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Hsa-miR-150-5p inhibits Wnt-B-catenin signaling in human
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Purpose: In our earlier study, we identified hsa-miR-150-5p as a highly expressed miRNA in enriched corneal epithelial
stem cells (CESCs). In this study, we aimed to understand the molecular regulatory function of hsa-miR-150-5p in as-
sociation with the maintenance of stemness in CESCs.

Methods: The target mRNAs of hsa-miR-150-5p were predicted and subjected to pathway analysis to identify targets for
functional studies. Primary cultured limbal epithelial cells were transfected with hsa-miR-150-5p mimic, inhibitor, or
scrambled sequence using Lipofectamine 3000. The transfected cells were analyzed to determine (i) their colony-forming
potential; (ii) the expression levels of stem cell (SC) markers/transcription factors (ABCG2, NANOG, OCT4, KLF4,
and ANp63), the differentiation marker (Cx43), and the hsa-miR-150-5p predicted targets (JARID2, INHBA, AKT3, and
CTNNBI) by qPCR; and (iii) the expression levels of ABCG2, p63a, Cx43, JARID2, AKT3, p-AKT3, B-catenin, and
active f-catenin by immunofluorescence staining and/or western blotting.

Results: The ectopic expression level of hsa-miR-150-5p increased the colony-forming potential (8.29% =+ 0.47%, p <
0.001) with the ability to form holoclone-like colonies compared with the control (1.8% + 0.47%). The mimic-treated cells
had higher expression levels of the SC markers but reduced expression levels of Cx43 and the targets of hsa-miR-150-5p
that are involved in the Wnt-B-catenin signaling pathway. The expression levels of B-catenin and active B-catenin in the
inhibitor-transfected cells were higher than those in the control cells, and the localized nuclear expression indicated the
activation of Wnt signaling.

Conclusions: Our results indicate a regulatory role for hsa-miR-150-5p in the maintenance of CESCs by inhibiting the

Wnt signaling pathway.

The cornea is the transparent window of the eye, and
its outermost layer, the corneal epithelium, plays an essen-
tial role in maintaining corneal transparency [1]. Corneal
epithelial stem cells (CESCs) in the basal layer of the limbal
epithelium maintain corneal epithelial homeostasis [2]. These
adult stem cells are tissue-specific and located in a special-
ized niche in the limbus. They are normally quiescent and
proliferate during wound healing [3] and maintain homeo-
stasis throughout life [4]. Although many reports are available
on their properties such as migration [5], angiogenesis [6],
differentiation [7], and proliferation [8], resources on the
molecular regulation of stemness are limited. A few reports
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on growth factors [9], transcription factors [10], and miRNAs
[11] suggest the possibility of CESC regulation.

MiRNAs are non-coding single-stranded RNAs
containing 18—24 nucleotides that are involved in the post-
transcriptional regulation of gene expressions [12, 13]. To
understand the miRNA profile of CESCs in relation to the
maintenance of stemness, we previously performed small
RNA sequencing of enriched human CESCs in comparison
with differentiated central corneal epithelial cells. CESCs
were enriched up to 80% using a two-step enrichment
protocol: (i) differential enzymatic treatment to isolate the
basal limbal epithelial cells (25% stem cell content [14]),
followed by (ii) laser capture microdissection of cells with
a nucleus-to-cytoplasm ratio of >0.7 (80% stem cell content
[15]). Six miRNAs, namely hsa-miR-21-5p, hsa-miR-143-3p,
hsa-miR-150-5p, hsa-miR-3168, hsa-miR-1910-5p, and hsa-
miR-10a-5p, were identified as highly expressed in CESCs
and validated with qPCR analysis. In addition, miRNA
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locked nucleic acid in situ hybridization revealed that hsa-
miR-150-5p was expressed in clusters of small cells in the
limbal basal epithelium, which indicates their association
with stem cells [16]. In continuation of our previous work
on miRNA profiling, we analyzed the functional role of hsa-
miR-150-5p in CESCs in this study.

Hsa-miR-150-5p is known to be involved in various
cellular functions in different types of cells. Myocardial
remodeling and cardiomyocyte apoptosis were prevented
in rat models of ischemia/reperfusion when extracellular
vesicles carrying miR-150-5p derived from mesenchymal
stem cells were transferred intramyocardially [17]. Hsa-miR-
150-5p has also been found to regulate cell cycle progression
[18], proliferation [19], differentiation [20], mesenchymal-
epithelial transition [21], tumorigenesis [22], and various
pathways such as Wnt-f-catenin signaling [23].

