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Abstract: Glucocorticoids (GCs) are known to regulate several physiological processes and are
the mainstay in the management of inflammatory eye diseases. The long-term use of GC causes
raised intraocular pressure (IOP) or ocular hypertension (OHT) in about 30–50% of the susceptible
individuals depending on the route of administration, and can lead to steroid-induced secondary
glaucoma. The present study aims to understand the role of microRNAs (miRNAs) in differential
glucocorticoid (GC) responsiveness in human trabecular meshwork (HTM) cells using small RNA
sequencing. The human organ-cultured anterior segment (HOCAS) model was used to identify
whether donor eyes were from GC-responders (GC-R; n = 4) or GC-non-responders (GC-NR; n = 4)
following treatment with either 100 nM dexamethasone (DEX) or ethanol (ETH) for 7 days. The total
RNA was extracted from cultured HTM cells with known GC responsiveness, and the differentially
expressed miRNAs (DEMIRs) were compared among the following five groups: Group #1: ETH vs.
DEX-treated GC-R; #2: ETH vs. DEX-treated GC-NR; #3: overlapping DEGs between Group #1 and
#2; #4: Unique DEMIRs of GC-R; #5: Unique DEMIRs of GC-NR; and validated by RT-qPCR. There
were 13 and 21 DEMIRs identified in Group #1 and Group #2, respectively. Seven miRNAs were
common miRNAs dysregulated in both GC-R and GC-NR (Group #3). This analysis allowed the
identification of DEMIRs that were unique to GC-R (6 miRNAs) and GC-NR (14 miRNAs) HTM cells,
respectively. Ingenuity Pathway Analysis identified enriched pathways and biological processes
associated with differential GC responsiveness in HTM cells. This is the first study to reveal a unique
miRNA signature between GC-R and GC-NR HTM cells, which raises the possibility of developing
new molecular targets for the management of steroid-OHT/glaucoma.

Keywords: glucocorticoids; glaucoma; microRNAs; miRNA; trabecular meshwork; small RNA-Seq;
pathway analysis; ocular hypertension; intra-ocular pressure

1. Introduction

Glucocorticoids (GCs) are known to regulate several physiological processes and are
the mainstay in the management of systemic and ocular autoimmune and inflammatory
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eye diseases [1]. Topical steroids are being prescribed to reduce inflammation following
cataract surgery and the treatment duration ranges from a few weeks to a year or longer [2].
It is shown that up to 35% of the patients without a prior glaucoma diagnosis and up to
80% of those with pre-existing glaucoma experience clinically significant post keratoplasty
intraocular pressure (IOP) elevation with long-term topical glucocorticoid use [2].

Intravitreal steroids, such as intravitreal triamcinolone acetonide (IVTA), dexametha-
sone (DEX) intravitreal insert, and fluocinolone acetonide implant, have been in use in
ophthalmology to treat posterior segment inflammatory eye disorders, such as diabetic
macular edema, non-infectious uveitis, and retinal vein occlusion [3–6]. The onset and
duration of ocular hypertension (OHT) or raised IOP after intravitreal administration of
steroids varies according to the molecule and dose. With 1 mg IVTA, the median number of
days since first injection to IOP elevation greater than 10 mmHg from baseline was 34 d and
52.5 d for the patients treated with 4 mg IVTA [7]. In case of non-biodegradable intravitreal
fluocinolone acetonide, the onset of OHT began within 2–4 weeks with a maximum at
24 weeks and returned to a basal values in 9–12 months after implantation [8,9]. The time
course of OHT for dexamethasone implantation was in an interval of 1.5–2.5 months [10].
All these studies emphasized that moderate to severe IOP elevation is associated with
intravitreal steroid use, which warrants the close monitoring of patients. Hence, the steroid
response represents a major clinical challenge and the ability to predict the risk of steroid
glaucoma, and tailor monitoring, and potentially treatment dose to individual patients is
an attractive goal to deliver personalized medicine.

