporter constructs were made, contain-
ing either the wild-type RhoA 3"UTR, including the putative bind-
ing site for miR-340, or a RhoA 3"UTR that contained mutations
within the putative targeting region that were predicted to abolish
miR-340 binding. These sequences (Fig. 2d) were inserted down-
stream of the open reading frame of the Renilla luciferase gene in
the psiCHECK-2vector (Promega), and the constructs were des-
ignated Psi-RhoA-wt and Psi-RhoA-mut, respectively. Transient
cotransfection of Pigl cells with Psi-RhoA-wt and miR-340 mim-
ics resulted in a significant decrease in luciferase activity, com-
pared with cotransfection with Psi-RhoA-wt and control miRNA.
Moreover, the mutation of the miR-340 putative binding site
within the RhoA 3"UTR prevented this inhibition of luciferase
expression (Fig. 2e). These results indicate that miR-340 can di-
rectly regulate RhoA expression through the predicted sequence
sites.

To determine whether the expression changes of miR-340 were
occurring only in mature miR-340 or also in primary miRNA,
real-time PCR was used to measure the expression of both pri-
mary miR-340 and mature miR-340. Primary and mature miR-
340 expression was significantly upregulated within 2 h after UVB
irradiation, compared with untreated controls (Fig. 2f). P53 is not
only a major response protein in UVB-induced DNA damage but
also a modulator of microRNA processing through interaction
with the Drosha processing complex member p68 (26); thus, we
evaluated the expression of p53, Drosha, and p68 (DDXS5). The
data showed that primary and mature miR-340s were upregulated
within 2 h following p53, Drosha, and p68 (DDX5) upregulation
(Fig. 2g). These results reveal that p53, Drosha, and p68 (DDX5)
may be involved in UVB-induced miR-340 processing.

UVB irradiation modifies the expression of melanocyte den-
dricity regulators. Racl, RhoA, and Cdc42 are small GTPases that
play a key role in the regulation of cell morphology (27). Several
studies have shown that these GTPases act in opposition to control
dendrite formation and elongation in human melanocytes and
melanoma cells, with Racl and Cdc42 promoting dendrite forma-
tion and RhoA inhibiting this process (28-30). Thus, we aimed to
further clarify the role of Racl, RhoA, and Cdc42 in dendricity
regulation by monitoring their presence in NHEMs and Pig1 cells
following UVB irradiation. As shown in Fig. 3, we found that
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TABLE 2 Potential targets of miR-340 associated with dendrite formation

MicroRNA 340 Regulates UVB-Induced Dendrite Formation

Target gene Name Function in dendrite formation

TIAM-1 T-cell lymphoma invasion and metastasis 1 Modulates the activity of RHO-like proteins and connects extracellular signals
to cytoskeletal activities; activates RAC1, CDC42, and to a lesser extent
RHOA.

ARHGEF6 Rac/Cdc42 guanine nucleotide exchange factor 6 Acts as a RACI guanine nucleotide exchange factor.

RHOA Ras homolog gene family, member A Regulates a signal transduction pathway linking plasma membrane receptors
to the assembly of focal adhesions and actin stress fibers; represses dendrite
formation in melanocyte cells.

CDC42SE2 CDCA42 small effector 2 Likely involved in the organization of the actin cytoskeleton by acting
downstream of CDC42, inducing actin filament assembly; alters CDC42-
induced cell shape changes.

RAB27B Member RAS oncogene family Involved in vesicular fusion and trafficking and melanosome transport

MYOI10 Myosin X Functions as an actin-based molecular motor and plays a role in the
integration of F-actin and microtubule cytoskeletons during meiosis.

MACFI Microtubule-actin cross-linking factor 1 May function in microtubule dynamics to facilitate actin-microtubule
interactions at the cell periphery and couple the microtubule network to
cellular junctions.

ARHGEF26 Rho guanine nucleotide exchange factor 26 Activates RhoG GTPase by promoting the exchange of GDP by GTP; required
for the formation of membrane ruffles during macropinocytosis.

ROCK1 Rho-associated, coiled-coil-containing protein kinase 1 Regulates the actin cytoskeleton and cell polarity.

ARHGAP24 Rho GTPase activating protein 24 Involved in cell polarity, cell morphology and cytoskeletal organization

MYRIP Myosin VIIA and Rab interacting protein Involved in melanosome transport, serving as link between melanosome-
bound RAB27A and the motor proteins MYO5A and MYO7A.

