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PURPOSE. Because microRNAs (miRNAs) have been associated with eye diseases, our study
aims to profile ocular miRNA expression in normal human ciliary body (CB), cornea, and
trabecular meshwork (TM) using miRNA-Seq to provide a foundation for better understanding
of miRNA function and disease involvement in these tissues.

METHODS. Total RNAs were extracted from seven normal human CB, seven cornea, and seven
TM samples using mirVana total RNA isolation kit. miRNA-Seq was done with Illumina MiSeq.
Bowtie software was used to trim and align generated sequence reads, and only exact matches
to mature miRNAs from miRBase were included. The miRTarBase database was used to
analyze miRNA target interactions, and the expression of five selected miRNAs was validated
using droplet digital PCR (ddPCR).

RESULTS. Using the miRNA extracted from 21 human samples, we found 378 miRNAs
collectively expressed, of which the 11 most abundant miRNAs represented 80% of the total
normalized reads. We also identified uniquely expressed miRNAs, of which five share 18
highly validated gene targets, and created a profile of miRNAs known to target genes
associated with keratoconus and glaucoma. Using ddPCR, we validated the expression profile
of five miRNAs from miRNA-Seq.

CONCLUSIONS. For the first time, we profiled miRNA expression in three human ocular tissues
using miRNA-Seq, identifying many miRNAs that had not been previously reported in ocular
tissue. Defining the relative expression of miRNAs in nondiseased eye tissues could help
uncover changes in miRNA expression that accompany diseases such as glaucoma and
keratoconus.
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MicroRNAs (miRNAs) are approximately 22 nucleotide,
noncoding RNAs that regulate gene expression through

targeted binding to mRNA.1–7 During biogenesis, miRNA is
initially transcribed into primary miRNA (pri-miRNA), an
imperfectly base-paired hairpin structure.2,6,8 Further process-
ing and cleavage produces a mature miRNA that can participate
in posttranscriptional modification once bound to the RNA
induced silencing complex (RISC).2,6,8 Depending on the
degree of base pairing, the bound mRNA can be either
degraded or inhibited.1,3,4,8 Many miRNAs have been shown
to target numerous genes, and often many individual miRNAs
are required to adequately inhibit a single mRNA.1–5,8 Because
of their role in posttranscriptional regulation, many miRNAs
have been identified as potential biomarkers and targets for
treatment in diseases such as cancer, heart failure, and
diabetes.2 This evolving interest in miRNAs has also spread to
the ocular field, where numerous miRNAs have been implicat-
ed in playing important roles in human eye disorders, such as
glaucoma, keratoconus, and corneal dystrophy.9–13

Despite the recent progress, much is still unknown about
the expression of miRNAs in human ocular tissues, so multiple
studies have been conducted to characterize all miRNAs

present in both diseased and normal ocular tissue.7,14–26

Focusing primarily on mouse, zebrafish, and Drosophila

tissues, these studies tend to rely on two types of approaches:

predesigned microarrays and targeted candidate gene as-

says.8,27 Microarray-based analysis is a high-throughput method

that uses a large selection of predesigned probes to detect

miRNAs through hybridization.2,6 Targeted candidate assays can

be used to study the expression of a few preselected miRNA

candidates using techniques such as in situ hybridization (ISH),

Northern blotting, quantitative real-time PCR (qRT-PCR), and

droplet digital PCR (ddPCR).2,6,27 While microarrays efficiently

identify a large number of miRNAs, the targeted candidate

assays produce more quantitative data with higher sensitivity

and specificity for a particular candidate miRNA.2,6,27,28 Both

methods, though, are unable to identify novel miRNAs and are

often hindered by the sequence similarity of different miRNAs.

Because of the limitations of traditional methods, profiling

miRNA expression in human ocular tissues using second

generation miRNA sequencing (miRNA-Seq) will be necessary

to determine the entire spectrum of miRNAs present in ocular

tissues.
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One recent study attempted this by sequencing the miRNAs
in 16 nondiseased human retina samples, identifying the relative
expression of 480 miRNAs in the collective retinas.26 Although
this study has helped characterize the profile of miRNAs in the
human retina, the same has not been done in most other types of
ocular tissues. To address this critical need, we have profiled
miRNAs present in normal human ciliary body (CB), cornea, and
trabecular meshwork (TM) tissues using miRNA-Seq. Previously,
only a few studies have attempted to profile the miRNAs in these
tissues using only the traditional techniques and nonhuman
ocular tissues.17,22–25 Because of the role of the CB, cornea, and
TM in ocular diseases, such as keratoconus and glaucoma,
determining the expression of miRNAs in these tissues could
help provide a better foundation for disease research.