Steroid-induced OHT, if left untreated, can lead to secondary open-angle glaucoma [11].
Individuals with the risk of developing elevated IOP (GC responders) following steroid
use are more likely to develop the most prevalent form of glaucoma, i.e., primary open-
angle glaucoma (POAG); furthermore, patients with pre-existing glaucoma show more
than 90% susceptibility to steroid-induced raised IOP [12,13]. The general population
could be divided into the following three groups based on their response to topical
steroid administration: [14] high responders, 4–6% of the population, developed an
IOP ≥ 31 mmHg or ≥15 mmHg above baseline [15]; moderate responders, approximately
one-third of the population, had IOPs between 20 and 31 mmHg, or a pressure rise of
6–15 mmHg; and [16] non-responders, the remaining two thirds, had pressure increases
≤6 mmHg and IOPs≤ 20 mmHg. There have been limited studies investigating the genetic
basis of the steroid response. In some patients, glucocorticoid receptor gene mutations
might influence the IOP elevation response, but the evidence for this is not clear [17,18].
Even though POAG and steroid-induced glaucoma share similar clinical presentations, the
molecular and genetic mechanisms responsible for the differential GC responsiveness in
individuals are not well understood. Given that no genetic markers allow for the identifi-
cation of GC, responders our lab has previously used the human organ-cultured anterior
segment (HOCAS) model to determine the GC responsiveness of donor eyes for studies
into the molecular basis of the steroid response [19,20] as previously described.

MicroRNAs (miRNAs) are small non-coding RNAs, which regulate gene expression by
either mRNA degradation or translational repression [21]. MiRNAs have been detected in
most of the biological fluids where they are preserved in extracellular vesicles, or bound to
carrier proteins thereby providing a remarkable stability to miRNAs [22]. These properties
makes miRNAs suitable bio-markers for many diseases including ocular diseases [22–25].
In the eye, miRNAs are expressed in tissue-specific fashion and have a specific role in ocular
development and retinal homeostasis [26,27]. MiRNAs have been identified in ocular fluids
such as tears, aqueous humor, and vitreous humor [24]. Several studies documented
the expression of glaucoma-associated miRNAs in the affected fluids/tissues such as
aqueous humor, tears, trabecular meshwork (TM), and retina of patients with glaucoma
and animal models [24,28–31]. The miRNA expression profile of the TM in response to
patho-physiologically relevant stressors, such as cyclic mechanical stress, oxidative stress,
and stress-induced premature senescence, has been reported and contribute to vital cellular
functions [32–36].
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GC production by the adrenal glands and GC-mediated cellular response are also
regulated by miRNAs [37]. In the TM, dexamethasone (DEX) treatment induces cellular and
extracellular remodeling leading to an increased outflow resistance and elevated IOP [38].
The pharmacological actions of GCs are mediated by the glucocorticoid receptor whose
activation results in the stimulation of target gene expression that regulates several complex
signaling pathways [39,40]. The contribution of miRNA in the regulation of GC activity
and signaling, which results in the differential GC responsiveness in the TM is currently
unknown. Therefore, in this study the differential expression of miRNAs in primary
HTM cells with known GC responsiveness was investigated using small RNA sequencing.
A unique miRNA signature between GC-R and GC-NR HTM cells was identified and
understanding the role of miRNAs in GC responsiveness raises the possibility of new
molecular targets for the management of steroid-induced OHT/glaucoma.

2. Materials and Methods
2.1. Human Donor Eyes

Post-mortem human cadaveric eyes not suitable for corneal transplantation were
obtained from the Rotary Aravind International Eye Bank, Aravind Eye Hospital, Madurai.
The study was conducted following approval from the Human Ethics Committee of the
Institute. The tissues were handled in accordance with the Declaration of Helsinki. The
donor eyes were enucleated within 5 h of death (mean elapsed time between death and
enucleation was 2.75 ± 1.58 h) and kept at 4 ◦C in the moist chamber until culture. All eyes
were examined under the dissecting microscope for any gross ocular pathological changes
and only macroscopically normal eyes were used for the experiments. The characteristics
of donor eyes used for this study are summarized in Supplementary Table S1.

2.2. Primary Human Trabecular Meshwork (HTM) Cells with Known GC Responsiveness

In a set of paired eyes, one eye was used to establish HOCAS ex vivo model system
to characterize GC responsiveness after DEX treatment as previously described by our
group [19]. The other eye was used to establish primary HTM cultures from eyes with
identified GC responsiveness [40]. The TM tissue was excised from the other eye of each
set of paired eyes and primary HTM cell culture was established by extracellular matrix
digestion method as described previously [41,42]. Primary HTM cells were grown at 37 ◦C
in 5% CO2 in low glucose Dulbecco’s modified Eagle medium (DMEM-Low glucose; Gibco,
Grand Island, NE, USA) with 15% fetal bovine serum (Gibco, Grand Island, NE, USA),
5 ng/mL basic fibroblast growth factor and antibiotics. The primary HTM cells isolated
from the other eye of each pair were characterized with aquaporin (Santa Cruz Biotechnol-
ogy, Dallas, Oregon, USA), myocilin (R&D Systems, Minneapolis, MN, USA) and phalloidin
(Vector Laboratories, Newark, CA, USA) staining by immunofluorescence analysis using
confocal microscope (Leica, Wetzlar, Germany). HTM cells with more than 50% myocilin
positivity in response to DEX treatment were used for further experiments [43]. Confluent
cultures of GC-R and GC-NR HTM cells were then treated with either 100 nM DEX or 0.1%
ethanol (ETH) as a vehicle control over a period of 7 days and the medium was exchanged
every other day (3 doses of DEX treatments). HTM cells from passages 2–4 were used for
all experiments. At the end of DEX or 0.1% ETH treatment for 7 days, HTM cells from each
GC-R (n = 4) and GC-NR (n = 4) HTM cells were subjected to RNA extraction and small
RNA sequencing.

