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MicroRNAs are implicated in the regulation of gene expression via various mechanisms in health and disease,
including fibrotic processes. Pterygium is an ocular surface condition characterized by abnormal fibroblast proliferation
and matrix deposition. We aimed to investigate the role of microRNAs in pterygium and understand the relevant
cellular and molecular mechanisms. To achieve this objective, a combination of approaches using surgically excised
paired human pterygium and conjunctival tissues as well as cultured primary fibroblast cells from tissue explants were
evaluated. Fibroblast dysfunction has been shown to play a central role in pterygium pathology. Here we show that
miR-215, among a few others, was down-regulated (2-fold) in pterygium compared to control, and this was consistent
in microarray, real-time PCR and fluorescent in-situ hybridization. The effects of increased miR-215 were investigated by
adding exogenous miR-215 to fibroblasts, and this showed a decrease in cell proliferation but no significant apoptosis
compared to control. Further cell cycle analysis showed that miR-215 depressed progression of cells at G1/S as well as
G2/M. A few cell cycle related transcripts were downregulated (2.2-4.5-fold) on addition of miR-215: Mcm3, Dicer1,
Cdc25A, Ick, Trip13 and Mcm10. Theoretic binding energies were used to predict miR-215 binding targets and luciferase
reporter studies confirmed Mcm10 and Cdc25A as direct targets. In summary, mir-215 could play a role in inhibiting
fibroblast proliferation in ocular surface conjunctiva. Dampening of this mir-215 could result in increased fibroblast cell
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cycling and proliferation, with possibly increased fibroblastic production of matrix, inducing pterygium formation.

Introduction

Endogenously produced microRNAs are small, single-
stranded, non-coding RNA molecules that regulate post-tran-
scriptional gene expression. Each microRNA forms complemen-
tary base pairs within the 3’ untranslated region (UTR) of
multiple target messenger(m)RNAs, promoting mRNA degrada-
tion or translational repression.! Most microRNAs are located in
the intergenic non-coding regions of the genome where they
require a unique RNA polymerase and transcriptional regulators
for independent tissue-specific and developmental stage-specific
transcription.” Alternatively, microRNAs may be found within
gene sequences where they are generally transcribed together with
their host genes.””

MicroRNAs participate in a vast range of developmental and
physiological processes, including fibrosis,”” cell proliferation,®
apoptosis,” differentiation,® metabolism,” and angiogenesis."’
Because of their extensive involvement in cellular processes,
derangement of microRNA is associated with disease formation
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such as in tumorigenesis,
. 1
defective neuronal development.
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Nucleotide arrays'®2® and other studies have detected micro-

RNAs in the eye,"®"” and elucidated their roles in development
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and differentiation'®'® of the retina,”'**! lens*® and cornea.
In humans, microRNAs have been implicated in various dis-
cases,'"?*** including neovascularization®® and fibrosis. How-
ever, the involvement of microRNAs in ocular surface fibrosis
have been limited to descriptive studies of microRNA levels in
diseases,® or induction by laser,?” exogenous growth factor?®?°
or immunosuppressive drugs®" in non-disease derived cultured
ocular surface fibroblasts.

Pterygium is a relatively common ocular surface disease char-
acterized by a wedge-shaped lesion growing centripetally from
the conjunctiva to the cornea, affecting up to 200 million people
globally.’® The pathogenesis of pterygium is largely unknown,
although it is thought to be associated with overexposure to ultra-
violet light.”> Studies have linked aberrant cell proliferation,
defects in wound healing,34 cell transformation®® and matrix
remodeling,36’37 angiogenesis,38 oxidative stress mechanisms’’
and genetic susceptibility® to the formation of pterygium. The
definitive treatment for pterygium is surgical resection combined
with conjunctival autograft, mitomycin C administration or
other adjunctive forms of treatment, as bare sclera excision is
associated with high recurrence rates.’

Pterygium is a good and relevant model for dissecting molecu-

lar control of fibrosis. The clinical severity of pterygium is
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normally categorized into T1-3, based on the fleshiness or
amount of fibrous tissue.*> The clinical staging is related to bio-
logical activity as higher grade pterygium is associated with
higher recurrence rates.*? Fibroblast proliferation in pterygium
has been previously documented,® which leads to increased
matrix production, resulting in a "fleshy lesion” to varying extents.
A molecular pathway that has been shown to result in fibroblast
proliferation is the up-regulation of the stromal cell-derived fac-
tor 1 (SDF-1) and its interaction with the chemokine receptor
CXCR4.*

There is good accessibility of human pterygium tissues
through surgical excision by virtue of its anatomical position,
compared to other organs affected by fibrosis such as the liver
and kidney. Due to accessibility of the lesion, there is greater
potential for findings to be translated to medicine using local
injection of microRNA intervention, limiting issues of systemic
toxicity.** MicroRNAs have been implicated in the development
of fibrosis via extracellular matrix and proliferative changes espe-
cially in liver, kidney and lung fibrotic diseases.>*>"%¢

In this study, we aimed to ascertain the role of microRNAs in
fibroblast function, using human pterygium as a model. Here we
found miR-215, a conserved microRNA previously unreported
in pterygium, to regulate cell cycling in pterygium-derived

fibroblasts.

Results

Seven microRNAs were significantly dysregulated
in pterygium

Analysis of the Exiqgon miRCURY LNA™ microRNA Array
found 6 microRNAs to be up-regulated and one down-regulated
significantly in pterygium compared to conjunctival control tis-
sue (Table 1). For validation, microRNAs with greater than 1.5-
fold differences (P < 0.05) between pterygium and conjunctival
samples obtained in microarray analyses were selected. Among
the validated microRNA changes, miR-215 was selected for fur-
ther studies.