MATERIALS AND METHODS

Tissue Procurement and RNA Extraction

This research conforms to all tenets of the Declaration of
Helsinki. All tissues were obtained from North Carolina Eye Bank
donors without a clinical history of glaucoma or glaucoma-
associated conditions, elevated IOP, or the use of glaucoma
medications or steroids. No other major ocular conditions were
reported for any of the donors. The ocular tissues were dissected
out by the surgeon (RRA) and immersed in RNALater (Ambion,
Waltham, MA, USA), to preserve the RNA at 48C overnight, and
then stored at �808C until RNA extraction.29 Total RNA was
extracted using the mirVana miRNA Isolation Kit from Thermo-
Fisher Scientific, Inc. (Waltham, MA, USA) according to the
recommended procedure. The quantity of RNA yield was
determined with NanoDrop from ThermoFisher Scientific, Inc.,
and the quality was assessed using the RNA 6000 Nano Kit with
Bioanalyzer 2100 from Agilent Technologies (Santa Clara, CA,
USA). A total of 21 samples was used in this study, including 7 CB,
7 cornea, and 7 TM samples.

miRNA Sequencing

The TruSeq Small RNA Sample Prep kit from Illumina (San
Diego, CA, USA) was used to generate the small RNA
sequencing library, as previously described.30 Briefly, 1 lg
total RNA was ligated using the manufacturer-supplied RNA 30

and RNA 50 adapters. To produce cDNA constructs, the ligated
small RNA was subjected to RT-PCR with a sample-specific
index sequence followed by gel purification. Amplified
miRNAs were enriched and validated with the Agilent (Santa
Clara, CA, USA) Bioanalyzer 2100 using High-Sensitivity DNA
chips. Using a MiSeq Reagent Kit v2 with 50 cycles (Illumina,
Inc., San Diego, CA, USA), the validated small RNA sequencing
libraries were normalized, denatured, and loaded to the
Illumina MiSeq sequencer. Sequencing data were trimmed to
remove adapter sequences and aligned against human refer-
ence database using Bowtie software (http://bowtie-bio.
sourceforge.net/index.shtml; in the public domain). Only exact
matches to known mature miRNA sequences in miRBase were
counted.31 The original sequencing data, as well as the
normalized data, have been deposited into the NCBI Gene
Expression Omnibus and are accessible through GEO Series
accession number GSE81254 (http://www.ncbi.nlm.nih.gov/
geo/; in the public domain).32

Although no standard method for normalizing miRNA-Seq
data exists, we chose to normalize our data using the Trimmed
mean of M (TMM) method because of its high performance with
spiked miRNA samples.33–35 Comparing TMM normalization
with normalizing with the counts-per-million technique and the
raw data, the TMM method produced the lowest variation
between the biological replicates in our data set. All analysis was

done using Microsoft Excel 2013 (Microsoft Corp., Seattle, WA,
USA) and The R Language and Environment for Statistical
Computing (https://www.r-project.org/; in the public do-
main).36 The edgeR package in R was used to normalize the
data, trimming the data using an M value of 30% and an A value of
5%.34,37–41 Only miRNAs with a mean number of normalized
reads greater than 1 and with expression in 3 or more samples of
each tissue type were included in the analysis.

To identify miRNAs shared between or uniquely expressed in
the various tissues, the resulting mean number of normalized
reads per miRNA was compared based on relative expression
levels within the CB, cornea, and TM. For the miRNAs uniquely
expressed, we compared experimentally validated gene targets
in miRTarBase, an online database containing experimentally
validated miRNA targets and the corresponding experimental
documentation.42 Gene targets experimentally validated using
reporter assays, Western blot, qPCR, microarrays, or pSILAC
(pulsed stable isotope labeling by/with amino acids in cell
culture) were classified as high-confidence experimentally
validated targets. The classification of low-confidence targets
included targets experimentally validated using next generation
sequencing techniques. We also used miRTarBase to analyze
miRNAs that possibly target genes associated with glaucoma and
keratoconus.43–55 Heat maps were created using The R
Language and Environment for Statistical Computing.36 The
color palette used in the heat maps was made with the Heatplus
package (http://bioconductor.org/packages/release/bioc/html/
Heatplus.html; in the public domain), and the gplots package
(http://ggplot2.org/; in the public domain) was used to create
the heat maps.56,57