2.3. Total RNA Extraction

Total RNA including miRNA was extracted from GC-R and GC-NR HTM cells post 7d
DEX treatment using the TRIzol reagent. Briefly, 200 µL of chloroform was added to 1 mL
of TRIzol containing one million HTM cells. Then, 500 µL of isopropyl alcohol and 1 µL of
glycogen were added into RNA containing aqueous phase for nucleic acid precipitation after
centrifugation at 13,000 rpm for 15 min at 4 ◦C (Megafuge 8R, Thermo Scientific, Osterode am
Harz, Germany). RNA pellet was washed twice with 75% ethanol and eluted with 20 µL of
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nuclease free water. RNA quantity and quality were assessed by the ratio of absorbance at
260/280 nm using NanoDrop 2000 spectrophotometer (Thermofisher Scientific, Wilmington,
UK), and TapeStation (Agilent Technologies, Santa Clara, CA, USA), respectively.

2.4. Library Preparation and miRNA Sequencing

MiRNA sequencing libraries were prepared using NEBNext smallRNA library prep
kit (NEB, Ipswich, MA, USA). Briefly, RNA fragments of different sizes were separated
by PAGE and 18 to 30 nt stripe was ligated with specific adapters at 3′ and 5′ end. Then,
libraries were reverse transcribed followed by PCR amplification. The final enriched
libraries were purified and quantified by Qubit (ThermoFisher Scientific, Mumbai, India)
and the size was analyzed by Bioanalyzer (Agilent, Bangalore, India). Individual libraries
were pooled with specific index sequences and then sequenced by Illumina Next Seq
500 platform (Illumina, Inc., San Diego, CA, USA), according to the manufacturers protocol.
Around 10 million reads were generated from each HTM donor RNA sample and obtained
through de-multiplexing.

2.5. Differential Expression Analysis of miRNAs

The quality of raw data of miRNA sequencing was assessed by FastQC tool(ver.23.2).
The PCR duplicates and low-quality reads were excluded using cutadapt3 in the data cleaning
step. The pre-processed high quality miRNA reads were then mapped with human reference
genome GRCh38 using STAR aligner with default parameters. The expression of miRNAs in
read count was obtained from individual aligned BAM files using FeatureCounts with miR-
base annotation (release 22). MiRNAs with less than five read counts were excluded for further
analysis. TMM (timed mean of M values) strategy was employed for data normalization and
differential expression was performed using EdgeR, package from Bioconductor. The miRNAs
were considered as differentially expressed if the absolute fold change (log2) value was more
than 1.5, and the p-value < 0.05. For comparison, the differentially expressed miRNAs were
segregated into 5 groups as described previously [20]. Group #1 = DEMirs between DEX and
ETH-treated GC-R HTM cells; Group #2 = DEMirs between DEX and ETH-treated GC-NR
HTM cells; Group #3 = commonly expressed miRNAs between Group #1 and Group #2;
Group #4 = uniquely expressed miRNAs in GC-R HTM cells (Group #4 = Group #3 minus
Group #1); Group #5 = uniquely expressed miRNAs in GC-NR HTM cells (Group #5 = Group
#3 minus Group #2).

2.6. Validation of DEMirs by Real-Time PCR

The expression of significantly altered miRNAs identified by small RNA sequencing
analysis was further validated by RT-qPCR with additional, independent biological repli-
cates of GC-R and GC-NR (n = 5 each) HTM cells. Briefly, the total RNA was extracted
as described previously [20] and miRNAs from each HTM cells was reverse transcribed
into cDNA using miScript II RT kit as per the manufacturer’s instruction (Qiagen, Hilden,
Germany). RT-qPCR was performed in a total volume of 20 µL containing 25 ng of total
cDNA, 5X SYBR Green master mix and final concentration of primers. The assay was
performed on an ABI-QuantStudio 5 (Applied Biosystems, Woburn, MA, USA). All miRNA
levels were measured at CT threshold levels and normalized with the average CT values
of reference target RNU6. Values were expressed as fold increase over the corresponding
values for control by the 2−∆∆CT method. All PCR reactions were performed in triplicates.