The behavior of three-dimensional (3-D) cultured cells
is similar to in vivo responses of the cells; hence, 3-D culture
systems are considered an excellent in vitro model. The
tissue equivalents (TEs) of Real Architecture For 3D Tissue
(RAFT) are spatially defined compressed collagen-based 3-D
culture systems for producing mimetic epithelial or endothe-
lial tissue equivalents suitable for transplantation and a model
for studying cellular interactions [24]. This RAFT culture
system is ideal for culturing primary limbal epithelial cells,
including CESCs, in their relatively native-like environment
for functional analysis [25]. Hence, in this study, to elucidate
the regulatory potential of hsa-miR-150-5p in CESCs, the
RAFT system was used to culture limbal epithelial cells.
Understanding the regulatory mechanism of hsa-miR-150-5p,
including the signaling pathways, will be beneficial for
developing therapeutic applications based on miRNAs and
for expanding autologous CESCs for transplantation in limbal
stem cell-deficient (LSCD) patients.

METHODS

Sample: Human donor tissues were handled in accordance
with the tenets of the Declaration of Helsinki, and the study
was approved by the institutional ethics committee, Aravind
Medical Research Foundation (RES2013038BAS), and the
Moorfields Eye Hospital/UCL Institute of Ophthalmology
Eye Tissue Repository 10/H0106/57-2011ETR10. The enucle-
ated donor globes and limbal rims received after transplan-
tation (donor age, <72 years; non-diabetic) were obtained
from the Rotary Aravind International Eye Bank (Madurai,
India), Moorfields Eye Hospital Lions Eye Bank (London,
UK), and Veneto Eye Bank Foundation (Venice, Italy). The
donor globes used in the study were observed under a stereo
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binocular microscope, and those with intact limbus were
selected.

Target prediction for hsa-miR-150-5p: The targets of hsa-
miR-150-5p were predicted using miRWalk Version 3.0 [26]
and mirDIP Version 4.1.1.6 [27]. Targets that were common
to both miRWalk and mirDIP were selected to avoid false
positives. The selected targets were analyzed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) mapping tool,
the Search pathway in the KEGG mapper, and grouped into
functional categories. The targets associated with the regula-
tion of stem cells were selected for further analysis.

Two-dimensional limbal epithelial cell culture: Limbal
epithelial cells from limbal explants (2 mm) from donor
eyes/limbal rims were cultured, as described by Arpitha et
al. [28]. Briefly, the explants were placed in a 35-mm cell
culture dish (Nunc, Thermo Fisher Scientific, Waltham, MA),
with the epithelial side facing up. The explants were covered
with a drop of supplemented hormonal epithelial medium
(SHEM) and allowed to attach to the dish by incubating at
37°C for approximately 20 min. The medium was composed
of DMEM/F12 Glutamax (Invitrogen, Thermo Fisher Scien-
tific), fetal bovine serum (10%, Invitrogen), dimethyl sulf-
oxide (0.5%, Sigma-Aldrich, St Louis, MO), transferrin (5
pg/ml, Sigma-Aldrich), insulin (5 pg/ml; Invitrogen), hydro-
cortisone (0.5 pg/ml; Sigma-Aldrich), sodium selenite (5 ng/
ml; Sigma-Aldrich), amphotericin B (1.25 pg/ml; Invitrogen),
gentamicin (50 pg/ml; Invitrogen), and epidermal growth
factor (5 ng/ml; Invitrogen). After attachment, the explants
were cultured in SHEM at 37°C and 5% CO, The medium
was changed on alternate days until it reached 70% to 80%
confluency.

3-D limbal epithelial cell culture: The limbal epithelial cells
were isolated, as described by Arpitha et al. [29]. Briefly,
the limbal ring was treated with dispase II (2 mg/ml) for 45
min at 37°C, followed by trypsin (0.25%) treatment for 30
min to obtain individual epithelial cells. In the 3-D culture,
the isolated limbal epithelial cells were grown on RAFT-TEs
containing corneal stromal stem cells (CSSCs).

For culturing the CSSCs, the limbus, along with the
anterior stroma, was dissected (approximately 100 um deep),
leaving a small portion of sclera on one side and the cornea
on the other side. The limbal stroma was cut into small pieces
and incubated in a collagenase solution (Collagenase-L 0.5
mg/ml) at 37°C overnight. After centrifugation, the pellet
from the digested solution was resuspended in 3 ml of CSSC
medium [30]. The cells were then incubated at 37°C in 5%
CO, in a fibronectin-coated T25 flask. On the next day, the
cells adhering to the flask were washed with 1x Dulbecco's
phosphate-buffered saline (Life Technologies, Paisley, UK)
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and replaced with fresh CSSC medium. On the second
day, the CSSCs were selectively trypsinized with 0.05%
trypsin-0.02% EDTA (Invitrogen), transferred to a fresh
fibronectin-coated T75 flask, and cultured at 37°C in 5%
CO,, with medium replacement on alternate days. When the
cells reached 60%—70% confluence, they were subcultured
at a seeding density of 3000 cells/cm? in a fresh flask. The
cells at passage 4 were used for the preparation of the RAFT.