Validation of miRNA-Sequencing Expression

To validate the miRNA expression data obtained from sequenc-
ing, we measured the expression of five miRNAs (miR-141-3p,
miR-184, miR-186-5p, miR-200b-3p, and miR-429) in 11 of the
human ocular samples from the three different tissues (4 CB, 4
cornea, and 3 TM samples) using ddPCR. These miRNAs were
chosen for validation based on their relative expression patterns
and potential relevance to tissue function or disease, representing
miRNAs uniquely expressed (miR-141-3p, miR-200b-3p, and miR-
429), miRNAs with approximately equivalent expression (miR-
186-5p), and miRNAs highly expressed (miR-184). The ddPCR
assays were performed using the QX200 ddPCR system from Bio-
Rad (Hercules, CA, USA) as described previously.58 To perform
the ddPCR, RNA from each sample was reverse transcribed to
cDNA using Taqman microRNA Reverse Transcriptase kit from
Applied Biosystems (Grand Island, NY, USA) according to the
manufacturer’s instructions. The generated cDNA samples were
further diluted 5-fold using ultrapure DNase and RNase free water,
and 2 lL diluted cDNA was used for each ddPCR reaction. TaqMan
miRNA assays (Cat# 4427975) from Applied Biosystems were
used to validate the expressions. The reaction mix was prepared
using QX200 ddPCR Supermix for Probes (No dUTP) from Bio-
Rad, and a Bio-Rad QX200 droplet generator was used to partition
each PCR reaction into up to 20,000 nano-sized droplets. The
amplified PCR products were quantified using Bio-Rad QX200
droplet reader and analyzed by its associated QuantaSoft
software. For quality control, all samples were run in duplicate,
and negative controls containing water instead of cDNA were
included to ensure no contamination in all reagents.

RESULTS

Sample Phenotype

To determine the expression of miRNAs in nondiseased human
eye tissues, we studied human tissue samples of CB, cornea,
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and TM from 14 donor eyes, using seven samples of each tissue
type. The phenotypes for these tissue samples are supplied in
Table 1, with samples from the same patient denoted with
similar superscripts. All the donated human eyes were
collected within 6 hours after death.

Overall miRNA Expression

Using miRNA-Seq, the average sequence reads for the CB,
cornea, and TM samples were 540202, 531607, and 447289,
with an SD of 94213, 86239, and 232677, respectively. After
normalization, we found 378 miRNAs expressed collectively
from all samples. A complete list of these miRNAs with their
normalized number of sequencing reads per each tissue sample
can be found in Supplementary Table S1. The most abundant
miRNAs found from the collective tissue were miR-143-3p,
miR-184, miR-26a-5p, and miR-204-5p. These miRNAs were the
only ones from the collective tissue to express an average of
10,000 normalized reads or more, comprising 54% of the
average total number of normalized reads in the combined
tissues. Figure 1 depicts these miRNAs as well as the other
seven most abundant miRNAs, all of which were found to be
expressed with more than 3000 mean number of normalized
reads in the collective tissues and constitute 80% of the total
number of normalized reads. As shown in Figure 2, the
expression between the different tissues was approximately
equivalent, with the exception of miR-143-3p and miR-184.
Within the individual tissue types, the most abundant miRNAs
were miR-204-5p, miR-184, and miR-143-3p for the CB, cornea,
and TM, respectively.

miRNA Expression per Specific Tissue

Overall, the CB expressed 320 miRNAs, the cornea 297
miRNAs, and the TM 310 miRNAs. The relative expression of
these miRNAs across the different tissues is illustrated as a heat
map in Supplementary Figure S1. We further compared the
ocular miRNA expression within and across the different tissue

types using a Venn diagram (Fig. 3). This Venn diagram
indicates how many miRNAs were expressed only in the
specific tissues types, showing that although 243 miRNAs were
found in all of the tissues studied, 36% of the miRNAs were
observed in only one or two of the tissue types.