2.7. Prediction of the Target mRNA with Their Enriched Pathways and Biological Processes

The target mRNAs of DEMirs were predicted using Ingenuity Pathway Analysis
(IPA, Qiagen, Manchester, UK). The DEMirs from all groups (Group #1 to #5) with
p-value < 0.05 were analyzed using the ‘miRNA Target Filter’ tool in the IPA software
based on the TargetScan, TarBase, miRecords contents and Ingenuity® Knowledge Base
(IPA, Qiagen, Manchester, UK). The cumulative weighted context score (CWCS) defined
by TargetScan was used for assigning different confidence levels of the predicted target



Genes 2023, 14, 2012 5 of 18

mRNAs. The target mRNAs with ‘experimentally observed’ and ‘high confidence level’
were selected into the ‘Target MRNA List 1’.

At the time of miRNA extraction using the same experimental set-up mRNA was also
extracted. This provided paired mRNA-seq and miRNA-seq data from the same cells of
known GC responsiveness. The mRNA-seq was previously published by our group [20]. The
DEMirs from Group #1 to #5 were further therefore combined with our previously generated
mRNA library [20] to find the negatively correlated miRNA targets (Target MRNA List 2)
using the IPA software in paired datasets from the same TM cell line donors. The prediction
of the pathways and biological processes enriched in the ‘Target MRNA List 1’ and ‘Target
MRNA List 2’ was performed using the GSEApy package/python (v 3.8.3) (for ‘Target MRNA
List 1’ without logFC and p-values) [44] and/or IPA software (for ‘Target MRNA List 2’ with
logFC and p-values).

2.8. Statistical Analysis

Statistical analysis was carried out using Graph Pad Prism (ver.8.0.2) (Graph Pad
software, San Diego, CA, USA). All data are presented as mean ± SEM or otherwise
specified. Statistical significance between two groups was analyzed using unpaired 2-tailed
Student’s t test. p < 0.05 or less was considered as statistically significant.

3. Results
3.1. Establishment of GC-R and GC-NR HTM Cells

In this study, one eye of each set of the paired eyes was used to assess the GC respon-
siveness in HOCAS after 100 nM DEX treatment for 7 days and the other eye was used to
establish the primary HTM cells. Based on the IOP response, the HTM cells established
from each donor eye were categorized as GC-R or GC-NR cells [19,20]. The details of the
human donor eyes used in this study are summarized in Supplementary Table S1.

3.2. miRNA-Seq Data Quality

In total, from 9.1 to 17.2 million reads were generated from miRNA sequencing for
each primary HTM cells. Pre-aligned QC reports showed the quality score (Phred or Q
score) of miRNA reads were ≥30. An average of 97% of the reads from miRNA-seq data
were aligned with human reference genome GRCh38. The details of miRNA-sequencing
and alignment statistics are shown in Supplementary Table S2. EdgeR with Benjamini–
Hochberg corrections was used to identify the differentially expressed miRNAs from all
five groups (Table 1; Supplementary Table S3a,b).

Table 1. List of overlapping and up/down-regulated miRNAs from Group #3, #4 (GC-R), and
#5 (GC-NR).

List of Overlapping miRNAs from Group #3

miRNA Group #1 Group #2

logFC logCPM p-Value logFC logCPM p-Value

hsa-miR-675-3p 4.86 0.11 8.01 × 10−4 3.63 2.61 0.01

hsa-miR-483-3p 4.61 2.88 1.01 × 10−4 4.05 3.36 5.60 × 10−5

hsa-miR-675-5p 4.59 1.20 2.88 × 10−4 3.67 3.14 0.00

hsa-miR-483-5p 4.31 0.82 1.16 × 10−4 4.65 1.20 4.42 × 10−6

hsa-miR-5690 3.61 −1.26 0.00 2.15 −0.79 0.02

hsa-miR-6842-3p 1.50 1.33 0.02 1.50 2.08 0.01

hsa-miR-335-3p −3.03 8.41 1.01 × 10−4 −1.93 8.56 0.00
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Table 1. Cont.