RAFT TEs were prepared using the method of Levis and
Daniels [31], with modifications. Briefly, the collagen solu-
tion was prepared by mixing eight parts of AteloCell native
collagen (bovine dermis, 3 mg/mL, pH 3.0; Collagen Acidic
Solution I-AC, Koken, Tokyo, Japan) with one part of 10x
minimum essential medium from a RAFT reagent kit (Lonza,
Basel, Switzerland). A neutralizing solution (5 M sodium
hydroxide) was added dropwise to achieve a pH between
7.2 and 7.4. The solution was spun at 162 xg for 3 min to
allow the dispersion of any small bubbles. The CSSCs were
resuspended in one part of the CSSC medium (30,000 cells/
RAFT) and added to the neutralized collagen. The solution
was placed in ice to prevent gelling during the preparation
process. A volume of 625 pl of freshly prepared collagen solu-
tion with CSSCs was transferred into the individual wells of a
24-well plate (Greiner, Stonehouse, UK) and heated to 37°C
for 30 min to aid fibrillogenesis to form the hydrogel. Once
the collagen gels were formed, RAFT absorbers for 24-well
plates (hydrophilic porous absorbers; Lonza) were applied to
the surface of the hydrogels for 30 min. Then, the absorbers
were gently removed, and fresh CSSC medium was added
to the RAFT TEs and stored at 37°C. The limbal epithelial
cells were seeded at a density of 2.5 x 10° cells/RAFT in a
24-well plate and cultured in a SHEM medium at 37°C and
5% CO,. The cells were cultured until they reached 70% to
80% confluency with medium on alternate days.

miRNA transfection: To elucidate the functional association
of hsa-miR-150-5p with the maintenance of stemness, human
primary limbal explant cultures (70%—80% confluent) grown
in both two-dimensional (2-D) and 3-D culture systems were
transfected with 25 nM of hsa-miR-150-5p mimic (miScript
miRNA Mimic, Qiagen, Hilden, Germany) or inhibitor
(miScript miRNA Inhibitor, Qiagen) or control scrambled
sequence (AllStars Negative Control siRNA, Qiagen) using
the Lipofectamine 3000 transfection reagent (Thermo
Fisher Scientific), following the manufacturer's instructions.
Transfection was performed for 4 h at 37°C in a 5% CO,
incubator. After 48 h of transfection, the cells were harvested
for the following experiments: (i) colony-forming assay, (ii)
RNA isolation for gPCR analysis, (iii) immunofluorescence
staining, and (iv) protein isolation for western blotting. The
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experiments were replicated three times with three biological
samples (n = 3).

Colony-forming assay: The hsa-miR-150-5p mimic or
inhibitor or scrambled control transfected cells were seeded
on a mitomycin C (4 pg/ml; Sigma-Aldrich)-treated NIH 3T3
mouse fibroblast feeder layer in a 60-mm dish at a seeding
density of 500 cells per plate. The cells were cultured in
SHEM. After 12 days of culture, the feeder layer was removed
with 0.02% EDTA solution (Sigma-Aldrich), and the colonies
in the dish were fixed with 4% paraformaldehyde (Sigma-
Aldrich) for 15 min, followed by staining with 1% rhodamine
B (Roche, Basel, Switzerland) for 30 min. The colonies were
imaged (D750 camera, Nikon, Japan) after washing three
times with sterile distilled water. The colony-forming effi-
ciency was calculated by dividing the number of colonies
formed by the number of cells seeded x100. Colonies with an
area larger than 10 mm? were defined as holoclone-like with
respect to their size and morphology [32].

gPCR: Total RNA was isolated from the three groups: (i)
mimic, (ii) inhibitor, and (iii) scrambled treated (transfection
control) using an RNeasy mini kit (Qiagen). Reverse tran-
scription was performed using a high-capacity cDNA reverse
transcription kit (Thermo Fisher Scientific) in accordance
with the manufacturer's instruction. Then, gPCR amplifica-
tion was performed using KAPA SYBR FAST qPCR Master
Mix (2x; Sigma-Aldrich) for 40 cycles (denaturation: 10
s at 95°C; annealing: 20 s at 58°C, and extension: 30 s at
72°C) preceded by initial activation for 3 min at 95°C and
followed by final extension for 7 min at 72°C. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as reference
mRNA. The experiment was repeated three times using the
limbal epithelial cells grown in the 2-D culture system, and
data were presented as mean £ SD of the expression value.
The primers used for the qPCR are listed in Appendix 1.