For the miRNAs found in only one or two of the tissues,
most expressed fewer than 10 mean normalized reads, with an
exception of 11 miRNAs. These 11 miRNAs were uniquely
expressed in either the CB only, the CB and TM only, or the
cornea and TM only. A number of other miRNAs exhibited
significantly higher expression in one or two of the tissue
types, although they were present in all the tissues. The
relative expressions of these uniquely expressed miRNAs are
depicted in the heat map of Figure 4. This heat map has been
clustered to group miRNAs with similar expression patterns
between the various tissues.

TABLE 1. Clinical Phenotypes of Human Donors in This Study

Tissue Sample ID

Patient Information

Age, y Race Sex PMD, h Primary Cause of Death

CB CB 1* 67 Caucasian Male 5:25 Lung cancer

CB 2 72 Caucasian Female 4:53 Pancreatic cancer

CB 3† 53 African Female 4:00 Breast cancer

CB 4 55 African Female 2:25 Breast cancer

CB 5 66 Caucasian Male 3:56 NA

CB 6‡ 76 Caucasian Female 4:14 MI

CB 7§ 66 Caucasian Female 4:00 Sepsis

Cornea Cornea 1† 53 African Female 4:00 Breast cancer

Cornea 2j j 49 African American Male 4:07 Renal cancer

Cornea 3§ 66 Caucasian Female 4:00 Sepsis

Cornea 4¶ 73 Caucasian Male 6:46 Sepsis

Cornea 5* 67 Caucasian Male 5:25 Lung cancer

Cornea 6‡ 76 Caucasian Female 4:14 MI

Cornea 7** 61 African Female 6:24 CVA

TM TM 1 77 Caucasian Male 3:33 IC bleed

TM 2 67 Caucasian Female 5:05 Lymphoma

TM 3 59 African American Female 4:01 ARDS

TM 4** 61 African Female 6:24 CVA

TM 5 73 Caucasian Male 3:41 MI

TM 6¶ 73 Caucasian Male 6:46 Sepsis

TM 7j j 49 African American Male 4:07 Renal cancer

*, †, ‡, §, j j, ¶, ** Similar superscripts indicate tissue samples from the same patient.
ARDS, acute respiratory distress syndrome; CVA, cerebral vascular accident; IC, intracerebral; MI, myocardial infarction; PMD, postmortem delay.

FIGURE 1. Expression of the top 11 most abundant miRNAs in all
human ocular tissues. Using the mean value of the normalized number
of reads for all samples, we were able to determine which miRNAs
were most abundantly expressed in our combined ocular tissue
samples. Included in this figure are only the miRNAs with more than
3000 mean number of normalized reads in the collective tissues. The
error bars represent the SEM.

miRNA Profile in Human Ocular Tissues Using miRNA-Seq IOVS j July 2016 j Vol. 57 j No. 8 j 3733

Downloaded from iovs.arvojournals.org on 04/25/2024

http://iovs.arvojournals.org/data/Journals/IOVS/935424/iovs-57-07-70_s01.pdf
http://iovs.arvojournals.org/data/Journals/IOVS/935424/iovs-57-07-70_s01.pdf


Of the 34 uniquely expressed miRNAs, 18 of them were
highly expressed in the cornea and TM with no or low
expression in the CB. Because of the possible tissue specificity
of these miRNAs, we used miRTarBase to analyze their gene
targets. Using the targets that we classified as having been
experimentally validated with high confidence, we found that
28 gene targets were shared between 11 of the 18 miRNAs. Of
the remaining seven miRNAs, four had no high confidence
targets, and three shared no gene targets with the other
uniquely expressed miRNAs. Of the 28 shared gene targets, 10
of them are regulated primarily by our uniquely expressed
miRNAs: BAP1 (100%), DLX4 (100%), IL24 (100%), INPPL1

(100%), RERE (100%), SIP1 (100%), WASF3 (75%), ZEB1

(88%), ZEB2 (88%), and ZFPM2 (100%). Of the uniquely
expressed miRNAs, miR-141-3p, miR-200a-3p, miR-200b-3p,
miR-200c-3p, and miR-429 appear to be the most similar with
respect to shared gene targets, sharing 47%, 77%, 80%, 50%,

and 88% of their gene targets, respectively, with the other
uniquely expressed miRNAs. Overall, 12 high-confidence gene
targets are shared between at least 2 of these 5 miRNAs (Table
2), and of all validated gene targets in miRTarBase, they have
220 shared gene targets. Of the 12 high-confidence gene
targets, these five miRNAs all target 3 genes: ZEB1, ZEB2, and
ZFPM2.