List of Up/Down-regulated miRNAs from Group #4

Up-regulated miRNAs Down-regulated miRNAs

miRNA logFC logCPM p-Value miRNA logFC logCPM p-Value

hsa-miR-2114-3p 6.07 −1.16 4.25 × 10−4 hsa-miR-335-5p −1.71 6.75 0.02

hsa-miR-2114-5p 3.17 −0.83 0.02 hsa-miR-549a-5p −2.15 0.89 0.02

hsa-miR-7151-3p −3.08 −0.31 0.03

hsa-miR-124-3p −6.21 −0.81 0.01

List of Up/Down-regulated miRNAs from Group #5

Up-regulated miRNAs Down-regulated miRNAs

miRNA logFC logCPM p-Value miRNA logFC logCPM p-Value

hsa-miR-4485-5p 4.73 1.01 2.89 × 10−4 hsa-miR-181b-2-3p −1.21 0.85 0.04

hsa-miR-12136 4.39 7.32 0.00 hsa-miR-486-3p −1.34 2.38 0.05

hsa-miR-4328 4.11 −0.38 0.02 hsa-miR-6853-3p −1.80 −0.69 0.03

hsa-miR-320a-5p 3.47 1.78 0.00 hsa-miR-550a-3p −2.06 −0.14 0.03

hsa-miR-4485-3p 3.07 3.57 0.00 hsa-miR-9-3p −4.88 −1.33 0.02

hsa-miR-10396b-5p 2.66 −0.69 0.01

hsa-miR-10396a-5p 2.60 −0.72 0.01

hsa-miR-3195 2.44 −0.73 0.04

hsa-miR-1246 2.24 1.01 0.01

Note: Group #3: DE miRNAs that overlapping between Group #1 and Group #2; Group #4: uniquely expressed
DE miRNAs of GC-R HTM cells (Group #1 minus Group #3); Group#5: uniquely expressed DEGs of GC-NR HTM
cells (Group #2 minus Group #3).

3.3. Differentially Expressed Genes of GC-R and GC-NR HTM Cells

The total number of miRNAs identified in HTM cells of each donor eye ranged from 718
to 898. The expression of DE-miRNAs from GC-R (Group #1) and GC-NR (Group #2) HTM
cells are represented in the volcano plot (Figure 1). In total, there were 13 and 21 miRNAs
identified as differentially expressed in Group #1 (8 up-regulated; 5 down-regulated) and
Group #2 (15 up-regulated; 6 down-regulated), respectively. Seven miRNAs were found as
common miRNAs dysregulated in both GC-R and GC-NR (Group #3) with an absolute fold
change (log2) value of 1.5, and a p-value < 0.05. In total, 6 (2 up-regulated; 4 down-regulated)
and 14 (9 up-regulated; 5 down-regulated) miRNAs were found to be uniquely expressed only
in GC-R (Group #4) and GC-NR (Group #5) HTM cells, respectively (Figure 2). In Group #4
(GC-R), hsa-miR-2114-3p (log FC = 6.07), hsa-miR-2114-5p (log FC = 3.17) were significantly
up-regulated and hsa-miR-335-5p (log FC= −1.71), hsa-miR-549a-5p (logFC= −2.15), hsa-
miR-7151-3p (logFC =−3.08) and hsa-miR-124-3p (logFC =−6.21) were significantly down-
regulated. Whereas in Group #5 (GC-NR), hsa-miR-4485-5p (logFC = 4.73), hsa-miR-12136
(logFC = 4.39), hsa-miR-4328 (logFC = 4.11) were significantly up-regulated and hsa-miR-181b-
2-3p (logFC=−1.21), hsa-miR-486-3p (logFC = −1.34) and hsa-miR-6853-3p (logFC =−1.80)
were significantly down-regulated. In Group #3, the commonly expressed miRNAs between
Group #1 and #2 were hsa-miR-675-3p, hsa-miR-483-3p, hsa-miR-675-5p, hsa-miR-483-5p,
hsa-miR-5690, hsa-miR-6842-3p (up-regulated); and hsa-miR-335-3p (down-regulated). The
DEMirs from Group #1 to Group #5 are shown in the Venn diagram (Figure 2) and Table 1
and Supplementary Table S3a,b.
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3.4. Validation of DE-miRNAs by qPCR

Out of nine miRNAs selected for qPCR (Supplementary Table S5), the expression
pattern of seven miRNAs matched with miRNA-seq data (Figures 3 and 4).