Immunofluorescence staining: After 48 h of transfection,
the cells grown in the 2-D culture system were trypsinized
with TrypLE Express (Gibco-Thermo Fisher Scientific) and
cytocentrifuged (11 xg; 3 min) on the slides (2.5 x 10* cells/
slide). This trypsinization step was skipped for cells grown
in the RAFT system; instead, they were fixed directly on
the RAFT and immunostained. The cells were fixed with
4% paraformaldehyde for 20 min and permeabilized with
0.5% Triton X-100 for 10 min at room temperature. After
permeabilization, the cells were blocked for 60 min in 5%
goat serum (Sigma-Aldrich) and incubated with a primary
antibody in 2% goat serum in a wet chamber at 4°C over-
night (see Appendix 2 for a list of primary antibodies used
for immunostaining). The cells were then incubated with
an appropriate secondary antibody (1:500) conjugated with
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fluorophore in PBS for 60 min at room temperature. Between
each step, the slides were washed three times with PBS.
After staining, the cells were mounted using a Vectashield
mounting medium with DAPI (Vector Laboratories Ltd,
Peterborough, UK) and sealed with a coverslip. The primary
antibodies in the optimized concentration were used for the
staining, and the corresponding isotype controls were used as
negative controls. The experiment was replicated three times
using three biological samples (n = 3).

Western blotting: The transfected cells were washed with
ice-cold PBS (Gibco, Thermo Fisher Scientific) and then
lysed with a radioimmunoprecipitation assay lysis and extrac-
tion buffer (Thermo Fisher Scientific) and a Halt protease
inhibitor cocktail (Thermo Fisher Scientific). The protein
concentration was estimated using a bicinchoninic acid
protein assay kit (Pierce, Thermo Fisher Scientific). Equal
concentrations of protein from each sample (20 pg) were
mixed into a lithium dodecyl sulfate sample-loading buffer
(Thermo Fisher Scientific), boiled for 10 min, and separated
using 10% Bis-tris gel (NuPAGE, Thermo Fisher Scientific)
under reducing conditions.

The separated proteins were then electrotransferred to
a polyvinylidene fluoride membrane (Invitrolon, Thermo
Fisher Scientific). The membrane was blocked with 5%
skimmed milk in Tris-buffered saline containing 0.1%
Tween-20 (TBST) and incubated at 4°C overnight with
a primary antibody (see Appendix 3 for a list of primary
antibodies used for western blotting). The membranes were
washed three times with TBST and incubated with the appro-
priate horseradish peroxidase-conjugated secondary antibody
at room temperature for 1 h (Cell Signaling Technology, Inc.,
Danvers, MA). After three washes, the protein bands were
detected using an enhanced chemiluminescence reagent
(Millipore, Billerica, MA). All membranes were stripped
and reprobed with anti-GAPDH antibody, which was used as
loading control and normalizing reference. The experiment
was repeated three times using the limbal epithelial cells
grown both in the 2-D and 3-D culture systems, and the data
were presented as mean £ SD.

Statistical analysis: The statistical software Stata 14.0 (Stata-
Corp LLC, College Station, TX) was used for the statistical
analysis. All the experiments were performed in triplicate,
and the data obtained were presented as mean + SD. For
data following a Gaussian distribution, an independent # test
(parametric) was performed to compare the two experimental
groups, and the Mann-Whitney U test (non-parametric) was
used for data that followed a non-Gaussian distribution based
on the Shapiro-Wilk normality test. A p value < 0.05 was
considered statistically significant.
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RESULTS

Predicted target genes of hsa-miR-150-5p: For hsa-miR-
150-5p, miRWalk and mirDIP identified 2219 and 1220
target genes, respectively. A total of 315 common target
genes were submitted to the KEGG mapper, and the puta-
tive target genes were grouped into 229 KEGG pathways.
The pathways included MAPK, Wnt, PI3K-AKT, and a
signaling pathway associated with the pluripotency of stem
cells. AKT serine/threonine kinase 3 (AKT3), Beta catenin
1 (CTNNBI), inhibin subunit beta A (INHBA), and Jumonyji
and AT-rich interaction domain containing 2 (JARID2) were
the four targets involved in the signaling pathways regulating
the pluripotency of stem cells, and they were selected for
further analysis. The results of the KEGG pathway analysis
[33] showing the selected target genes of hsa-miR-150-5p are
presented in Appendix 4.

Downregulation of the predicted targets of hsa-miR-150-5p:
After transfection, the hsa-miR-150-5p mimic transfected
cells showed increased expression levels of hsa-miR-150-5p,
and the inhibitor transfected cells showed reduced expression
levels compared with the control cells (p < 0.0001; Figure
1A). The expression levels of the four selected target mRNAs
of hsa-miR-150-5p, namely (i) CTNNBI, (ii) JARID?2, (iii)
INHBA, and (iv) AKT3, were downregulated (p < 0.0001) in
the mimic-transfected cells compared with the control cells.
However, in the inhibitor-transfected cells, their expression
levels were upregulated significantly (p < 0.0001; Figure 1B).
Similarly, at the protein level, the mimic-transfected cells had
reduced expression levels of B-catenin, JARID2, and AKT3
compared with the control cells and vice versa in the inhib-
itor-transfected cells (p < 0.05; Figure 2) by western blotting
and immunostaining (Figure 3). The number of cells with
high nuclear expression levels of f-catenin was increased in
the inhibitor-transfected group (37.68% + 6.24%, p < 0.05) but
decreased in the mimic-transfected group (4.07% + 1.4%, p
< 0.05) compared with the control group (18.54% =+ 5.45%;
Figure 3).

