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Abstract miR-214 plays a major role in the self-renewal of skin tissue. However, whether miR-214 regulates the pro-
liferation and differentiation of human hair follicle stem cells (HFSCs) is unknown. Primary HFSCs were isolated from
human scalp skin tissue, cultured, and identified using flow cytometry. An miR-214 mimic and inhibitor were constructed
for transfection into HFSCs. The MTS and colony formation assays examined cell proliferation. Immunofluorescence
detected the localization and expression levels of TCF4, B-catenin, and differentiation markers. Luciferase reporter and
TOP/FOP Flash assays investigated whether miR-214 targeted EZH2 and regulated the Wnt/B-catenin signaling pathway.
Western blot determined the expression levels of enhancer of zeste homolog 2 (EZH2), Wnt/B-catenin signaling-related
proteins, and HFSC differentiation markers in cells subjected to miR-214 transfection. miR-214 expression was remarkably
decreased during the proliferation and differentiation of HFSCs into transit-amplifying (TA) cells. Downregulation of miR-
214 promotes the proliferation and differentiation of HFSCs. Overexpression of miR-214 led to decreased expression of
EZH2, B-catenin, and TCF-4, whereas downregulation of miR-214 resulted in increased expression of EZH2, B-catenin,
and TCF-4 as well as TA differentiation markers. Inmunofluorescence assay revealed that inhibiting miR-214 triggered the
entry of B-catenin and TCF-4 into the nucleus. The luciferase reporter and TOP/FOP Flash assays demonstrated that miR-
214 directly targets EZH2 and affects Wnt/B-catenin signaling. The miR-214/EZH2/B-catenin axis could be considered a
candidate target in tissue engineering and regenerative medicine for HFSCs.
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Hair follicle stem cells (HFSCs), which reside in the basal
region of the follicles, are essential in maintaining home-
ostasis and self-renewal of skin tissue [1]. Previous studies
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cells for skin repair and re-epithelialization [2]. Transit-
amplifying (TA) cells are committed progenitors among
adult stem cells (ASCs), and their terminally differentiated
daughter cells serve as the main intermediate cells of HFSC
differentiation into epidermal cells [3, 4]. Hitherto, the
signaling pathway and the molecular biological mechanism
underlying the regulation of HFS proliferation and differ-
entiation into TA cells has not been elucidated.
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Enhancer of zeste homolog 2 (EZH2), a catalytic com-
ponent of polycomb repressive complex 2 (PRC2), epige-
netically regulates chromatin structure and gene expression
via tri-methylation on histone H3K27 and the recruitment
of DNA methyltransferases for gene silencing [5]. Accu-
mulating evidence has revealed that EZH2 is critical in
stem cell maintenance and lineage specification in multiple
tissues, including osteogenesis, neurogenesis, hematopoi-
esis, epidermal differentiation, and hepatogenesis [6]. The
PcG proteins form chromatin-remodeling complexes
known as polycomb repressor complexes (PRCs). Com-
prised of EZH2, Eed, and Suzl12, PRC2 is recruited to
chromatin, where the methyltransferase EZH2 catalyzes
H3 trimethylation on lysine 27 (triMeK27-H3). This his-
tone marker then provides a platform to recruit PRCI
(which aids in PcG-mediated repression either by com-
pacting chromatin or by interfering with the transcription
machinery). Without EZH2 activity, PRC1 cannot be
recruited to chromatin, and PcG-mediated repression is not
established [7]. A previous study demonstrated that EZH2
was involved in the regulation of epidermal differentiation.
In epidermal progenitor cells, elevated expression of EZH2
restricts proliferation by repressing the cyclin-dependent
kinase inhibitors INK4A and INK4B, which in turn, sup-
presses cell cycle progression. During epidermal differen-
tiation, the diminshed levels of EZH2 activate the
expression of INK4A and INK4B, which slows cell pro-
liferation and removes histone H3K27me3. This phe-
nomenon recruits the transcriptional factor APl to
structural genes that are required for epidermal differenti-
ation [7].