Prediction of Target mRNAs and Pathways Analysis

(A) Prediction of target mRNAs and pathways in silico analysis- ‘Target MRNA List 1’

The prediction of the target mRNAs in the ‘Target MRNA List 1’ (without logFC
and p-values) was performed by the IPA software based on the TargetScan, TarBase,
miRecords contents, and Ingenuity® Knowledge Base. We found 1354 target mRNAs (74 of
1354 miRNA: mRNA interactions were experimentally validated) in Group #3, 1173 tar-
get mRNAs (237 of 1173 miRNA: mRNA interactions were experimentally validated)
in Group #4 (GC-R), and 3187 target mRNAs (5 of 3187 miRNA: mRNA interactions
were experimentally validated) in Group #5 (GC-NR) (Supplementary File S1 List S1A).
The enriched pathways and biological processes in the ‘Target MRNA List 1’ were pre-
dicted using the GSEApy package/python (v 3.8.3) [44] based on the KEGG_2021 and
GO_Biological_Process_2021 datasets. We found 27 significant pathways and 266 biological
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processes in Group #3, 46 significant pathways and 360 biological processes in Group #4
(GC-R), and 47 significant pathways and 445 biological processes in Group #5 (GC-NR)
(p-value < 0.05) (Supplementary File S1 List S1B,C). The top 10 KEGG pathways and bio-
logical processes in Groups #4 and #5 based on the smallest p-value are shown in Figure 5.
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Figure 3. Validation of DE miRNAs by qPCR. Expression profile of selected miRNAs identified from
miRNA-seq was validated by qPCR is shown [(i) hsa-miR 124-3p; (ii) hsa-miR 335-3p; (iii) hsa-miR
335-5p; (iv) hsa-miR483-3p; (v) has-miR 483-5p; (vi) hsa-miR 675-3p; (vii) hsa-miR 675-5p; (viii)
hsa-miR 44853-3p and (ix) hsa-miR 549-a]. Primary HTM cells were treated with 100 nM DEX or 0.1%
ETH for 7 days. Total RNA was extracted, converted to cDNA and the expression profile of selected
miRNAs were carried out qPCR. miRNA expressions were normalized to RNU6 and analyzed using
the 2−∆∆CT method [* p < 0.05].

(B) Prediction of target mRNAs that negatively correlated with DEMirs, their pathways
and biological processes in experimental analysis—‘Target MRNA List 2’

The target mRNAs that negatively correlated with the DEMIRs ‘Target MRNA List 2’
(with logFC and p-values) were predicted by the IPA software based on our previously
generated mRNA library [20]. We found that 2 target mRNAs were negatively correlated
with 2 DEMirs in Group #3, 15 target mRNAs were negatively correlated with 4 DEMirs
in Group #4 (GC-R), and 12 target mRNAs were negatively correlated with 6 DEMirs in
Group #5 (GC-NR) (Table 2). The confidence levels of each predicted target mRNAs are
shown in Supplementary File S2 List S2A. The interaction networks of the DEMirs from
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Group #4 (GC-R) and #5 (GC-NR) and their negatively correlated mRNAs were shown in
the Figure 6. The pathway prediction of the ‘Target MRNA List 2’ was performed using
the GSEApy package /python (v 3.8.3) (Supplementary File S2 List S2B) and IPA software
(Supplementary File S2 List S2C). The GSEApy pathway analysis results of ‘Target MRNA
List 2’ (Supplementary File S2 List S2B) were compared to that of ‘Target MRNA List 1’
(Supplementary File S1 List S1B) for finding the overlapping pathways. We found the
MAPK signaling pathway was statistically significant in ‘Target MRNA List 1 & 2’ of Group
#3 (p-value < 0.05). The nicotinate and nicotinamide metabolism pathway were statistically
significant both in ‘Target MRNA List 1 & 2’ of Group #5. No significant overlapping
pathway was found in the ‘Target MRNA List 1 & 2’ of Group #4.
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Figure 5. Top 10 predicted KEGG pathways and GO biological processes of the ‘Target MRNA List 1’
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in set. The combined score is defined based on the percentages of genes in set and Log (1/p-value)
by [3]. p-value < 0.05 was considered to be statistically significant.

Table 2. Showing the target mRNAs that negatively correlated with DEMIRs in Group#3–#5.

(i) Target mRNAs That Negatively Correlated with DEMIRs in Group#3
ID of DEMIRs Count of Target mRNAs ID of Target mRNAs
hsa-miR-483-5p 1 RGS16

hsa-miR-6842-3p 1 NGFR
(ii) Target mRNAs that negatively correlated with DEMIRs in Group#4

hsa-miR-124-3p 1 KLF15

hsa-miR-2114-3p 11 CHRNA4, DRAXIN, GJB2, JCHAIN, KRT8, NDP,
PDZK1IP1, RAMP3, RIC3, RTN4RL1, S100A14

hsa-miR-2114-5p 2 CXADR, NTF4
hsa-miR-335-5p 1 MAP1LC3C
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Table 2. Cont.