Hsa-miR-150-5p upregulated the expression levels of the stem
cell markers and downregulated that of the differentiation
marker: At the mRNA level, the mimic-transfected cells
showed significantly higher expression levels of the stem
cell markers compared with the control cells (p < 0.001):
(i) the universal stem cell marker, ABCG2; (ii) limbal stem
cell marker, ANp63; and (iii) embryonic stem cell markers,
namely OCT4, NANOG, and KLF4 (Figure 1C). By contrast,
the expression level of the differentiation marker connexin
43 (Cx43) was reduced in the mimic-transfected cells. On the
other hand, in the inhibitor-transfected cells, the expression
levels of the stem cell markers were reduced and the Cx43
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Figure 1. mRNA expression profile of hsa-miR-150-5p-transfected cells. The figure depicts the expression profiles of A: hsa-miR-150-5p, B:
its predicted targets, C: the stem cell markers, D: the differentiation marker, and E: the Wnt signaling regulators upon transfection with the
hsa-miR-150-5p mimic and inhibitor. The relative mRNA/miRNA expressions in the mimic- and inhibitor-transfected cells were quantified
in comparison with those of the controls by using qPCR with SYBR Green chemistry. Each sample (n = 3) was run in triplicate. The data
were expressed as mean + SD, and the relative fold change of expression (RQ) was calculated using the 22T method after normalization
with GAPDH (reference gene)/ RNU6B (reference microRNA). **p < 0.001; ***p < 0.0001.

expression level was increased compared with the control
cells (p <0.0001; Figures 1D and 3).

Confocal analysis of the mimic-transfected cells revealed
a significant increase in the number of cells (42.38 + 13.57,
p < 0.05), which were double-positive for ABCG2 and p63a,
compared with the controls (16.25 + 2.55), and the reverse
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was true for the inhibitor-transfected cells (2.75 £2.47, p <
0.05; Figure 3).

The expression levels of the stem cell and differentiation
markers in the transfected cells by western blot analysis were
concordant with the mRNA expression pattern of the trans-
fected cells. The expression levels of ABCG2 and ANp63a
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were upregulated (p < 0.05) and the Cx43 expression level
was downregulated (p < 0.05) in the mimic transfected cells
(Figure 2).

To confirm the presence of stem cells in the transfected
cultures, a colony-forming assay was performed. The mimic-
treated cells showed an increased percentage of colony-
forming efficiency (8.28 £ 0.33, p = 0.0003) compared with
the controls (1.8 + 0.15) and inhibitor-treated cells (0.71 = 0.10,
p = 0.001; Table 1). In addition, the percentage of holoclone-
like colonies significantly increased (3.80 + 0.84, p < 0.05)
compared with that of the controls (1.11 + 1.11), whereas the
inhibitor-treated cells produced no such larger colony (Figure
4). Thus, the higher expression level of hsa-miR-150-5p in the
transfected cells increased the colony-forming efficiency and
supported holoclone-like colony formation.

Effect of hsa-miR-150-5p on What signaling: In concordance
with the reduced expression level of f-catenin, the direct target
of hsa-miR-150-5p, the mRNA expression level of 4AXIN2
was also reduced (—3.50 + 0.46, p < 0.0001) in the mimic-
transfected cells compared with the controls, indicating the
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downregulation of active Wnt signaling. However, in the
inhibitor-transfected cells, the AXIN2 expression level was
increased 3.53- = 0.43-fold (p < 0.0001). By contrast, the Wnt
signaling transcriptional repressor 7CF3 mRNA expression
level was upregulated in the mimic-transfected cells and
downregulated in the inhibitor-transfected cells (p < 0.001;
Figure 1E). In the western blotting and immunostaining, the
expressions of the Wnt signaling regulators at the protein
level showed expression patterns similar to those of the
mRNA expressions in the transfected cells. The expression
levels of p-AKT3 (negative regulator of GSK3p) and AXIN2
were reduced in the mimic-transfected cells but increased in
the inhibitor-transfected cells compared with the controls (p
<0.05; Figure 2). Immunostaining revealed that the cells with
nuclear positivity for active f-catenin expression were higher
in number (86.69% =+ 3.57%, p < 0.001; Figure 3), and the
expression level of active B-catenin was upregulated 1.51- +
0.28-fold (p < 0.05) in the inhibitor-transfected cells compared
with the controls (29.21% + 7.88%) by western blot analysis (p
< 0.05; Figure 2). By contrast, in the mimic-transfected cells,