The Wnt/B-catenin signaling pathway plays a major role
in regulating epidermal stem cell renewal and lineage
selection of HFSCs [8]. Previous studies have shown that
B-catenin regulates stem cell differentiation by activating
downstream genes. After its accumulation into the nucleus,
B-catenin binds to TCF/LEF and stimulates related down-
stream genes, including c-myc, cyclinDI, and keratin
14/15, all of which play critical roles in promoting HFSC
differentiation into TA cells [9, 10].

MicroRNAs (miRNAs) represent a subset of small,
noncoding RNAs that can directly bind to the 3’-untrans-
lated region (3'-UTR) of targeting mRNAs to posttran-
scriptionally regulate gene expression, resulting in either
translational repression or mRNA degradation [11]. miR-
NAs participate in a variety of biological processes,
including cell apoptosis, proliferation, differentiation, and
survival [12]. In addition to signaling/transcription factor-
mediated and epigenetic regulatory mechanisms, miRNAs
also control HFSC development [13, 14]. miR-214 is one
of the most studied miRNAs and is located within the
sequence of the long noncoding Dmn3os transcript [15].
miR-214 is highly conserved across mulitple species and is
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involved in numerous physiological and pathological pro-
cesses. It also coordinates the cell fate, differentiation, and
morphogenesis of muscle, skeleton, skin, the cardiovascu-
lar system, and the nervous system [16-19].

Collectively, the Wnt/B-catenin pathway and EZH2
have emerged as two main signaling/protein nodes that
regulate HFSC proliferation and differentiation. However,
the type of epigenetic factors or upstream factors that
regulate or interact with Wnt/B-catenin signaling or EZH2
into modify HESC activity remains unknown. Although
previous studies have explored the role of Wnt/B-catenin
and EZH2 on regulating the activity of HFSCs, the detailed
molecular mechanisms underlying this process necessitate
further investigation. Therefore, the present study was
carried out to examine the negative effect of miR-214 on
HFSC proliferation and differentiation and whether EZH2
and the Wnt/B-catenin signaling pathway are involved.

2 Materials and methods
2.1 Isolation and culture of HFSCs

Scalp tissues were obtained from six patients with a scalp
laceration and contusion at our hospital. The study was
approved by the Ethics Committee of the hospital, and all
the participants provided written informed consent. The
skin was cut into 2 mm x 2 mm blocks using ophthalmic
scissors; the blocks were rinsed three times with phosphate-
buffered saline (PBS). They were then treated with 1%
dispase and 1% collagenase IV at 37 °C for 90 min fol-
lowed by three PBS washes. Under a stereomicroscope, the
hair follicle was separated from the connective tissue
sheath using a syringe needle. The two ends were cut off,
leaving the bulge that was cultured for 2 days in Matrigel
Basement Membrane Matrix (BD, NY, USA) with 1 mL of
complete medium (869 pL/mL DMEM/F12, 100 pL/mL
KSR, 10 pL/mL penicillin—streptomycin, 10 pL/mL L-
glutamine, 10 pL/mLL. MEM nonessential amino acids,
20 ng/mL EGF, 10 ng/mL bFGF, 1 pL/mL 2-mercap-
toethanol, and 10 ng/mL hydrocortisone) at 37 °C with 5%
CO,. After tissue adherence, 5 mL of complete medium
was slowly added. To induce HFSC differentiation, len-
tiviral vectors overexpressing human f-catenin and c-myc
were transfected into HFSCs as described previously
(GeneChem, Shanghai, China) [10]. The medium was
changed every 3 days. Cell growth, proliferation and dif-
ferentiation were all observed through an inverted micro-
scope (Ti-E, Nikon, Tokyo, Japan). The images of 10 x 10
or 10 x 20 areas were photographed as appropriate.
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2.2 HFSC sorting and verification