Expression of miR-215 in pterygium

MiR-215 was found to be downregulated (0.54-fold change)
in pterygium compared to control conjunctiva in the Exiqon
microRNA array (Fig. 1A). To confirm the dysregulation in pte-
rygium, qQRT-PCR (Fig. 1B) was performed using 3 samples of
paired human pterygium and normal conjunctival tissues from

Table 1. MicroRNAs dysregulated in pterygium, presented as fold change
over conjunctiva levels (microarray data).

Annotation Fold change p-value
hsa-miR-138 3.024437 0.019
hsa-miRPlus-E1233 2.3784142 0.019
hsa-miR-215 —1.8617594 0.028
hsa-miR-518b 1.7451285 0.032
hsa-miR-1236 1.6934906 0.047
hsa-miRPlus-E1258 1.6548113 0.044
hsa-miR-766 1.5764362 0.017
1974
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new donors. qRT-PCR results showed that 100% of the pteryg-
ium samples displayed down-regulation ranging from 0.30 to
0.80-fold, averaging 0.49-fold in pterygium relative to unin-
volved conjunctiva (P < 0.05).

The microRNA results were further confirmed by fluorescent
in situ hybridization (FISH) on the tissue sections from another
3 donors (Fig. 1C). MiR-215 was localized to the epithelial as
well as the stromal layer of pterygium with a less intense red fluo-
rescent staining in pterygium compared to conjunctival tissue.
The presence of miR-215 in the stromal layer, in addition to epi-
thelial cells, suggests the involvement of this microRNA in fibro-
blasts. We accept that it is difficult to determine differential
expression levels from the staining in the stroma. Based on these
results we proceeded to evaluate the effects of mir-215 by using a
mir-215 mimic in a cell-based assay.

MiR-215 reduced cell impedance

When miR-215 mimic was added to cultured primary pteryg-
ium fibroblast cells and observed over 48 h, fibroblast cells
showed a markedly reduced cell index, which is a measure of cell
impedance (Fig. 2). At 24 h, fibroblast cells treated with miR-
215 mimic had a 0.63-fold reduction in cell index (p = 0 .02)
compared to random oligonucleotide control-transfected cells,
and 0.29-fold at 48 h (p = 0 .01). An increase in cell impedance
can be attributed to a few properties, mainly involving prolifer-
ative and/or adhesive changes, but at time intervals of 24-48 h,
the impedance is mainly a measure of cell numbers or prolifera-
tion rates.?’

To confirm that the impedance findings were mainly due to
cell proliferation, we corroborated the findings using the 5-ethy-
nyl-2’-deoxyuridine (EdU) cell proliferation assay. Cultured pri-
mary pterygium fibroblast cells transfected with miR-215 mimic
showed significantly reduced replication activity, measured as the
ratio of replicating nuclei (Alexa Fluor 488-labeled) over total
number of nuclei (DAPI-labeled) (Fig. 3). The number of repli-
cating nuclei is significantly reduced at 48 h of transfection with
miR-215 mimic (0.05-fold, p = 0 .007) (Fig. 3K and L) com-
pared to 24 h (0.57-fold, p = 0 .048) (Fig. 31 and J).

MiR-215 induced cell cycling arrest

The effects of mir-215 on cell proliferation may be due to
increased cell cycling. To investigate whether miR-215 has an
effect on cell cycling, we performed cell cycle analysis by synchro-
nizing cells at G1 with aphidicolin and G2 with nocodazole for
18 h after transfection with miR-215 mimic or random oligonu-
cleotide control (Fig. 4).

In the control set (random oligonucleotide, Fig. 4B), 7.5% of
cells (87.4 — 79.9) could be arrested at G1 phase (difference
between green and blue bars, p = 0 .03), but with addition of
miR-215 mimic (Fig. 4A), only 1.5% of cells (79.6 — 78.1) were
arrested (difference between green and blue bars, p = 0 .42).

An additional observation (Fig. 4B) was that 25.1% of the
cells (34.7 — 9.6) were arrested at G2 phase in control (difference
between red and blue bars, p = 0.001), while only 7.1% (21.8 —
14.7) could be thus arrested when miR-215 mimic was added
(difference between red and blue bars, p = 0.05) (Fig. 4A).
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Figure 1. (A) Bar chart showing
results of the Exiqon microRNA Array.
Height of the bars shows the mean
normalized log values of miR-215 lev-

0.4 4

els in conjunctiva and pterygium tis-
sues from different patients. (B) Bar
chart showing individual and overall
results from gRT-PCR assay performed
on 3 separate pairs of human pteryg-
ium and conjunctival tissues. Height
of the bars represents the relative fold
change of miR-215 levels in pteryg-
ium with respect to conjunctival con-
trol. Error bars represent standard
error of mean. Values are normalized
to the 55 rRNA control values. (C)
miR-215 in situ staining of human
pterygium and conjunctival tissues.
Diagram on the right showing con-
junctival  epithelium and some
stroma. Pterygium and conjunctival
sections hybridized with DIG-labeled
miR-215 LNA probes (red). DNA was
counterstained with DAPI (blue). Scale
bar represents 100 wm. Dashed lines
represent position of basement mem-
brane separating epithelium from
stroma.
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These experiments suggest that miR-215 had arrested a pro-
portion of cells at G1 and G2 and therefore further effects by
aphidicolin and nocodazole were less evident. To investigate how
G1/S progression and G2/M progression can be affected by
miR-215, we are interested to determine the effects of adding
miR-215 in cell cycle related transcripts.