A B
Inhibitor Control Mimic
AKT3 s s o G0 kDa
P-AKT3 s o 60 kDa
p-catenin s w95 kDa 3
Active a—
B'catel]in S — 92 kDa
AXIN2 p— 94 kDa “82- %
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A L —11 ) .
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" AKT3

GAPDH s s s 37 kD2

p-Al

150-5p mimics treated
Control
150-5p inhibitor treated

KT3  JARID2 p-catenin  ABC AXIN2  ABCG2 ANp63a  Cx43

Figure 2. Protein expression profile of the hsa-miR-150-5p-transfected cells grown in the two-dimensional culture system. A: The representa-
tive western blots of the proteins of interest (AKT3, p-AKT3, JARID2, B-catenin, active $-catenin [ABC], AXIN2, ABCG2, ANp63(], and
Cx43) in the three groups (hsa-miR-150-5p mimic, inhibitor, and control, n = 3) are shown. GAPDH was used as a normalizing reference and
loading control. B: The relative expression profiles of the proteins were quantified by western blotting. *p < 0.05; **p <0.001; ***p < 0.0001.
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TABLE 1. COLONY FORMING ASSAY DATA.

Observed parameters miR-150-5p mimic treated

miR-150-5p inhibitor treated Transfection Control

41.44+1.65
8.28+0.33, p=0.0003
3.80+0.84, p=0.0224

Total No. of colonies
Colony forming efficiency (%)

Holoclone like colonies (%)

the expression level of active B-catenin was downregulated
(0.48 £ 0.15, p < 0.005), and the number of cells with nuclear
positivity was also reduced (6.44% + 4.25%, p < 0.05). The
nuclear localization of active B-catenin is an indication of Wnt
signaling activation in the cells.

Effect of hsa-miR-150-5p on CESCs cultured in the RAFT
system.: The CESCs grown in the RAFT TEs upon transfec-
tion with mimic showed reduced expression levels of (i) the
hsa-miR-150-5p targets (B-catenin, AKT3, and JARID?2), (ii)
differentiation marker (Cx43), and (iii) Wnt signaling regu-
lators (AXIN2, active B-catenin, and p-AKT3). However,
the expression levels of the stem cell markers ABCG2 and
ANp63a were increased in the mimic-transfected cells
compared with the controls (p <0.05; Figure 5). These results
were confirmed by the immunostaining data. In the mimic-
transfected cells, B-catenin and active B-catenin positivity
was confined to the membrane and cytoplasm, but in the
inhibitor-transfected cells, in addition to the membrane and
cytoplasm, positivity was observed in the nucleus, indicating
nuclear translocation (Figure 6).

3
0
0

.55+0.52 9+0.78
.71£0.10, p=0.001 1.8+0.15
L.11£1.11
DISCUSSION

MicroRNAs have emerged as important regulators of stem
cells through the modulation of various signaling pathways
[34] and by increasing the expression levels of specific tran-
scription factors [35]. Hsa-miR-150-5p was reported to inhibit
cell proliferation and colony formation in glioma through
direct targeting of B-catenin [36], a crucial signaling trans-
ducer of Wnt-B-catenin signaling [37]. In non-small-cell lung
cancer, miR-150-5p suppressed sphere-forming ability and
significantly inhibited tumorigenesis by direct targeting of
the high mobility group AT-hook 2 (HMGA?2) and B-catenin
[22]. Although the therapeutic potential of hsa-miR-150-5p
and its association with various cancer stem cells are well
established, the regulatory role of this miRNA in adult tissue
resident stem cells remains elusive.

Reports are available on the miRNA profiling of total
human limbal epithelium (=5% CESCs) and basal limbal
epithelium (=25% CESCs) [38, 39], which represents a hetero-
genic population of cells. To elucidate the miRNA regulation

Control Mimic

Inhibitor

Figure 3. Localization of protein expression in hsa-miR-150-5p-transfected cells. The figures present the representative confocal images
of transfected limbal epithelial cells immunostained for AKT3, JARID2, B-catenin, active B-catenin, AXIN2, ABCG2, p63[], and Cx43.
Nuclei were represented in blue and protein expression in green or red. The cells with nuclear positivity were marked with asterisks in the
Wnat signaling regulators (B-catenin, active B-catenin, and AXIN2). Nuclear localization of active $-catenin is the indication of active Wnt

signaling. Scale bar: 50 pm.
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of CESCs, it is essential to enrich them, particularly when
no marker-based method is available for their isolation. In
our previous study, by using an enriched (80%) population of
CESCs, small RNA sequencing revealed that hsa-miR-150-5p
is highly expressed in these stem cells [16]. To understand the
regulatory role of hsa-miR-150-5p in CESCs, miRNA trans-
fection studies were performed on primary limbal explant
cultures. The ectopic expression level of hsa-miR-150-5p
increased the colony-forming efficiency of the cultured
limbal epithelial cells with the ability to form holoclone-
like colonies based on size and morphology. In addition, the
mimic-transfected cells showed increased expression levels
of the stem cell markers and decreased expression level of
the differentiation marker. Thus, hsa-miR-150-5p was demon-
strated to play a regulatory role in CESCs.