Flow cytometry was performed for sorting and verification
of HFSCs. The identification of HFSCs was confirmed by
the following expression pattern: LGRS (+), CD200 (++),
CD271 (—), and CK15 (—) [20]. Briefly, third-generation
HFSCs were collected to prepare suspensions at a density
of 1 x 10° cells/mL. A total of 20 pL of fluorescein
isothiocyanate (FITC)-labeled mouse anti-human LGRS,
CD200, CD271, and K15 monoclonal antibodies (Abcam,
Cambridge, UK) were added to the cell suspension, fol-
lowed by an incubation on ice for 20 min in the dark; tubes
without antibodies were used as a negative control. Next,
2 mL of PBS was added to each tube followed by cen-
trifugation at 1000 rpm for 6 min. The cells were washed
two times with 0.5 mL of PBS. Flow cytometry was per-
formed using a BD FACS Calibur™ (BD Biosciences, NJ,
USA). The experiments were repeated three times.

2.3 RNA extraction and real-time quantitative RT-
PCR

Total RNA was extracted from the HFSC cultures using
TRIzol (Invitrogen, CA, USA). The quality and quantity of
the isolated total RNA were assessed using an Agilent 2100
Bioanalyzer and NanoDrop ND-1000 Spectrophotometer
(Agilent, Santa Clara, CA, USA), respectively. For miR-
214 detection, total RNA samples were polyadenylated and
reverse transcribed using a two-step quantitative RT-PCR
with an NCode™ VILO™ miRNA c¢DNA Synthesis Kit
and EXPRESS SYBR® GreenER™ miRNA gRT-PCR
Kits (Invitrogen) according to the manufacturer’s instruc-
tions. The sequence-specific forward and reverse primers
for hsa-miR-214 and U6 were 5'-ACACTCCAGCTGG-
GACAGCAGGCACAGACAGGCA-3’, 5'-CTCGCTTCG
GCAGCACA-3' and 5'-CTCGCTTCGGCAGCACA-3/, 5'-
AACGCTTCACGAATTTGCGT-3/, respectively. U6 was
used as an internal control. The expression levels of miR-
214 were calculated using the ratio of miR-214/U6
expression.

2.4 Cell transfection

HFSCs were divided into six groups: normal (untransfected
HFSCs), negative control (Mock), miR-214 mimic, miR-
214 inhibitor, EZH2 siRNA, and XAV-939 (Wnt/B-catenin
inhibitor). The sequences in the vectors transfected in the
mock, miR-214 mimic, and miR-214 inhibitor groups were
5'-CCUGACAAUUAGUAUUU-3" GenePharma, Shang-
hai, China), 5-ACAGGUAGCUGAACACUGGGUU-3’
(Synbio Technologies), and 5-UCACAGUGCUCAU-
CAUGAAUAA-3" (Shanghai Bioleaf, Shanghai, China),
respectively. The sequence for EZH2 siRNA was 5'-

GAGGTTCAGACGAGCTGAT-3’ (Ribobio, Guangzhou,
China). HFSCs (200 pL/well) in the logarithmic growth
phase were seeded in a 6-well plate in antibiotic-free
complete medium. When the cells reached 30-50% con-
fluence, they were transfected with miR-214 NC vector,
miR-214 mimic, and miR-214 inhibitor (100 pmol; final
concentration, 50 nM) using Lipofectamine 2000 (Invit-
rogen; Thermo Fisher Scientific Inc.). The transfected cells
were placed in a 5% CO, incubator at 37 °C. The medium
was replaced with complete medium after a 6-8 h incu-
bation at 37 °C, and the transfected cells were further
incubated at 37 °C for 24-48 h for subsequent
experiments.