MiR-215 controlled a group of genes including cell cycling
regulators

The addition of miR-215 mimic in cultured primary
fibroblast cells was performed for 24 h and global transcript
analysis investigated using microar-
ray. The microarray data has been A
deposited in NCBI's Gene Expres-

sion Omnibus (GEO, http://www. N
ncbi.nlm.nih.gov/geo/) with GEO :
series accession number GSE57296. %2'5
Gene ontology analysis was per- |3 2
formed using the GeneSpring plat- &,
form (Agilent Technologies, Santa g I~ —
Clara, CA, USA) and interestingly, |*
0.5

the genes described as “cell cycle”
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(Table S1). Table S2 shows the breakdown of the 16 cell
cycling genes and their levels in the microarray.

We further studied a list of cell cycle regulators (Table S3)
that would be dysregulated had mir-215 targeted them. The
functions of these regulators in different phases of the cell cycle
are shown, and interestingly all these are positive regulators.

To validate the effects of miR-215 on the change in expression
levels in the cell cycling genes, QRT-PCR was employed. Out of
the 10 cell cycling genes which were down-regulated by miR-215
in the microarray, 6 were confirmed by qRT-PCR: Cell division
cycle 25 homolog A (Cdc25A),

thyroid hormone receptor

miR-215 35 *

o Control m miR-215 p =0.01

~Control

p-0 02

30 40 50 60 12h 24h
Time after changing medium (h)

0 .008).
Cell cycling genes were dysregulated
by miR-215 with a 12.03% repre-
sentation among all dysregulated
genes compared to 6.20% represen-

compared to control (p =

tation of all cell cycling genes with
valid signals on the microarray chip

www.tandfonline.com

Figure 2. (A) Real-time cell impedance index measured using the xCELLigence cell impedance system.
Cells are transfected with 100 nM miR-215 mimic (red) or non-specific oligonucleotide control (blue)
and medium changed at 6 h. Error bars show standard deviation across 3 biological samples in 3 sepa-
rate experimental replicates. (B) Bar chart representing cell indices of miR-215 or control-transfected
cells as described above at various time points after changing medium. Error bars show standard devia-
tion across 3 biological samples in 3 separate experimental replicates.
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Figure 3. Cell proliferation was analyzed using the Click-it EdU Alexa Fluor 488 (Life Technologies, Carlsbad, CA, USA) assay according to the man-
ufacturer’s protocol. Pterygium fibroblast cells reverse-transfected with miR-215 mimic or non-specific oligonucleotide control and 10 uM of 5-ethynyl-
2'-deoxyuridine (EdU) added and incubated for 10 h. (1), Cells transfected with miR-215 for 24 h, (J) cells transfected with control for 24 h, (K), cells trans-
fected with miR-215 for 48 h, (L), cells transfected with control for 48 h; (E), (F), (G), (H), DAPI fluorescence only, for the same cells in (I)-(L), respectively;
(A), (B), (C), (D), Alexa-Fluor 488 fluorescence only. Images shown are representative of 3 experiments. Scale bar represents 100 uM.

interactor 13 (Trip13), minichromosome maintenance complex
component 10 (Mcm10), minichromosome maintenance com-
plex component 3 (Mcm3), dicer 1 (Dicerl) and intestinal cell
(MAK-like) kinase (Ick) were found to be downregulated by
miR-215 by 4.64 (p = 0.005), 4.52 (p = 0.013), 4.04 (p =
0.014), 3.59 (p = 0.019), 3.01 (p = 0.001) and 2.64 (p =
0.030) folds respectively using qRT-PCR.

CDC25A, MCM10, ICK AND TRIP13 were upregulated
in pterygium

For the cell cycle regulators, we were interested to know if
the transcripts down-regulated by miR-215 were up-regulated

1976
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at the protein level in pterygium. To address that issue, we
used immunofluorescent staining for cell cycle regulators ICK,
TRIP13, CDC25A, DICER1, MCM10 AND MCM3. We
found that compared to conjunctiva, pterygium tissues stained
more strongly for ICK, TRIP13, CDC25A and MCMI0.
While TRIP13, CDC25A and MCM10 were more localized
in the epithelial layer, ICK and DICERI were found abun-
danty in both the epithelium and the fibroblast-containing
stroma. DICER1 stained strongly in both pterygium and con-
junctiva, while MCM3 stained weakly in both dssue types
(Fig. 5A-T).

Volume 14 Issue 12
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from a series of 3 biological replicates.

Figure 4. Results of the cell cycle analysis: Cultured primary pterygium fibroblast cells were reverse-transfected with 100 nM miR-215 mimic or non-spe-
cific control oligonucleotide for 48 h, and arrested at G1 and G2 phases by blocking with 2 ug/mL aphidicolin or 100 ng/mL nocodazole respectively.
Eighteen hours after drug treatment, cells were collected for cell cycle analysis using flow cytometry. (A and B) Cluster bar chart showing percentage of
cells arrested at G1, S and G2, for miR-215 (A) or random oligonucleotide control (B) transfected cells treated with aphidicolin (green), or nocodazole
(red). Non-treated controls are shown in blue. Numbers represent mean of 3 experiments =+ standard deviation C. Histograms illustrate proportions of
cells observed at different phases: the first peak corresponds to G1 and second peak G2. The histogram is extracted from one representative experiment