(iii) Target mRNAs that negatively correlated with DEMIRs in Group#5
hsa-miR-10396b-5p 4 CHAC1, INA, NMNAT2, UNC5B
hsa-miR-181b-2-3p 1 ALKAL2
hsa-miR-320a-5p 1 CHAC1

hsa-miR-4328 1 SLC24A2
hsa-miR-486-3p 4 DUSP5, LGI3, MREG, SOX13

hsa-miR-10396a-5p 3 CHAC1, IL32, SLC7A5

Table 2 shows the IDs and counts of the target mRNAs negatively correlated with the
DEMIRs in Group#3-#5. RGS16: regulator of G protein signaling 16; NGFR: nerve growth
factor receptor; KLF15: KLF transcription factor 15; CHRNA4: cholinergic receptor nicotinic
α 4 subunit; DRAXIN: dorsal inhibitory axon guidance protein; GJB2: gap junction protein
β 2; JCHAIN: joining chain of multimeric IgA and IgM; KRT8: keratin 8; NDP: norrin
cystine knot growth factor NDP; PDZK1IP1: PDZK1-interacting protein 1; RAMP3: receptor
activity modifying protein 3; RIC3: RIC3 acetylcholine receptor chaperone; RTN4RL1:
reticulon 4 receptor like 1; S100A14: S100 calcium binding protein A14; CXADR: CXADR
Ig-like cell adhesion molecule; NTF4: neurotrophin 4; MAP1LC3C: microtubule-associated
protein 1 light chain 3 γ; CHAC1: ChaC glutathione-specific γ-glutamylcyclotransferase
1; INA: internexin neuronal intermediate filament protein α; NMNAT2: nicotinamide-
nucleotide adenylyltransferase 2; UNC5B: Unc-5 netrin receptor B; ALKAL2: ALK and LTK
ligand 2; SLC24A2: solute carrier family 24 member 2; DUSP5: dual-specificity phosphatase
5; LGI3: leucine rich repeat LGI family member 3; MREG: melanoregulin; SOX13: SRY-Box
transcription factor 13; IL32: interleukin 32; and SLC7A5: solute carrier family 7 member 5.
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The comparative analysis of the pathways of the ‘Target MRNA List 2’ in Group #3, #4
and #5 was performed by IPA software (Supplementary File S2 List 2D). The top 20 significant
pathways in Group #3, #4 and #5 ranked by−log(p-value) are shown in Figure 7A. The results
show that neurotrophin/TRK signaling was significant in Group #3 (−log(p-value) = 2.18) and #4
(GC-R) (−log(p-value) = 1.34). NAD signaling pathway (−log(p-value) = 2.67), NAD biosynthesis
III (−log(p-value) = 2.55), NAD salvage pathway III (−log(p-value) = 2.49), NAD biosynthesis
from 2-amino-3-carboxymuconate semialdehyde (−log(p-value) = 2.49), NAD biosynthesis II
(from tryptophan) (−log(p-value) = 2.22), and γ-glutamyl cycle (−log(p-value) = 2.22) pathways
were found to be significant only in Group #5 (GC-NR) (Supplementary File S2 List S2D).

The biological process prediction of the ‘Target MRNA List 2’ was performed us-
ing the GSEApy package/python (v 3.8.3) and IPA software (Supplementary File S2
List S2E). The comparative analyses of the GSEApy biological processes of the ‘Target
MRNA List 1 & 2’ were performed using Python (v 3.8.3). The overlapping biological
processes in the ‘Target MRNA List 1 & 2’ of Groups #3–#5 are shown in Supplementary
Table S6. The biological processes of the ‘Target MRNA List 2’ were further analyzed
and compared by IPA software. The comparative analysis of the biological processes in
Group #3, #4, and #5 are shown in Figure 7 (B) (ranked by absolute z-score. z-score is
to ascertain the activation states of involved biological functions; z > 0: increased and
z < 0: decreased)). The results show that the cell migration (Z-score = −1.295), apoptosis
(Z-score = −0.765), and cellular homeostasis (Z-score = −0.147) related biological processes
were predicted to be down-regulated in Group #4 (GC-R), while necrosis related biological
process (Z-score = 0.453) were up-regulated in Group #4 (GC-R) compared to Group #5
(GC-NR).
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4. Discussion

Steroid-induced OHT and glaucoma are serious consequences associated with
the long-term use of steroids, with many ocular conditions requiring chronic steroid
administration [45]. Steroid-induced elevated IOP is due to the increased resistance in the
aqueous outflow pathway in the TM. Alterations in the function of TM can eventually lead
to increased outflow resistance and elevated IOP [46]; however, the molecular mechanism
responsible for the pathogenesis of SI-OHT/SIG is poorly understood [45,47]. Therefore, in
the present study, the role of miRNAs in mediating differential GC responsiveness in HTM
cells was investigated.