miRNA Gene Targets and Genes Associated With
Ocular Disease

Using miRTarBase, we analyzed miRNAs known to target genes
associated with two relevant ocular diseases: glaucoma and
keratoconus.42 For genes associated with glaucoma, we studied
the miRNAs that possibly target ABCA1, ADAMTS10, AFAP1,

ARHGEF12, ASB10, ATOH7, ATXN2, C12ORF23, CAV1, CAV2,

FIGURE 2. Distribution of top 11 most abundant miRNAs across all
human ocular tissues. Within the specific tissues, the expression was
relatively consistent in the top 11 most abundant miRNAs, with an
exception of miR-143-3p and miR-184. The miRNA expressions in this
figure are represented as the mean log10 of the normalized number of
reads, with the error bars signifying the SEM.

FIGURE 3. Venn diagram of expressed miRNAs in postmortem human
CB, cornea, and TM. To examine the miRNA content of the specific
tissue types, the miRNAs were organized based on in which tissues
they were expressed. The numbers in the figure indicate how many
miRNAs were expressed only by the tissues indicated by the circles.

FIGURE 4. Heat map of the expression of miRNAs uniquely expressed
in one or two of the specific ocular tissues. The expression of these
miRNAs is illustrated in this heat map as the mean normalized number
of reads, with green representing a relatively low number of reads and
red as a relatively high number of reads. The miRNAs in the heat map
are clustered based on the relative expression patterns.
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CDKN2B-AS1, CYP1B1, FNDC3B, FOXC1, GALC, GAS7,

GMDS, LRP12, MYOC, OPTN, PMM2, SIX6, SRBD1, TBK1,

TGFBR3, WDR36, and ZFPM2.43–52,54,55 We also analyzed the
miRNAs predicted to target DOCK9, FNDC3B, FOXO1, and
RAB3GAP1, which are all associated with keratoconus.53 All
the miRNAs that target these disease-associated genes and their
relative expression are illustrated in Figure 5 and
Supplementary Table S2. Only 8 of the 29 glaucoma-associated
genes and 2 of the 4 keratoconus-associated genes have miRNA
target interactions experimentally validated with high confi-
dence, so we included targets with both high and low
confidence in our profile. Of the 58 miRNAs found to target
genes associated with glaucoma, 17 miRNAs had no or
relatively low expression in all the tissue types, with relatively
low expression being classified as less than or equal to 10 mean
number of normalized reads. For keratoconus, 8 of the 27
miRNAs had no or low expression in all the tissues. Several of
the miRNA regulators for both the glaucoma- and keratoconus-
associated genes were highly expressed, having greater than or
equal to 1000 mean normalized reads, in at least one of the
tissue types. For glaucoma, these miRNAs include miR-143-3p,
miR-204-5p, miR-26a-5p, miR-181-5p, miR-21-5p, miR-27b-3p,
and miR-92a-3p, and for keratoconus, the highly expressed
regulators are miR-143-3p, miR-182-5p, and miR-92a-3p. All of
these highly expressed disease-associated miRNAs are included
in the top 18 most abundant miRNAs in the collective ocular
tissues.

Validation of miRNA Expression

In an attempt to validate the expression data produced from
miRNA-Seq, we measured the expression of miR-141-3p, miR-
184, miR-186-5p, miR-220b-3p, and miR-429 in 11 samples
from the CB, cornea, and TM using ddPCR. Expression
measurements from these ddPCR assays indicate a similar
expression pattern to that from sequencing, as seen in Figure
6, although while sequencing showed no miR-141-3p, miR-
200b-3p, and miR-429 present in the CB samples, low levels of
these miRNAs were detected with ddPCR.

Comparison With Previous Literature

Previously only a few studies have profiled the miRNA
expression in normal CB and cornea tissues, with no published
study, to our knowledge, analyzing the overall expression of
miRNAs in TM tissues.17,22,23,25,27 Many of the miRNAs from
our ocular expression profiles had not been previously
reported in these ocular tissues, with approximately 76% of
the CB, 30% of the cornea, and 92% of the TM miRNAs being
unique to our study. A list of the previously reported miRNAs
that have been identified in our study and the corresponding
sample and technique used is documented in Supplementary
Table S3.