MiR-215 bound directly to Cdc25A and Mcm10

Specific miRNAs can interfere with cell cycle regulators in
more than one way. The most direct and obvious mechanism
will be the binding of miR-215 to the transcript of the cell cycle
regulator. To assess the possible binding of miR-215 to the
3'UTR of the target transcripts that encode cell cycle regulators,
we performed the dual-luciferase 3'UTR assays with wildtype
sequences as well as mutated sequences at the potential miR-215
binding sites. Of the 4 cell cycling genes tested, transfection of
the reporters for 3'UTR of Cdc25A and Mcm10 caused a 0.65-
fold (p = 0.002) and 0.72-fold (p = 0.002) reduction in lucifer-
ase activity compared to their respective mutated 3’ UTR con-
trols, while Trip13 and Ick did not show any significant changes
at 0.96- and 1.06-folds (p>0.05) respectively (Fig. 6). When
miR-215 mimic is substituted for control oligonucleotide, the
reduction in luciferase activity in wild type 3’'UTR of Cdc25A
and Mcm10 compared to mutant 3'UTR was abrogated. These
suggest that endogenous miR-215 binds to and inhibits

www.tandfonline.com
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expression of Cdc25A and Mcm10 transcripts directly, but may
not affect the Trip13 and Ick transcripts.

Discussion

We showed miR-215, one of the downregulated microRNAs
in pterygium, suppresses proliferation in primary fibroblast cells
and this is likely mediated by reduced G1/S and G2/M cell
cycling. We found a panel of cell cycling genes to be inhibited by
miR-215, out of which Cdc25A and Mcm10 were likely direct
targets of miR-215. Cdc25A and Mcm10 were also upregulated
in pterygium.

As far as we are aware, this is the first report of a microRNA,
i.e. miR-215, being down-regulated in a fibrotic ocular surface
condition and exerting an effect on fibroblast proliferative func-
tion, through its direct cell cycling targets. Our work is consistent
with previously reported findings, which were not related to

1977



Conjunctiva Pterygium

ICK Negative control

CDC25A

Conjunctiva Pterygium

Negative control

Figure 5. Fluorescent immunostaining images of conjunctiva (first and third column) and pterygium (second and fourth column) tissues using primary
antibodies against ICK (E and F), TRIP13 (G and H), CDC25A (I and J), DICER1 (K and L), MCM10 (M and N), MCM3 (O and P), followed by Alexa Fluor-
488 conjugated secondary antibodies. Conjunctiva and pterygium tissues which were stained with only secondary antibodies (A-D) were used as nega-
tive controls for each primary antibody used. Dicer1: dicer 1, ribonuclease type lll, Mcm3: minichromosome maintenance complex component 3,
Cdc25A: cell division cycle 25A, Mcm10: minichromosome maintenance complex component 10, Trip13: thyroid hormone receptor interactor 13, Ick:

intestinal cell (MAK-like) kinase.

fibroblasts or fibrosis. It was reported that miR-192, an analog of
miR-215, is up-regulated in HCT116 DICER® cells upon p53
induction, bringing about cell cycling arrest via a panel of cell
cycling regulators.”® While both Georges et al. and our studies
confirmed Mcm10 transcripts to be targets of miR-215 using the
luciferase assay, we found another transcript, Cdc25A, to be a
target as well.

Previous studies have implicated the role of microRNAs in
fibrosis in the context of ocular wound healing. One study
reported an upregulation of miR-200b in human Tenon’s fibro-
blasts (HTF) upon stimulation with transforming growth factor
(TGF)-R1,%® via proliferative effects of p27/kip1 and Rho Family
GTPase (RND) 3. Meanwhile, Li et al. found miR-29b to be
downregulated by TGF-f1 in HTF by targeting collagen type 1
variant Al (CollAl) and facilitating extracellular matrix remod-
elling.”® Another study found miR-216b to regulate apoptosis
and autophagy effects of hydroxycamptothecin treatment in
HTF after glaucoma surgery via beclin (Bcl)-2.%° These studies
on ocular fibroblasts have implications for glaucoma surgery with
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regard to wound healing and scarring, however the specific miR-
NAs involved have not been shown to be dysregulated in any
ocular surface fibrotic disease.

In addition, Liu et al. profiled the expression of microRNAs
on human corneal fibroblasts after dexamethasone treatment and
found miR-16, -21, and -29C to be upregulated and miR-100
down-regulated.”’ Robinson et al. focused on the expression of
miR-133b following laser ablation in mouse cornea. The authors
found miR-133Db to affect cell migration by targeting connective
tissue growth factor, smooth muscle actin, and COL1A1.”
Finally, in a paper on trachomatous scarring, Derrick et al. found
miR-147 and -1285 to be up-regulated in inflammatory tra-
chomatous conjunctiva.26 However, functions have not been
attributed to these microRNAs in the papers.

Potential mechanisms
Mcm10 is known to be involved in DNA replication and ini-
tiation and elongation. In replication initiation, Mcm10 binds to
single-stranded DNA  (ssDNA)

and promotes helicase
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Figure 6. Bar charts represent fold change difference in luciferase activ-
ity when HEK293T cells are transfected with wild type 3’ UTR or mutant
3’ UTR. Wild type Cdc25A and Mcm10 show a marked reduction in lucif-
erase activity compared to their mutant control (illustrated as fold
change with blue bars) but this reduction is abolished when miR-215
mimic is substituted for random oligonucleotide control (illustrated as
fold change with red bars), highlighting specificity of miR-215 to binding
sites on Cdc25A and Mcm10. No significant changes were observed for
Trip13 and Ick. Cdc25A: cell division cycle 25A, Mcm10: minichromosome
maintenance complex component 10, Trip13: thyroid hormone receptor
interactor 13, Ick: intestinal cell (MAK-like) kinase.

activation,® and may recruit DNA polymerase-a primase to aid
DNA elongation.’® In view of its function in DNA replication,
defects of Mcm10 may result in defective G1/S progression.
Increase in replication has been correlated to proliferative state.”’
An overexpression of Mcml0 has been linked to cervical
cancer.””