Wnt signaling is known to be involved in both the main-
tenance and differentiation of stem cells, and its function
varies according to cell type, culture condition, and signaling
activation level [40-43]. The role of Wnt-B-catenin signaling
in limbal epithelial cells has been controversial. Inhibition of
Wnt signaling in limbal explant cultures increased the expres-
sion levels of stem cell markers (ABCG2 and p63a) and the
colony-forming efficiency [42]. By contrast, in the suspension
culture of isolated limbal epithelial cells, inhibition of Wnt
signaling decreased the colony-forming efficiency and the
number of cells expressing high levels of p63a in cultured
limbal colonies [44].

In this study, mimic transfection resulted in the down-
regulation of the Wnt signaling regulators and the three

© 2022 Molecular Vision

hsa-miR-150-5p-predicted Wnt-B-catenin signaling-specific
targets, namely B-catenin, AKT3, and JARID2, both at the
mRNA and protein levels. B-catenin, a known direct target
of miR-150-5p [22, 36, 45], translocates into the nucleus
and interacts with members of the T-cell factor/lymphoid
enhancing factor (TCF/LEF) transcription factors, thereby
activating the transcription of Wnt-dependent genes [46].
AKT3 is another reported direct target of miR-150-5p [47,
48] and is known to stabilize the Wnt/B-catenin signaling
pathway [49]. AKT3 mediates the phosphorylation of
[B-catenin at Ser552, and this causes -catenin to dissociate
from cell-cell contacts and bind to 14-3-3zeta protein. This
interaction leads to enhanced transcriptional activity and
stabilization of B-catenin in both the cytosol and nucleus [50,
51]. Phosphorylation of GSK3p by AKT3 leads to the inac-
tivation of GSK3p, which is a negative regulator of Wnt-f3-
catenin signaling [52]. Thus, AKT3 prevents GSK3f from
phosphorylating B-catenin and enhances the stabilization
of B-catenin [53, 54]. Hence, the downregulation of AKT3
leads to the inhibition of Wnt-B-catenin signaling through
the downregulation of B-catenin, induced by GSK3p. Like
various signaling pathways in mammals, Wnt signaling is
also negatively regulated by various secreted antagonists such
as secreted frizzled-related proteins (SFRPs), WNT inhibitory
protein (WIF), and Dickkopf (DKK) family of proteins [55].
SFRPs contain a frizzled (FZD)-like cysteine-rich domain
(CRD) that binds competitively to WNT ligands and prevents
the interaction between WNTs and FZD receptors, thereby
downregulating Wnt signaling. SFRPI is a direct target of
JARID2, and in the cells where JARID2 expression was
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Figure 4. Colony-forming potential of hsa-miR-150-5p-transfected cells. A: Representative rhodamine B-stained limbal epithelial cell
colonies detected after 12 days of culture in the three groups: hsa-miR-150-5p mimic-, inhibitor-, and control-transfected cells. B: The bar
graph represents the colony-forming efficiency of the cells in the three groups. *p < 0.05; **p < 0.001.
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depleted, Wnt signaling activation was evident [56]. Thus,
from this observation, it is clear that JARID2 repressed the
expression of the Wnt antagonist SFRP1, thus facilitating the
activation of Wnt signaling through Wnt ligand binding.

On the basis of the abovementioned observations, we
hypothesized the probable mechanism of action of hsa-miR-
150-5p on Wnt-B-catenin signaling, as summarized in Figure
7. Hsa-miR-150-5p prevented the activation of Wnt signaling
by downregulating the expression levels of its targets: (i)
JARID2, which facilitates Wnt signaling by repressing the
expression of the Wnt antagonist SFRP1 and preventing it
from binding to FZD receptors; (ii)) AKT3, which enhances
Wnt signaling by inhibiting GSK3p expression, thereby
preventing B-catenin phosphorylation and subsequent degra-
dation; and (iii) B-catenin, which activates Wnt signaling
through nuclear localization and induces the expressions
of Wnt target genes, including AXIN2. Further studies

© 2022 Molecular Vision

are essential to understand the mechanism by which the
expression levels of the transcription factors (OCT4, SOX2,
NANOG, KLF4, and p63) are upregulated by hsa-miR-150-5p
and the potential role of this miRNA in the direct lineage-
specific reprogramming of differentiated corneal epithelial
cells to CESCs.