2.5 Cell viability and proliferation examined
by the MTS assay

Cell viability and proliferation were determined by the
MTS [(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)  2-(4-sulfophenyl)-2H-tetrazolium]
assay (Promega, Madison, WI, USA). Briefly, cells were
seeded in 96-well plates and cultured at 37 °C for 24 h
before transfection. Next, the cells were transfected with
the corresponding oligonucleotides. At different time
points, the MTS solution (20 pL) was added to each well of
the plate, and the plates were incubated at 37 °C for 1 h.
Subsequently, the absorbance was measured at 450 nm.

2.6 Colony formation assay

Cells from the six groups were cultured for five days and
then transferred to 6-well plates at a density of 500 cells/
well. The cells were fixed with 4% paraformaldehyde and
stained with crystal violet for 20 min. Colonies compris-
ing > 50 cells were detected.

2.7 Cell cycle assay

Cells from the six groups were harvested and suspended in
70% cold ethanol overnight. Then, the cells were stained
with propidium iodide (PI) (Vazyme, Nanjing, China) for
30 min and analyzed. The proportion of cells in different
phases of the cell cycle was calculated and compared.

2.8 Luciferase reporter assay

For the luciferase reporter assays, 3 x 10* HSCF cells
were plated in collagen-coated wells of a 12-well plate in
DMEM. After 72 h, the cells were transfected with either
EZH2 3’-UTR Lenti-reporter-Luc vector (ABM, EZH2-
UTR-wt) or EZH2 3’-UTR Lenti-reporter-Luc vector with
a mutated miR-214 binding site (EZH2-UTR-mt) and the
indicated miRNAs or controls. Briefly, 0.33 pg/well of the
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reporter plasmids were co-transfected with the miR-214
mimics, miR-214 inhibitor, or respective controls (2 pL/
well) using jetPRIME® (Polyplus-transfection ~SA)
according to the manufacturer’s protocol. pRenilla (0.1 pg/
well) was included in all the transfection assays as an
internal control. Luciferase and Renilla (Promega) activity
assays were conducted 48 h posttransfection. The relative
luciferase unit (RLU) was defined as the ratio of luciferase
activity to Renilla activity with the control group set as 1.0.

2.9 TOP/FOP Flash assay

The TOP/FOP Flash assay is a luciferase reporter assay
that specifically assesses the activity of B-catenin and T cell
factor (TCF) signaling. Cells (3 x 10* cells/well in
24-well plates) were transfected with 0.1 g of either TOP
Flash or FOP Flash (Upstate Biotechnology, Lake Placid,
NY, USA) and 5 ng pRL-SV40 (Promega) using Lipo-
fectamine 2000. After 24 h, the medium was replaced with
basic complete medium containing either miR-214 mimic
or inhibitor, and the cells were incubated for an additional
24 h. After the cells were lysed, the luciferase assay was
subsequently carried out according to the manufacturer’s
instructions. The luciferase activity of each sample was
normalized with the respective Renilla luciferase activity.

2.10 Western blot analysis of EZH2, Wnt/B-catenin
signaling proteins, and TA differentiation
markers

Cells were lysed on ice using 1X SDS lysis buffer
[100 mM 2-ME, 50 mM Tris—HCI (pH 6.8), 2% w/v SDS,
10% glycerol]. The total protein concentration was deter-
mined using the bicinchoninic acid (BCA) method. An
equivalent of 40 pg of protein was separated by 10-12%
SDS-PAGE and transferred to a nitrocellulose membrane
(GE Healthcare Life Sciences). Subsequently, the mem-
branes were probed with anti-GAPDH (Santa Cruz
Biotechnology Inc.), anti-B-catenin (BD Bioscience, USA),
anti-TCF-4 (BD Bioscience), anti-LEF-1 (Abcam, Cam-
bridge, UK), anti-cyclin D1 (Abcam), anti-EZH2 (R&D,
Minneapolis, USA), anti-K15 (Abcam), anti-K19 (Abcam),
and anti-Integrin-06 (Abcam) antibodies overnight at 4 °C
followed by an incubation with horseradish peroxidase-
conjugated secondary antibodies (Bio-Rad Laboratories
Inc., Hercules, CA, USA) for 1 h. Then, the immunore-
active bands were visualized using a ChemiDoc XRS
system (Bio-Rad Laboratories Inc.).