Cdc25A is reported to be an important regulator of cell
proliferation® and promotes cell cycle progression at both
G1/S phase and G2/M by dephosphorylation of CDKI and
CDK2.>*°% An overexpression of Cdc25A results in uncon-
trolled cell proliferation and genomic instability; upregulation of
Cdc25A has been notably reported in several cancers including
breast, gastric and colorectal cancer.””® In addition, it was
reported that Cdc25A has anti-apoptotic properties through
inhibiting apoptosis signal-regulating kinase 1 (ASK1), a positive
regulator of the mitogen-activated protein kinase kinase 4
(MKK4)-c-Jun N-terminal kinases (JNK) cascade.®!

We postulate that miR-215 plays an important role in propa-
gating pterygium by increasing fibroblast proliferation via
Mcm10 and Cdc25A. Cdc25A and Mcm10 are in turn interact-
ing with a network of other cell cycling regulators such as cyclin
dependent kinases which will have further amplifying effects on
cell cycling. Although increased numbers of fibroblasts could
result from increased cell cycling and proliferation, we did not
show that the amount of matrix proteins was consequently
increased. We agree that matrix regulation is an important issue
and we have a separate report that focused on the spectrum of
protein secreted by pterygium fibroblasts.

The connection between UV radiation and microRNA distur-
bance may possibly be via the processing of endogenous

www.tandfonline.com
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microRNAs. For instance, enzymes that catalyze the assembly of
the RNA-Induced Signaling Complex (RISC) may be affected by
ultraviolet radiation.®? Presently, 1872 different human micro-
RNAs have been discovered and predicted to control over 60%
of all genes in the human genome.®>** Therefore only a small
number of microRNAs are required to cause a widespread disor-
der of gene expression to result in fibrosis. Although we investi-
gated only one human disease, the findings may be applicable to
other fibrotic diseases.

During the preparation of this manuscript, 2 papers have
been published on the dysregulation of microRNAs in pteryg-
ium. Chien et al. reported the correlation of mir-145 with pte-
rygium severity.®> The authors examined the expression of
miR-145 in 253 patient samples, and clinically classified pte-
rygium into 3 grades of severity without comparing to unin-
volved Engelsvold reported  the
dysregulation of microRNAs including the downregulation of

tissue  controls. et al.
miR-200b, by comparing 8 pterygium tissues to matched con-
junctiva controls. Using clustering analysis, functional analysis
and pathway analysis on the dysregulated microRNAs and a
list of dysregulated mRNAs, the authors hypothesized on the
role of the miR-200 family in epithelial mesenchymal transi-
tion in pterygium. In this hypothesis, epithelial cells transform
into abnormal fibroblasts which then mediate the changes that
result in prerygium.*®

It is surprising that neither Chien et al.®® nor Engelsvold
et al.% reported miR-215 to be of importance. One reason
would be the heterogeneity of tissues involved and the lack of
same eye controls in other studies. This may cause confounding
by differences in ethnicity, hours of sun exposure, and genetic
factors such as expression of G6PD and redox genes.

Strengths

The pterygium and conjunctival tissue specimens were har-
vested in a single eye center, which handles many cases of such a
disease. Samples were obtained from patients using uniform diag-
nostic criteria and surgical techniques and processed in a stan-
dardized manner. Use of controls from the same eye eliminates
issues concerning inter-individual differences such as age and
genetics.

Limitations

We acknowledge a few limitations to our studies. One limita-
tion is that the number of tissues used is relatively small. The
miRCURY LNA™ microRNA Array featured 6 slides for micro-
RNA comparison, therefore only 3 pairs of pterygium and con-
junctiva tissues were used for microRNA profiling. Small sample
size and tissue heterogeneity could result in a smaller number of
targets identified. However, we used 3 other pairs of tissues for
qRT-PCR and another 3 for FISH experiments. These showed
that dysregulation of miR-215 was found in all 9 patients that we
evaluated.

We accept that studies on cell culture would not necessarily
yield similar results from a tissue study due to the absence of cell
matrix or matrix influences in cell culture. A further limitation is
that the extent or severity of the pterygium lesion was not
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documented. In theory, it is possible that the level of microRNA
may be different at different stages of pterygium or between dif-
ferent parts of the lesion (e.g. head versus body) and therefore
poses the important question of whether derangements in micro-
RNA are the cause of pterygium formation or merely an effect of
pterygium.

There are other potential binding sites on the 3" UTR of
Trip13 and Ick which we did not mutate, so we cannot exclude
them out as direct targets of miR-215. Mcm3 and Ppplca were
potentially targets of miR-215 as the complementary sequences
were found on the 3’UTR, but we did not validate this specificity
by luciferase assay.

The current manuscript focused on miR-215 among the dys-
regulated microRNAs based on the relatively well known cellular
function in other studies as well as the function of predicted tar-
gets of this miR-215. Our data cannot exclude the possible role
of other microRNAs

Future studies

It would be useful to perform binding specificity of miR-215
to the other cell cycling regulators found in microarray screening
(Table S2). Phenotypic studies involving the knock-down or res-
cue of target genes will validate the functions of the target pro-
teins in association with miR-215. The in vivo role of microRNA
and its target transcripts in other models of fibrosis will be

studied.