DISCUSSION

For the first time, we have performed miRNA profiling in
nondiseased human CB, cornea, and TM using miRNA-Seq,
followed by ddPCR validation. miRNA-Seq enabled us to
identify all known miRNAs with high accuracy and sensitivity
while detecting highly similar miRNAs with small sequence
variations, which are difficult to discern using techniques that
rely on hybridization. Collectively we identified 378 individual
miRNAs: 320 in the CB, 297 in the cornea, and 310 in the TM.
Many of the miRNAs were uniquely expressed in only one or
two of the ocular tissues studied, and most of these unique
miRNAs were highly expressed in the cornea and TM with low
or no expression in the CB. We also created an expression
profile of miRNAs that target genes associated with either
keratoconus or glaucoma. To support the reliability of our
findings, we successfully used ddPCR to validate the expres-
sion pattern of five miRNAs in the CB, cornea, and TM.

Although the ocular tissues studied expressed a large
number of miRNAs, we found that only a few miRNAs
comprised most of the total miRNAs present in a specific cell
type. Although 378 miRNAs were found in the collective ocular
tissues, only 11 highly expressed miRNAs represented 80% of
the total number of mean normalized reads. With an exception
for miR-184, in which mutations in the seed region cause
keratoconus with cataracts, none of these most abundant
miRNAs have been implicated for their role in function or
disease in these tissues, to our knowledge.9 The large
representation of these miRNAs most likely indicates that they
are important to the functions of these particular ocular
tissues, especially because it has been found that only miRNAs
present in a sufficient concentration have an impact on
regulation within the cell.28

Of the miRNAs expressed in only one or two tissues, only a
few had an expression level greater than 10 mean normalized
reads, many of which being highly expressed in the TM and
cornea. The fact that the cornea and TM would share a large
number of miRNAs is understandable considering that a
transitionary region has previously been proven to exist
between the cornea and TM.59 Using the online database
miRTarBase, we analyzed the target genes that these uniquely
expressed cornea and TM miRNAs have been experimentally
validated with high confidence to regulate. Of these miRNAs,
five of them (miR-141-3p, miR-200a-3p, miR-200b-3p, miR-
200c-3p, and miR-429) were found to commonly target a large
set of genes, leading us to believe that these miRNAs most
likely act in a cooperative fashion. miR-200a, miR-200b, and
miR-429 are all located on chromosome 1 and are known
clustered miRNAs, whereas miR-141-3p and miR-200c-3p are
known clustered miRNAs located on chromosome 12. To our
knowledge, no previous studies have been conducted to
determine the role of these miRNAs in the cornea and TM
function. Because these five miRNAs are the only ones known

TABLE 2. Uniquely Expressed miRNAs in the Cornea and TM and Their
Validated Gene Targets

Target Gene miRNA Regulators Uniquely Expressed

ACVR2B miR-141-3p, miR-200c-3p

BAP1 miR-141-3p, miR-200a-3p, miR-200b-3p, miR-200c-3p

BCL2 miR-200b-3p, miR-200c-3p, miR-429

BMI1 miR-200b-3p, miR-200c-3p

CCNE2 miR-200a-3p, miR-200b-3p, miR-200c-3p

DLX5 miR-141-3p, miR-200a-3p

FLT1 miR-200b-3p, miR-200c-3p

FN1 miR-200b-3p, miR-200c-3p

MAPK14 miR-141-3p, miR-200a-3p

RERE miR-200b-3p, miR-429

RNF2 miR-200b-3p, miR-200c-3p

SIP1 miR-200a-3p, miR-200c-3p

VEGFA miR-200b-3p, miR-200c-3p

WASF3 miR-200a-3p, mIR-200b-3p, miR-429

XIAP miR-200b-3p, miR-200c-3p, miR-429

ZEB1 miR-141-3p, miR-200a-3p, miR-200b-3p, miR-200c-3p,

miR-429

ZEB2 miR-141-3p, miR-200a-3p, miR-200b-3p, miR-200c-3p,

miR-429

ZFPM2 miR-141-3p, miR-200a-3p, miR-200b-3p, miR-200c-3p,

miR-429
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with high confidence to regulate ZFPM2, a gene that resides in
a chromosome locus (chr8q22) that has been previously
associated with normal-tension glaucoma, the necessity of
future study of these miRNAs is evident.50,51

Our expression analysis has also generated a number of
miRNA candidates that may be involved in glaucoma and
keratoconus. Using miRTarBase, we were able to determine the
miRNAs predicted to target these genes associated with
glaucoma and keratoconus.43–55 Because only a small number
of glaucoma and keratoconus genes had highly validated

miRNA target interactions, we chose to include both targets
verified with high and low confidence in our disease
expression profile. The lack of miRNA target interaction data
for these genes could be attributed to many of them being
primarily associated with ocular diseases, which are not as well
studied as genes involved in diseases with higher prevalence,
like cancer or diabetes.