2.11 Immunofluorescence assay and DAPI staining

For the immunofluorescence studies, cells were grown on
poly-p-lysine-coated glass coverslips, fixed with 4%
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paraformaldehyde for 20 min at 37 °C, and permeabilized
with 0.1% Triton X-100/PBS for 3 min at room tempera-
ture before incubation with the specific or control anti-
bodies  (anti-B-catenin and anti-TCF-4  (Abcam),
respectively). Then, the cells were fixed with methanol:a-
cetic acid (3:1, v/v) prior to PBS washes and counterstained
with DAPI (4,6-diamidino-2-phenylindole, dihydrochlo-
ride) (Vector Laboratories Inc., Burlingame, CA, USA) in
the dark. The images of the stained cells were visualized
and captured using an Olympus confocal microscope.

2.12 Statistical analysis

The results are expressed as the mean £ SD. Statistical
analyses were performed using GraphPad Prism 6.0
(GraphPad, San Diego, CA, USA) by t-test and/or one-way
ANOVA. The least-significant-difference (LSD) method of
multiple comparisons was used when ANOVA showed a
statistical significance. All the data represent the mean
value from three independent experiments with 6 samples
each. p < 0.05 was regarded as statistically significant.

3 Results

3.1 miR-214 expression is attenuated during HFSC
proliferation and differentiation

Primary HFSCs were successfully cultured (Fig. 1A-F).
HFSCs were sorted and identified as LGRS (+), CD200
(++), CD271 (—), and CK15 (—) (Fig. 1G). To investigate
the putative role of miR-214 in the proliferation and dif-
ferentiation processes, we examined its expression during
differentiation. The levels of miR-214 were estimated by
RT-PCR at different time points during HFSC differenti-
ation into TA cells. The changes in the expression of miR-
214 during HFSC differentiation into TA cells were further
confirmed when HFSCs were induced for 15 or 30 days to
promote differentiation into TA cells. The results showed
that miR-214 was slightly decreased after the 15-day
stimulation and was significantly attenuated after the
30-day induction; however, it was still higher than the
levels in TA cells (Fig. 1H) (p < 0.05). Therefore, miR-
214 expression gradually decreased during the differenti-
ation of HFSCs into TA cells compared to the levels
observed on day 0 (*p < 0.05).

3.2 miR-214 inhibits cell proliferation and alters
the cell cycle progression of human HFSCs

To investigate the biological function of miR-214 expres-
sion in HFSCs, cells were transfected with miR-214 mimic
or miR-214 inhibitor (Fig. 2A-I). The MTS assay
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Fig. 1 Primary HFSC culture and identification of HFSCs and miR-
214 expression during proliferation and differentiation stages. A—
F Primary HFSCs were successfully cultured and subcultured. A,
B Day 15, HFSCs emerge from the tissue (10 x 10 and 10 x 20);
C Day 21, HFSCs emerge from the tissue (10 x 10); D Day 7 after