ARHGAPS5 Rho GTPase activating protein 5 Mediates cytoskeleton changes by stimulating the hydrolysis of bound GTP.

ARHGAP29 Rho GTPase activating protein 29 Acts as a GTPase activator for the Rho-type GTPases by converting them to an
inactive GDP-bound state; has strong activity toward RHOA and weaker
activity toward RAC1 and CDC42.

CDC42BPA CDC42 binding protein kinase alpha (DMPK-like) Plays a role in the regulation of cytoskeleton reorganization and cell migration.

expression of Racl and Cdc42 protein was upregulated 12 h and
48 h after 100 mJ - cm 2 UVB exposure, whereas RhoA protein
expression was downregulated. We also investigated the changes
in the expression of Rockl, which constitute the main down-
stream pathway of RhoA signaling, in response to UVB irradia-
tion. The results showed that the protein expression of Rock1 was
downregulated following exposure to UVB. These results suggest
that UVB irradiation may promote the expression of Racland
Cdc42 and repress RhoA signaling, leading to dendrite elongation
and an increase in the number of dendrites in melanocytes.
miR-340 promotes dendrite extension and melanosome
transport by modulating the expression of RhoA. To determine
whether miR-340 can affect the dendricity of melanocytes, miR-
340 mimics were transfected into Pigl cells and NHEMs (Fig. 4h).
Morphological changes were seen in Pigl cells transfected with
miR-340 mimics compared with control miRNA (Fig. 4c), with
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FIG 3 Effect of UVB irradiation on regulators of melanocyte dendricity. Racl,
RhoA, Cdc42, and Rockl protein expression in UVB-irradiated and control
cells, detected by Western blotting.
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significant elongation of dendrites (miR-340 mimics, 104.4 *
10.76 pm; control, 49 * 3.03 wm) (Fig. 4d) and a marked increase
in the number of dendrites (miR-340 mimics, 68 = 1.53; control,
31.33 = 3.28) (Fig. 4¢). NHEM:s showed a statistically significant
elongation of dendrite length (miR-340 mimics, 147.17 * 4.36
pm; control, 110.9 *+ 4.48 wm) (Fig. 4d) and a marked increase in
the number of dendrites (52.63% = 1.92%) compared with un-
treated cells (31.11% = 4.55%) (Fig. 4e). Then, two molecules
involved in RhoA signaling, Racl and Cdc42, were detected. The
results showed that miR-340 can negatively regulate the expres-
sion of RhoA and Rock1 while upregulating Racl and Cdc42 ex-
pression at both the mRNA and protein levels (Fig. 4a and b).
Immunofluorescence analysis further demonstrated the elonga-
tion of dendrites in cells transfected with miR-340 mimics and
revealed that the dendrites of melanocytes contain more melano-
somes and the dendritic tips aggregated more melanosome (Fig. 4f
and g). These data provided evidence that miR-340 promotes den-
drite extension and melanosome transport by modulating the ex-
pression of RhoA signaling.