None of the miRNAs in this disease expression profile (Fig.
5) have been previously associated with either glaucoma or
keratoconus.9 Previous studies have shown, however, that miR-

FIGURE 5. Heat maps of the relative expression of miRNAs targeting genes associated with ocular diseases. Many of our miRNAs were found to
target genes associated with glaucoma (A) and keratoconus (B). These miRNAs and their relative expression in specific tissues are depicted above.
The values in the heat map are expressed as the mean number of normalized reads, with green for a relatively low number of reads and red for a
relatively high number of reads.
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106b, miR-16, miR-26a, miR-27a, miR-27b, and miR-7 are
upregulated in TM cells during mechanical stress and that miR-
155, miR-200c, and miR-204 regulate contractibility in TM
cells.60 Both the effect of mechanical stress on and the
contractibility of TM cells have been theorized to play a role in
glaucoma, further emphasizing the potential involvement of
these miRNAs in these diseases.61,62 The expression profile in
this study can be used to compare normal miRNA expression
with that of diseased tissue using low-cost targeted experi-
mental approaches such as ddPCR and qRT-PCR.

Previous studies have shown that there are substantial
differences between the outputs of different miRNA profiling
techniques, so validating expression data with a different
technique is essential.28 Although miRNA-Seq is beneficial in
providing quality expression data with high specificity and
reproducibility, qPCR and ddPCR have been shown to have
better sensitivity, so we chose to validate our sequencing data
using ddPCR.28 The benefit of selecting ddPCR over qRT-PCR is
that ddPCR allows absolute quantification without the use of
references, while also being more tolerant of sample quality
and variations in PCR efficiency.63

To validate our miRNA-Seq data, we performed ddPCR with
five different miRNAs in CB, cornea, and TM tissues. We chose
these specific miRNAs because they represented miRNAs
uniquely expressed (miR-141-3p, miR-200b-3p, and miR-429),
miRNAs with approximately equivalent expression (miR-186-

5p), and miRNAs highly expressed (miR-184). The results from
our validation confirmed the relative expression patterns we
observed in our sequencing data. The differences in sensitivity
between ddPCR and sequencing were emphasized, however,
through our attempts at validation. Although sequencing
showed miR-141-3p, miR-200b-3p, and miR-429 to be absent
in the CB samples, ddPCR indicated a low expression of these
miRNAs in the CB.

Our study has a few limitations. First, our human samples
were from aged donors. Including samples from younger
donors could be beneficial to study the impact of aging on
ocular miRNA expression. Second, our sequencing experi-
ments were performed in two batches, which could explain
some of the variation within specific tissue types, although
normalizing should have minimized any batch effects. Because
all of our ocular samples were from nondiseased donors, future
studies can be conducted to focus on a specific disease, such as
glaucoma or keratoconus.

In summary, we have profiled miRNA expression in 21
nondiseased human CB, cornea, and TM samples using miRNA-
Seq for the first time. Through our expression profile, we have
identified miRNAs abundantly or uniquely expressed and
created a list of miRNAs that potentially target genes associated
with glaucoma or keratoconus. This comparative analysis could
potentially enhance our knowledge and understanding of these
ocular tissues and related diseases.

FIGURE 6. Validation of relative miRNA expression in five miRNAs. Droplet digital PCR was performed to analyze the expression of miR-141-3p,
miR-184, miR-186-5p, miR-200b-3p, and miR-429 in CB (n¼ 4), cornea (n¼ 4), and TM (n¼ 3) tissues. Duplicates were performed for each sample.
The relative expression patterns among the three tissues were compared with the expression obtained from miRNA sequencing. In this figure, the
ddPCR expression is depicted as the log10 concentration (copies/lL), and sequencing data expressed as the mean log10 normalized number of reads.
Error bars are expressed as the SEM. Sequencing showed no expression of miR-141-3p, miR-200b-3p, and miR-429 in the CB, so bar graphs are not
available for the CB for these tissues.
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