Clinical application

Our findings on microRNA and fibroblast function may be
applied to a human disease. It may be possible to arrest pteryg-
ium formation by non-surgical treatment using supplementation
of miR-215. The elevation of microRNA expression can be
achieved via the use of short interfering RNAs in therapy.®”*® In
fleshy pterygium lesions, these strategies may even play a role in
the prevention of post-surgical recurrence after excision.

Material and Methods

Specimen and patient samples

The method for patient specimen collection was previously
described.®” All protocols complied with the tenets of the Decla-
ration of Helsinki and were approved by the Central Institutional
Review Board of Singhealth. Written informed consents were
obtained from patient donors. Pterygium tissue was excised from
a patient diagnosed with primary pterygium undergoing an elec-
tive surgical procedure. An upper bulbar free conjunctival graft
from the same eye was removed and placed over the site of the
original lesion. The whole pterygium tissue and a small portion
of uninvolved conjunctiva located adjacent to the graft site were
collected separately.

Primary pterygium fibroblast cell culture

Primary pterygium fibroblasts were cultured as previously
reported”®”!
men were transferred immediately into 1 ml of Dulbecco’s

with slight modifications: Fresh pterygium speci-
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modified eagle’s medium (DMEM)/F-12 culture medium (Life
Technologies, Carlsbad, CA, USA) containing 1x antibiotic and
antimycotic (1x A/A) (Life Technologies, Carlsbad, CA, USA)
and transferred to lab on ice. Each specimen was cut into explant
pieces of approximately 1-2 mm?* and placed onto 60 mm cul-
ture plates coated with 1 ml fetal bovine serum (FBS) (Life Tech-
nologies, Carlsbad, CA, USA) for 10 min at 37°C. Sixty
microliters of FBS with 1X A/A was dropped onto the explants
and incubated overnight at 37°C with 5% CO?. On the second
morning, 120 ul of DMEM/F-12 with 10% FBS and 1x A/A
was dropped over each explant, and an additional 400 ul topped
up on the same evening. About 3-5 d later upon first observa-
tions of cell migration, the volume of medium was increased to
2 ml and replaced on alternative days. Cells were subcultured at
80-90% confluency using TrypLE™ Express (Life Technolo-
gies, Carlsbad, CA, USA). After Passage 0, cells were cultured in
DMEM/F-12 with 10% FBS.

RNA extraction

Fresh tissue specimens were immediately transferred to RNA-
later RNA stabilization reagent (Qiagen, Hilden, Germany)
upon surgical excision and stored at —20°C until RNA extrac-
tion. Tissues were minced using surgical scissors and ground
using pestle and mortar with liquid nitrogen, transferred to TRI-
zol (Life Technologies, Carlsbad, CA, USA) and passed through
22G needles (Becton Dickenson). Chloroform was added and
the RNA layer extracted after separation into organic phases. The
RNeasy RNA extraction kit (Qiagen, Hilden, Germany) was
used to purify RNA obtained, performed according to man-
ufacturer’s protocol. RNA concentration and quality were
assessed using Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA)
for microarray use or the spectrophotometer (Thermo Scientific,
Waltham, MA, USA) for qRT-PCR use.

MicroRNA and mRNA microarray profiling

Comprehensive microRNA  profiling was outsourced to
Exiqon’s ISO 9001:2000 certified microRNA profiling service.
Briefly, RNA from 3 pterygium and 3 conjunctival samples were
labeled using miRCURY LNA™ microRNA Power Labeling
Kit after removal of 5'-phosphatases from the terminal ends and
hybridized to miRCURY LNA™ microRNA Array (Exiqon,
Vedback, Denmark). The samples are incubated for 16 h at
56°C, washed and images acquired.

For mRNA expression profiling, the microarray experiment
was performed on the Agilent Sureprint G3 GE 8 x 60K (ID:
G6851-60510) single-color chip (Agilent Technologies, Santa
Clara, CA, USA) containing 27,958 entrez gene RNA sequences.
Four pairs of matched pterygium and conjunctiva tissue samples
were evaluated. Briefly, total RNA was labeled with Low Input
Quick Amp Labeling Kit. Total RNA was converted to double-
stranded cDNA using oligo-dT primers and transcribed to pro-
duce cyanine 3-CTP labeled cRNA. Labeled cRNA was hybrid-
ized onto Agilent SurePrint G3 human GE 8 x 60K microarray
for 17h at 65°C in Agilent hybridization oven. After hybridiza-
tion, the microarray slide is washed and scanned on Agilent High
Resolution Microarray scanner. Raw signal data was extracted
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from the TIFF image with Agilent Feature Extraction Software
(V10.7.1.1). The workflow was performed by Molecular Geno-
mics Pte Ltd, Singapore.

To screen for potential targets of miR-215, 4 pairs of primary
pterygium fibroblast cells that have been treated with 100 nM
miR-215 mimic or non-specific control oligonucleotide (Thermo
Scientific, Waltham, MA, USA) for 24 h were analyzed for gene
expression using the same chip and procedure described above.

Analysis of microarray data

The threshold of the raw signals was set to 1.0. Data were
transformed to logbase 2 values. Per chip normalization was
performed by percentile shift to 75th percentile. Per gene nor-
malization was performed by baseline transformation to the
median of all samples. A box plot of normalized data for the 8
samples showed a similar distribution. Principal component
analysis (PCA) of the normalized data was performed and the
3D scatter plot showed separation of the 4 points representing
pterygium tissue from the 4 points representing conjunctival
tissue. Subsequent quality control on the probeset to remove
faulty or suspicious probes was done by filtering on flags
(probes flagged as 'not detected’ and 'compromised’) and fil-
tering on expression (removal of probes with very low raw sig-
nal intensity (<20 )).