Inhibition of miR-340 blocks UVB-induced dendrite forma-
tion and melanosome transport via RhoA. In order to identify
the role of miR-340 in UVB-induced dendrite formation and
melanosome transport, Pigl cells and NHEMs were transfected
with miR-340 inhibitors or scrambled-sequence miRNA and then
treated with UVB. Compared with untreated control cells, miR-
340 was upregulated following UVB irradiation and transfection
with scrambled-sequence miRNA. However, miR-340 was down-
regulated following transfection with miR-340 inhibitors, and
UVB-induced miR-340 upregulation was blocked by transfection
with the miR-340 inhibitors (Fig. 5g). The expression of RhoA and
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g) miR-control (top) and miR-340-mimic (bottom)-transfected Pig1 cells (f) or NHEM:s (g) were stained with an anti-gp100 antibody (red) and DAPI (blue) and
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Rockl was downregulated by treatment with UVB (with or with-
out scrambled-sequence miRNA transfection), whereas the ex-
pression of Racl and Cdc42 was upregulated. Transfection with
miR-340 inhibitors notably upregulated expression of RhoA and
Rock1 and downregulated the expression of Racl and Cdc42 (Fig.
5a and b). We also found that transfection of miR-340 inhibitors
reversed the effect of UVB on the morphology of melanocytes
(Fig. 5¢). As shown in Fig. 5d and e, UVB treatment significantly
increased the total length of dendrites per cell (UVB Pigl, 104.5 =
3.48 wm; control, 49.78 + 1.41 wm; UVB NHEMs, 159.67 * 7.47
pm; control, 103.8 *+ 5.43 wm) and markedly increased the num-
ber of dendrites compared with those in untreated cells (UVB
Pigl, 22.8% = 1.5%; control Pigl, 5.0% = 0.8%; UVB NHEMs,
80% * 6.67%; control NHEMs, 32.3% * 4.5%). Transfection
with scrambled-sequence miRNA did not significantly enhance
the effect of UVB irradiation, but transfection with miR-340 in-
hibitors evidently decreased the total length of dendrites (Pigl,
25.28 * 4.48 pum; NHEMs, 79.15 = 5.62 pm) and the number of
dendrites (Pigl, 22.88% = 0.56%; NHEMs, 20.56% * 4.19%). In
contrast, UVB treatment in conjunction with miR-340 inhibitor
transfection decreased the total length of the dendrites (Pigl,
51.36 = 1.49 pm; NHEMs, 84.96 * 6.92 wm) and the number of
dendrites (Pigl, 4.9% = 1.1%; NHEMs, 41.9% = 1.65%), com-
pared with UVB treatment alone. Immunofluorescence analysis
confirmed these findings and also revealed aggregation of mela-
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nosomes in the dendritic tips of Pigl cells or NHEMs after UVB
irradiation (with or without scrambled-miRNA transfection)
(Fig. 5f). However, melanosomes were found to aggregate around
the nucleus when miR-340 inhibitors were transfected into Pigl
cells or NHEMs, and a similar phenomenon was found in trans-
fection by the miR-340 inhibitor and in UVB irradiation (Fig. 5f).
These data suggest that downregulation of miR-340 inhibits UVB-
induced dendrite formation and melanosome transport via RhoA
signaling.

DISCUSSION

Melanocytes are derived from neural crest cells and morphologi-
cally resemble neuronal cells, especially as they possess dendrites.
Melanocyte dendrites are the conduit for melanosome transfer to
the surrounding keratinocytes in the epidermis and are intimately
associated with the melanogenic potential of melanocytes (28).
Although it has been recognized that UV irradiation can induce
the production of melanogenic stimulators (e.g., nitric oxide, en-
dothelin 1, a-melanocyte-stimulating hormone, adrenocortico-
tropic hormone, and prostaglandin E2), which can induce mela-
nogenesis concomitantly with dendrite formation through
downstream signaling (5-7), the precise mechanism remains to be
determined. In this study, miR-340 was identified as a novel
miRNA associated with UVB irradiation that was involved in me-
lanocyte dendrite formation and melanosome transport and
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FIG 5 Inhibition of miR-340 blocks UVB-induced dendrite formation. Pigl cells and NHEMs were exposed to 100 m] - cm ™~ > UVB, with or without transfection
with miR-340 inhibitors or control (scrambled-sequence) miRNA. (a) Racl, RhoA, Cdc42, and Rock] mRNA expression was assessed by qRT-PCR. Expression
of mRNA is presented relative to the untreated control, and data are presented as the means = SEM. *, P < 0.05, Student’s t test. (b) Western blotting was used
to detect the expression of Racl, RhoA, Cdc42, and Rockl proteins. (c) Inhibition of miR-340 blocks UVB-induced morphology change. The morphology of
melanocytes was acquired after exposure to 100 mJ - cm ™~ > UVB, with or without transfection with miR-340 inhibitors or control (scrambled-sequence) miRNA
by bright-field microscopy using a 40X objective lens; scale bar, 100 wm. (d) The lengths of cell dendrites were measured by AxioVisionRel 4.8.2 software.
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a 60X objective lens to determine melanosome localization within cells. Scale bar, 50 pm. (g) miR-340 expression was assessed by qRT-PCR after exposure to 100
m]J - cm ™2 UVB, with or without transfection with miR-340 inhibitors or control (scrambled-sequence) miRNA.