demonstrated ameliorated cell proliferation after upregu-
lation of miR-214 following transfection of HFSCs with
miR-214 mimic (Fig. 2H, I). Conversely, cell proliferation
was enhanced after downregulation of miR-214 following
transfection of HFSCs with miR-214 inhibitor (Fig. 2H, I).
Furthermore, the colony formation assays demonstrated
that the relative number and size of the colonies were fewer
and smaller, respectively, after upregulation of miR-214 in
HFSCs (Fig. 2C); however, they were greater and larger,
respectively after downregulation of miR-214 in HFSCs
(Fig. 2D). To further explore whether EZH2 and Wnt/B-
catenin signaling are involved, EZH2 siRNA and the Wnt
inhibitor XAV-939 were added to cells. The results showed
that both EZH2 siRNA (Fig. 2E) and XAV-939 (Fig. 2F)
decreased the proliferation of HFSCs compared to that of
the control cells. As shown in Fig. 3, miR-214 mimic
promoted cell cycle progression and exerted an increase in
the G1/S fraction in HFSCs. Conversely, inhibition of miR-
214 resulted in a decreasing trend in the cell population in
G1/S phase. These findings suggested that downregulation
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of miR-214 accelerates cell cycle progression in HFSCs. In
addition, EZH?2 siRNA and XAV-939 treatment increased
the ratio of cells in G1/S phase similar to the effect of miR-
214 mimic.

3.3 miR-214 directly targets EZH2 during HFSC
proliferation and their differentiation into TA
cells

To determine the target genes and signaling pathway of
miR-214, candidates were searched using DIANA TOOLS
v7.0  (http://diana.imis.athena-innovation.gr/DianaTools).
The results showed that miR-214 targeted the EZH2 gene
at the designated positions (Fig. 4A). To analyze the rela-
tionship between miR-214 and EZH?2, a luciferase reporter
assay containing wild-type (wt) or mutant (mut) miR-214
target sites in the EZH2 3'-UTR was carried out. HFSCs
were co-transfected with miR-214 mimic and either wild-
type recombinant plasmid (Wt-miR-214/EZH2) or mutated
recombinant plasmid (Mut-miR-214/EZH?2). The luciferase
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Fig. 2 Clone formation and MTS assays following miR-214 trans-
fection. A Normal group; B Mock; C miR-214 mimic; D miR-214
inhibitor; E EZH2 siRNA; F XAV-939; G Plate clone formation

activity assay indicated that transfection with miR-214
mimic did not significantly affect the luciferase activity of
the cells in the Mut-miR-214/EZH2 plasmid group com-
pared to cells in the negative control group. By contrast, the
luciferase activity of cells in the Wt-miR-214/EZH2 plas-
mid group decreased by 60% compared to the activity in
the negative control group (p < 0.05) (Fig. 4B). These
results supported the bioinformatics predictions and indi-
cated that EZH2 might be a direct target of miR-214.

3.4 miR-214 directly regulates the Wnt/p-catenin
signaling pathway during HFSC proliferation
and their differentiation into TA cells

miR-214 might exhibit a critical role in regulating the
activity of the Wnt/B-catenin signaling pathway. In an
effort to determine the relationship between the expression
of miR-214 and the activity of the Wnt/B-catenin signaling
pathway, we employed TOP Flash and FOP Flash repor-
ters, which are widely used to evaluate [B-catenin-depen-
dent signaling; thus, the effects of miR-214 on Wnt/B-
catenin signaling were assessed. The luciferase activity of
the cells altered as predicted; Wnt/B-catenin signaling was
inhibited when the levels of miR-214 were upregulated. On
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the other hand, silencing miR-214 significantly enhanced
Whnt/B-catenin signaling. In addition, application of EZH2
siRNA also attenuated Wnt/B-catenin signaling in a similar
manner as XAV-939 treatment (Fig. 4C).

3.5 miR-214 influences the differentiation of HFSCs
into TA cells

B-Catenin and TCF-4 are the two key proteins involved in
the proliferation of HFSCs and their differentiation to TA
cells. Next, we used Western blotting to investigate the
protein expression levels of B-catenin and TCF-4 (Fig. 5)
and found that downregulation of miR-214 enhances the
expression levels of B-catenin and TCF-4. On the other
hand, overexpression of miR-214 leads to the significantly
decreased expression of B-catenin and TCF-4. Fluores-
cence microscopy revealed that the localization of f-cate-
nin in the cells shifted from nuclear to cytoplasmic when
miR-214 expression increased; simultaneously, the TCF-4
levels in the nucleus decreased (Fig. 6). Conversely,
downregulation of miR-214 promoted the entry of p-cate-
nin and TCF-4 into the nucleus from the cytoplasm
(Fig. 6). Next, we explored the expression levels of TA
differentiation markers, including Integrin-a6, K15, and
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Fig. 3 FACS analysis of the effect of altering miR-214 expression on cell cycle progression. A Normal group; B Mock; C miR-214 mimic;
D miR-214 inhibitor; E EZH2 siRNA; F XAV-939; G Statistics of the cell cycle distribution