Quantitative Real-time Polymerase Chain Reaction
(qRT-PCR)

Primary pterygium and conjunctival tissues from 3 pairs of
samples were used in a 2-step QRT-PCR experiment for the anal-
yses of both microRNA and target mRNAs. For quantification of
microRNA expression, qRT-PCR was performed using the miR-
CURY LNA™ PCR system (Exiqon, Vedbaek, Denmark) in
accordance with the manufacturer’s instructions. Total RNA was
diluted to a concentration of 10 ng in 4.5 wl using nuclease-free
water and added to reagents from the miRCURY LNA™ First-
strand ¢cDNA Synthesis Kit. Resultant complementary cDNA
products were diluted 2-fold and 4 wl was added to reagents in
the miRCURY LNA™ SYBR® Green Master Mix. Twenty
microlitres of the final product was amplified in triplicates for
qRT-PCR on a LightCycler® 480 real-time PCR System. Con-
trol reactions using primers against 5S rRNA (rRNA) were used
to normalize microRNA expression levels.

In mRNA expression analysis, SuperScript™ II First-Strand
Synthesis System for RT-PCR (Life Technologies, Carlsbad, CA,
USA) was used to reverse transcribe 1 g of each sample’s total
RNA preparation. Gene-specific forward and reverse primers
(Table S4) were designed using Primer3 (http://bioinfo.ut.ce/
primer3/) and synthesized by FBCO (Singapore). Quantification
was performed using the comparative ACt method as described
carlier.”? Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as the internal control.

Fluorescent In Situ hybridization (FISH) for microRNA

FISH was carried out as described in the protocol reported
carlier,””> with adjustments made to the incubation time with
anti-DIG alkaline phosphatase antibody so as to avoid non-
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specific binding. Three pairs of pterygium and conjunctival
specimens were embedded in OCT, cryosectioned to 8 pum-
thick and mounted on microscope slides. Sections were fixed in
4% paraformaldehyde (PFA) and washed in 1X PBS. They
were immersed in acetylation solution (590 ml DEPC-treated
water, 8 ml triethanolamine, 1050 wl HCI and 1.5 ml acetic
anhydride), washed in 1X PBS and treated with Proteinase K.
The slides were prehybridized for 6 h in hybridization solution
(50% formamide, 5X sodium chloride/sodium citrate (SSC),
5X Denhardt’s, 200 pg/ml yeast RNA, 500 pg/ml salmon
sperm  DNA, 0.4 g Roche blocking reagent and 1.75 ml
DEPC-treated water) at room temperature. Tissues were hybrid-
ized at 50-60°C overnight in the presence of a probe mix con-
sisting of 0.1 pl of LNA DIG-labeled probe and 150 ul of
denaturating hybridization solution (prepared as hybridization
solution but 500 wl 10% CHAPS, 100 pl 20% Tween-20 and
1150 wl DEPC-treated water was added instead of 1.75 ml
DEPC-treated water). Hybridized sections were soaked in 60°C
5X SSC followed by a high stringency wash in 0.2X SSC at
60°C for 1 h. Slides were incubated at room temperature for
10 min in B1 solution (0.1 M Tris pH 7.5 and 0.15 M NaCl)
and 1 h in blocking solution (2 ml FBS, 18 ml B1 solution and
100 pl 10% Tween-20). Diluted anti-DIG-alkaline phospha-
tase antibody 1:2000 was incubated with the sections for
another hour at room temperature. Slides were washed in Bl
solution, equilibrated 10 min with 1 M Tris pH 8.2, and incu-
bated 30 min with Fast Red solution. Images were taken at
200X magnification using Axioplan2 fluorescence microscope
equipped with an AxioCam MR camera (Carl Zeiss AG, Jena,
Germany).

Gene ontology classification

Microarray data was analyzed by Genespring 12.5 (Agilent
Technology, Redwood City, CA). A differential expression gene
list was generated based on the following criteria: fold change of
miR-215 treated pterygium fibroblast over control > 1.5. Gen-
eral gene ontology analysis was performed on the generated gene
list to identify involved cellular processes.

Immunofluorescent staining and microscopy

Three pairs of human pterygium and control conjunctival
specimens were embedded in Optimal Cutting Temperature
(OCT) (Sakura, USA) compound. Eight microlitres-thick sec-
tions were made using a Microm HM550 cryostat (Microm,
Walldorf, Germany). Sections were fixed in ice-cold acetone,
washed in 1X PBS, blocked with 4% BSA in 1X PBS contain-
ing 0.1% Triton X-100 for 45 min and incubated with pri-
mary antibodies (Table S5) at 4°C overnight. Sections were
washed in 1X PBS and incubated with Alexa Fluor 488-conju-
gated secondary antibody 1:800 in PBST (1X PBS, 0.1%
Tween-20) for 30 min at room temperature. UltraCruz™
Mounting Medium was added to stain the nuclei. Images were
captured at 200X magnification using Axioplan2 fluorescence
microscope equipped with an AxioCam MR camera (Carl
Zeiss AG, Jena, Germany).
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Impedance assay for cell proliferation

This was performed using a continuous non-labeling method
as previously described.”* The xCELLigence system (Roche,
Basel, Switzerland) allows cellular dynamics involving cell viabil-
ity, adhesion, migration and proliferation to be monitored real-
time, using microelectronic biosensors to track cell impedance.
Briefly, 3,000 cultured primary pterygium fibroblast cells were
reverse transfected with 100 nM of either miR-215 mimic
or non-specific control oligonucleotide (Thermo Scientific, Wal-
tham, MA, USA) in each well of a 96-well plate. Transfection
medium is changed to complete culture medium at 6 h and cell
impedance is monitored. The experiments were repeated using 3
biologically different (different donors) cultured primary pteryg-
ium fibroblast cells.