showed marked upregulation in melanocytes treated with UVB.  formation and melanosome transport. Collectively, these data
Overexpression of miR-340 promoted dendrite formation and highlight the importance of miR-340 in UVB-induced dendrite
melanosome transport, whereas blocking miR-340 by transfec- formation and melanosome transport.

tion of miR-340 inhibitors prevented dendrite formation and miRNAs play diverse regulatory roles in cells, including devel-
melanosome transport and attenuated UVB-induced dendrite opment (31, 32), cell proliferation and differentiation (31-35),
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FIG 5 continued

apoptosis (36, 37), tumorigenesis (38, 39), and many other phys-
iological or pathological processes (40, 41). Notably, the first iden-
tified target for miR-340 was microphthalmia-associated tran-
scription factor (MITF), which is a master regulator of melanocyte
development and melanogenesis in melanoma cells. It was found
that miR-340 interacts with two target sites on the 3'UTR of MITF
mRNA, causing mRNA degradation and decreased expression
and activity of MITF protein (42). Following this discovery, addi-
tional functions of miR-340 were identified. In breast cancer
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research, miR-340 was found to inhibit breast cancer cell migra-
tion and invasion through the targeting of the oncoprotein c-
MET (43). miR-340 has also been reported to regulate colorectal
cancer growth via inhibition of the Warburg effect, in conjunction
with miR-124 and miR-137 (44), and to suppress osteosarcoma
tumor growth and metastasis by directly targeting ROCK1 (45). In
the current study, prediction data from the TargetScan database
showed that miR-340 could target RhoA through only one poten-
tial binding site, located at the proximal region of the RhoA
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3'UTR. We confirmed the direct binding of miR-340 to the RhoA
3'UTR using luciferase reporter assays and found through real-
time PCR and Western blot assays that miR-340 could repress the
mRNA and protein expression of RhoA, respectively.

The tumor suppressor p53 orchestrates multiple cellular path-
ways as a central node of antioncogenic programs in response to
DNA damage, oncogene activation, and several stresses (46). p53
is an important response protein in UVB-induced DNA damage
of melanocytes. Suzuki et al. reported that p53 promoted the pro-
cessing of several primary miRNA transcripts through association
with Drosha, a central RNase III in miRNA biogenesis, under
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DNA damage-inducing conditions (26). We determined the ex-
pression of p53, Drosha, and p68 (DDX5) when we analyzed the
primary and mature miR-340 expression after UVB irradiation.
The data showed that primary and mature miR-340s were upregu-
lated within 2 h following p53, Drosha, and p68 (DDX5) upregu-
lation. These results reveal that p53, Drosha, and p68 (DDX5) may
be involved in UVB-induced miR-340 processing.

Rho family GTPases play a pivotal role in dendrite formation.
It was previously established that RhoA is involved in dendrite
retraction and stress fiber formation, while Racl promotes den-
drite and lamellipodium formation, and Cdc42 mediates filopo-
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dium and neurite formation (8). Other studies have shown that
UVB induced up- or downregulation of Rho family GTPases, re-
sulting in morphological changes in B16 melanoma cells (47-50).
Fan et al. reported that RhoA RNA interference (RNAi) could
significantly reduce F-actin expression and induce neurite out-
growth of PC12 cells (51). In this study, we found that UVB irra-
diation promoted melanosome transport to the tips of melano-
cytes and subsequent melanocyte transfer to keratinocytes,
induced upregulation of Racl andCdc42 and downregulation of
RhoA and its downstream molecules (Rock1) within 12hand 48 h
of treatment, and upregulated primary miR-340 and mature miR-
340 within 2 h or 3 h of treatment, respectively. Moreover, up-
regulation of miR-340 promoted dendrite formation and melano-
some transport. However, blocking of miR-340 by transfection of
miR-340 inhibitors prevented dendrite formation and melano-
some transport and attenuated UVB-induced dendrite formation
and melanosome transport. Considering the established role of
miR-340 in RhoA regulation, it is plausible that miR-340 may
have a direct effect on dendrite formation and melanosome trans-
port via RhoA.

In conclusion, the results of the present study provide novel
information on the expression of miRNAs in melanocytes in re-
sponse to UVB irradiation and demonstrate a functional role for
miR-340 in the regulation of dendrite formation and melanosome
transport in melanocytes. These results establish a novel UVB-
miRNA-mRNA regulatory network that could be associated with
the control of skin pigmentation.
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