K19, and found that inhibiting miR-214 promoted the
expression of Integrin-06, K15, and K19 compared to the
levels in the controls. In contrast, upregulation of miR-214
decreased the expression of Integrin-a6, K15, and K19.
Moreover, we also found that EZH2 siRNA and XAV-939
attenuated the expressions of all three markers (Fig. 5).

4 Discussion

Epidermal stem cells (ESCs) represent one of the earliest
seed cells used in skin tissue engineering. However, their
low adherence rate, slow proliferation, brittle cell mem-
brane, and poor adhesion to the wound surface has
restricted their clinical application [21]. Recently, HFSCs
have been used as seed cells in skin tissue engineering.
HFSCs exhibit stronger proliferative abilities and differ-
entiation orientation than ESCs [22]. Recently, epigenetic
factors have been identified to play important roles in
regulating HFSC differentiation into TA cells.
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MicroRNAs, one family of the most important epige-
netic factors, are short regulatory RNAs that are able to
posttranscriptionally modulate gene expression and that
play crucial roles in the control of physiological and
pathological processes, including the regulation of stem
cell proliferation and differentiation. There is increasing
evidence regarding the role of microRNAs (miRNAs) in a
variety of pathological conditions, such as preeclampsia,
endometriosis and cancer [23-26]. miR-214 has been pre-
viously implicated in skin renewal [19]. Previous studies
also demonstrated that miR-214 transgenic mice exhibited
decreased epidermal proliferation, a number of all types of
HFs, variable sizes of hair bulbs, and the formation of
thinner hair compared to wild-type controls via regulation
of Wnt [19]. Moreover, activation of Wnt signaling rescues
these skin phenotype changes in miR-214 transgenic mice
[19]. The current study demonstrated that EZH2 is a target
of miR-214. Several studies have shown that B-catenin is
also a direct target of miR-214 [27-29].

Our present study highlights two different mechanisms
by which miR-214 regulates the biological activity of
HFSC proliferation and differentiation to TA cells. First,

@ Springer

the suppressive effect of miR-214 on the target, suggesting EZH2 as a
miR-214 target gene. p < 0.05 versus control mimic. C TOP Flash
and FOP Flash assays assessed the effect of miR-214 and EZH2
interference on the Wnt/B-catenin signaling pathway (*p < 0.05,
**p < 0.01)

we showed that miR-214 could inhibit the activity of the
Wnt/B-catenin signaling pathway. The Wnt signaling
pathway is a potent regulator of cell proliferation and dif-
ferentiation. Many effects of miR-214 on skin and HF
development are most likely associated with interference of
cell cycle regulation. In our study, activation of miR-214
alters the cell cycle through downregulation of cyclin D1
expression. Next, we found that miR-214 negatively reg-
ulates the expression of EZH?2 via direct interaction with
the 3-UTR of EZH2 mRNA. EZH2, which plays an
important biological role, has been reported to be a target
gene of miR-214 in various cell types. For example, miR-
214 regulates EZH2 in skeletal muscle and in embryonic
stem cells [18]. In addition, miR-214 also protects ery-
throid cells against oxidative stress by directly targeting
EZH2 [30].