Flow cytometry analysis for cell cycle

Approximately 250,000 cultured pterygium fibroblast cells
were transfected in each well of a 6-well plate with 100 nM of
either miR-215 or non-specific control oligonucleotide (Thermo
Scientific, Waltham, MA, USA). At 48 h, cells are treated with
100 ng/ml nocodazole (Sigma Aldrich) or 2 ug/ml aphidicolin
(Sigma Aldrich, St. Louis, MO, USA) for 18 h, after which cells
are collected. After one wash using PBS, cells are resuspended in
500 uL PBS and 70% cold ethanol is added drop-wise under
gentle vortexing. Cells are fixed overnight in 4°C, collected by
centrifugation and washed once in PBS. Cells are collected again
and stained with PI Staining Solution composed of 20 ug/ml
propidium iodide (Abcam), 200 ug/ml RNAse A (Thermo Scien-
tific, Waltham, MA, USA) and 0.1% Triton X-100 (Thermo Sci-
entific, Waltham, MA, USA) for 15 min at 37°C. The DNA
contents of the stained cells are analyzed using a flow cytometer,
FACSVerse (Becton Dickenson, Franklin Lakes, NJ, USA). The
experiments were repeated using 3 biologically different (differ-
ent donors) cultured primary pterygium fibroblast cells. The
highest non-lethal dosage of aphidicolin and nocodazole were
used.

Cell proliferation assay

Cell proliferation was analyzed using the Click-it EdU Alexa
Fluor 488 (Life Technologies, Carlsbad, CA, USA) assay accord-
ing to the manufacturer’s protocol. EAU is a thymidine analog
that is incorporated into the DNA during the S-phase, and its
detection is catalyzed by copper (I) using an azide modified fluo-
rescent dye. This click technology allows insight to cell replica-
tion without the need to denature DNA as required by the
conventional bromodeoxyuridine (BrdU) cell proliferation assay.
Briefly, 50,000 cultured pterygium fibroblast cells reverse-trans-
fected with miR-215 mimic or non-specific control oligonucleo-
tide are seeded into a 4-well plate and allowed to attach
overnight. Ten micromolar of 5-ethynyl-2'-deoxyuridine (EdU)
was added and cells incubated for 10 h at 37°C. The cells were
then fixed with 4% PFA, washed with 3% bovine serum albumin
(BSA) and permeabilized using 0.5% Triton X-100. Five hun-
dred microlitres of Click-it reaction cocktail comprising 1X
Click-it reaction buffer, copper sulfate solution, Alexa Fluor
azide, 1X reaction buffer additive prepared according to
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manufacturer’s protocol, was added and cells incubated for
30 min, washed and stained with Hoechst 33342 for 30 min,
protected from light. The images were viewed using the C2 Con-
focal microscope (Nikon , Chiyoda, Tokyo, Japan) under 100 x
magnification. Experiments were performed 3 times with biolog-
ical replicates. The number of stained nuclei was measured as a
percentage of total number of nuclei in each image for quantifica-
tion of staining.

Prediction of target binding sites by calculation of binding
energies

Analysis of results was performed using a web-based bioinfor-
matics prediction platform. Statistically significant changes
(P < 0.05) in mRNA levels after miR-215 treatment in pteryg-
ium fibroblast cells were checked for miR-215 seed sequence-
mRNA 3'UTR complementarity using RNAhybrid (http://bibi
serv.techfak.uni-bielefeld.de/rnahybrid/). A minimum binding
energy, defined arbitrarily, was used to determine potential bind-
ing by microRNA. Using this definition, the potential sites had
at least 6 base pairs of contiguous nucleotide complementarity.

Dual-luciferase assay

The pEZX-MTO01 dual-luciferase reporter vector from Gene-
copoeia (Genecopoeia, Rockville, MD, USA) was used for target
validation. The vectors comprised of 3" UTR sequences of target
transcripts inserted downstream of the firefly luciferase reporter
gene driven by SV40 and a renilla luciferase gene driven by
CMV. RNAhybrid was used to determine possible binding sites
in silico and 35 short nucleotide sequences of about 10-15 base
pairs which were determined to be potential microRNA binding
sites were randomly mutated. The 3' UTR sequences as well as
mutant 3’ UTR sequences are listed in Table S6. Mutation and
cloning services were performed by Genecopoeia and validated
by IDT (Singapore) sequencing services using the following pri-
mers: 3'UTR Forward 5-GATCCGCGAGATCCTGAT-3/,
3'UTR Reverse 5'-CCTATTGGCGTTACTATG-3'.

Seventy-five thousand HEK293T cells were seeded onto 96-
well white walled, clear-bottom plates and reverse transfected
with 100 nM miR-215 mimic and 200 ng 3’ UTR plasmid or
mutated 3’ UTR plasmid. Medium was changed 24 h later and
cells lysed 48 h after transfection using 1x passive lysis buffer
(Promega, Madison, WI, USA). Addition of Luciferase Assay
Reagent (firefly luciferase substrate) and Stop-and-Glow (renilla
luciferase substrate) were performed according to manufacturer’s
protocol (Promega, Madison, WI, USA) and luminescence mea-
sured using the Infinite M200 luminometer (Tecan, Maenne-
dorf, Switzerland). Each experiment was repeated with 3
different biological samples.

Statistical analysis

Data was presented as mean fold change £ standard error of
mean and analyzed using Student’s 2-tailed # test. P values less
than 0.05 were considered statistically significant.
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tise in bioinformatics and help with using the RNAhybrid
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