This study demonstrates the potential of hsa-miR-150-5p
to inhibit Wnt signaling in primary limbal epithelial cells
through the downregulation of the expression levels of the
key proteins involved in the pathway. The association of hsa-
miR-150-5p in the negative regulation of Wnt signaling in
CESCs suggests a cell type-specific function of Wnt signaling
within the same niche, as this signaling pathway supports
limbal epithelial cell expansion in vitro [44]. Comparative
transcriptome profiling and elucidation of the Wnt signaling
activity in native CESCs, TACs, and melanocytes will be an
intriguing study to explain the varying roles of Wnt signaling
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Figure 5. Protein expression profile of hsa-miR-150-5p-transfected cells grown in a Real Architecture For 3D Tissue (RAFT) culture system.
A: Representative western blots of the proteins of interest (AKT3, p-AKT3, JARID2, B-catenin, active B-catenin, AXIN2, ABCG2, ANp63J,
and Cx43) in the three groups: hsa-miR-150-5p mimic-, inhibitor-, and control-transfected RAFT cultured cells (n = 3). GAPDH was used
as a normalizing reference and loading control. B: The relative expression profiles of the proteins were quantified using western blotting.

*p < 0.05; **p < 0.001; ***p < 0.0001.
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Figure 6. Localization of B-catenin and active $-catenin expressions in hsa-miR-150-5p-transfected cells in Real Architecture For 3D Tissue
(RAFT). Shown are representative confocal images of the transfected CESC primary culture cells grown in RAFT TEs immunostained
for A: B-catenin and B: active- B-catenin. Nuclei were represented in blue and protein expression in red. Compared with the control- and
mimic-transfected cells, the expression levels of f-catenin and active f-catenin were higher in the inhibitor-transfected cells with nuclear
translocation. Nuclear localization of active B-catenin indicates active Wnt signaling. Scale bar: 50 pm.

in different cell types that are present in close proximity.
In addition to the effect of hsa-miR-150-5p, elucidating the
cumulative effect of other miRNAs that are highly expressed
in CESCs [16] is essential for understanding their role in the
maintenance of stemness and thus enabling their usage in
the development of miRNA-based treatment options for the
patients with LSCD.

APPENDIX 1. LIST OF PRIMERS USED IN QPCR.
To access the data, click or select the words “Appendix 1.”
Fwd- forward; Rev- reverse

APPENDIX 2. LIST OF PRIMARY ANTIBODIES
USED FOR IMMUNOSTAINING.

To access the data, click or select the words “Appendix 2.”
APPENDIX 3. LIST OF PRIMARY ANTIBODIES
USED FOR WESTERN BLOTTING.

To access the data, click or select the words “Appendix 3.”

APPENDIX 4. PATHWAY ANALYSIS OF HSA-MIR-
150-5P PREDICTED TARGETS.

To access the data, click or select the words “Appendix 4.”
The figure represents the KEGG pathway analysis of hsa-
miR-150-5p predicted targets associated with the pathways
regulating pluripotency of stem cells. The targets of hsa-miR-
150-5p are represented in red box.
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Figure 7. Mechanism of the regulation of Wnt-B-catenin signaling by hsa-miR-150-5p. In the presence of Wnt ligands and Wnt agonists such
as R-Spondin (R-Spo), cytoplasmic disheveled (Dvl) is recruited to the membrane receptors, resulting in subsequent phosphorylation and
activation of low-density lipoprotein receptor-related protein 5/6 (LRP5/6). These events lead to the titration of the active destruction complex
composed of glycogen synthase kinase 3 (GSK3p), casein kinase I (CK1), adenomatosis polyposis coli (APC), and Axin. As a consequence,
B-catenin is stabilized and accumulated in the cytoplasm, resulting in the nuclear translocalization of B-catenin, where it activates Wnt
signaling through its interaction with the TCF/LEF (T-cell factor/lymphoid-enhancing factor) nuclear complex [57, 58]. Hsa-miR-150-5p
prevents the activation of Wnt signaling (red lines) by reducing the expression levels of its targets: (i) B-catenin-Wnt signaling activator
(Figure 1B, Figure 2, Figure 3, Figure 5, and Figure 6), (ii) the AKT3 enhancer of -catenin stabilization through inhibition of GSK3p (Figure
1B, Figure 2, Figure 3, and Figure 5), and (iii) the JARID2 activator of Wnt signaling through the repression of Wnt antagonist-secreted
frizzled-related protein 1 (SFRP1; Figure 1B, Figure 2, Figure 3, and Figure 5). This results in a decreased expression level of the Wnt target
gene AXIN2 and an increased expression level of T7CF3, a Wnt signaling transcriptional repressor.
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