To further investigate the effect of miR-214 on the
phenotypic changes in HFSCs, we transfected HFSCs with
miR-214 mimic and miR-214 inhibitor and found that
overexpression of miR-214 significantly inhibited HFSC
growth and differentiation to TA cells, while reduced
expression of miR-214 promoted HFSC growth and
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Fig. 5 Western blot analysis of the expression levels of B-catenin,
Cyclin D1, EZH2, TCF4, and LEF1 and the TA cell differentiation
markers Integrin a6, CK15, and CK19 after transfection. The data
represent the mean value from three independent experiments

differentiation to TA cells. Western blot analysis of Wnt/[-
catenin-related proteins and the TA cell differentiation
markers K15, K19, and Integrin-o6 showed that miR-214
could influence HFSC differentiation into TA cells. In
addition, miR-214 interference altered the expression
levels of the B-catenin and TCF-4 and influenced the entry
of both proteins into the nucleus. Previous studies have
found that B-catenin and its downstream factors c-myc,
cyclin D, and K15 are key factors for TA cell formation
[10]. Together, these findings suggested that miR-214
could regulate the human HFSC proliferation and differ-
entiation by targeting EZH2 and the Wnt/B-catenin sig-
naling pathway.

Fig. 6 Immunofluorescence
localization of TCF4 and -
catenin following miR-214 Anti-TCF4
transfection. Green color: anti- +
TCF4; red color: anti-B-catenin; DAPI
blue color: DAPI staining;
yellow: overlap of green and red Anti-B-catenin
color. (Color figure online) +

DAPI

Normal

Anti-TCF4
+
Anti-B-catenin [FEI
+
DAPI

Mock

The Wnt/B-catenin signaling pathway has emerged as
the dominant pathway regulating the patterning of skin and
influencing the decisions of embryonic and adult stem cells
to adopt the various cell lineages of the skin and its
appendages. Subsequently, this pathway controls the
function of differentiated skin cells [8]. Although the Wnt/
B-catenin signaling pathway regulates the activity of
HFSCs, the underlying molecular mechanisms are yet
poorly understood. Therefore, finding a new modulator that
can regulate this pathway is imperative. Wnt/B-catenin
signaling plays a critical role in HFSC proliferation and
differentiation. In addition, the TOP/FOP Flash assay
showed that the EZH2 siRNA affected Wnt/B-catenin
signaling, implicating that miR-214 might also influence
Whnt/B-catenin signaling by targeting EZH2. A previous
study showed that B-catenin is a downstream target of
EZH2; hence, it can be directly or indirectly regulated via
EZH2 to modulate the B-catenin signaling pathway [31].
Ectopic EZH2 expression increases the active [-catenin
levels in immortalized human hepatocytes [28]. Further-
more, EZH?2 also binds to the promoters of a panel of Wnt
signal antagonists, wherein the H3K27me3-repressive
marker was also enriched to activate the Wnt signal [28]. In
the mechanism of the EZH2-mediated activation of Wnt/j-
catenin signaling, EZH2 serves as a transcriptional
repressor and represses Wnt antagonists, including RAFI,
CXXC4, AXIN2/beta TrCP, and p53 [32-34].

Nevertheless, the present study has several limitations.
First, this was an in vitro experimental study. Further
in vitro or in vivo studies are essential to substantiate these
findings. Second, the targets of miRNAs may not be unique
as we could not deduce whether other signaling pathways
might also be involved in miR-214 interference.

Taken together, these data showed that miR-214 is
downregulated during HFSC proliferation and differentia-
tion into TA cells. The reduction in the expression level of
miR-214 resulted in the upregulation of EZH2 and B-
catenin. In addition, the downregulation of miR-214
resulted in increased proliferation and differentiation into

miR-214
inhibitor

miR-214

mimic EZH2 siRNA  XAV-939

@ Springer
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TA cells. On the other hand, the ectopic expression of miR-
214 in HFSCs suppressed cell growth and differentiation to
TA cells in vitro via inhibition of EZH2 and Wnt/B-catenin
signaling.
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