In the trabecular meshwork, key miRNAs have been identified in TM cells from
rodent and human subjected to cyclic mechanical stress, ROS, or senescence [33–36,48]. The
identified miRNAs were found to have a crucial role in various cellular processes, such as
autophagy, apoptosis, senescence, and neuro-inflammation pathways [33–36,48].

In TM cells, steroids are known to induce alterations in its structure and function,
including the inhibition of cell proliferation and migration [49], cytoskeletal rearrangement
(formation of cross-linked actins (CLANs) [50], increased TM cell and nuclear size [51],
accumulation of excessive extracellular matrix [52,53], decreased phagocytosis [54], and
alterations in cellular junctional complexes [55]. These cellular, biochemical, and morpho-
logical changes ultimately lead to an increased outflow resistance and, hence, elevated IOP;
however, the expression of miRNAs in the TM in response to steroids has not yet been
reported. Therefore, in the present study, the expression of miRNAs in GC-R and GC-NR
HTM cells upon DEX treatment was investigated using small RNA sequencing technology.

Our study identified a unique miRNA signature between GC-R and GC-NR HTM cells.
Specifically, 6 miRNAs were differentially expressed in GC-R HTM cells, and 14 miRNAs
were differentially expressed in GC-NR HTM cells. Two of these miRNAs associated with
GC-NR (miR486-3p and miR-320a) were previously identified in the aqueous humor of
glaucoma patients. In the glaucomatous aqueous humor, miR-486-3p was up-regulated
but found to be down-regulated in GC-NR HTM cells [28]. Conversely, miR-320a, which
was down-regulated in the aqueous humor of POAG patients, was up-regulated in GC-
NR HTM cells in the present study [56]. A number of DEMIRs have been identified in
HTM cells in response to various stressors such as senescence, cyclic mechanical stress,
and oxidative stress [33–36,48]. Only one of these DEMIRs was identified in the current
study (miR-483-3p) and was a common miRNA between GC-R and GC-NR HTM cells [57].
Mir-483-3p is known to affect the Wnt/β-catenin, the TGF-β, and the TP53 signaling
pathways by targeting several genes such as CTNNB1, SMAD4, IGF1, and BBC3 [58]. In
HTM cells, the expression of miR-483-3p was reduced under H2O2-induced oxidative
stress, and the over-expression of 483-3p inhibited the expression of ECM proteins such as
fibronectin, laminin, and collagen by targeting TGFβ2/SMAD4 signaling [57]. However,
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the role of miR-483-3p in steroid-induced OHT/glaucoma is not clear, which warrants
further investigation.

The unique DEMIR signature between GC-R and GC-NR HTM cells provides an
opportunity to identify the molecular mechanisms driving GC-responsiveness and the
development of SI-OHT and glaucoma. Uniquely, miR-124-3p was significantly down-
regulated in GC-R HTM cells when compared to GC-NR HTM cells. How this affects
GC-responsiveness and alterations in the TM physiology is currently not known but
miR124-3p can negatively regulate the expression of GR by repressing the expression of
the GC receptor (NR3C1) [59,60]. The expression of miR-124-3p and hence repression of
NR3C1 is mediated via SMAD4 signaling; SMAD4 is a direct target of miR-483-3p [57,61].
Elevated levels of miR-124-3p in the brain of rats and mice were associated with decreased
GR levels and GC sensitivity [60], and so the potentially reduced miR-124-3p in GC-R HTM
cells may suggest a role for miR-124-3p in the regulation of GR levels and GC sensitivity
in the trabecular meshwork. Interestingly, miR-124-3p also modulates the GR function
indirectly by targeting phosphor-diesterase 4B or 11β-hydroxysteroid dehydrogenase 1
(11β-HSD1) [62,63]. 11β-HSD1 converts cortisone and cortisol and elevated levels of
cortisol have been found in patients with POAG and the inhibitors of 11β-HSD1 reduced
IOP in glaucoma patients [64–66]; however, the exact role of 11β-HSD1 in steroid-induced
glaucoma is not completely understood. Further studies are warranted to understand the
role of miR124-3p in differential GC responsiveness and SI-OHT and glaucoma.

Our pathway analysis of the DEMIRs revealed several significant pathways found
in both GC-R and GC-NR HTM cells (Supplementary Table S4a–e). When considering
differential effects on pathway enrichment axon guidance signaling was significantly up-
regulated pathway in GC-R (p = 0.03) and significantly down-regulated (p = 1.5 × 10−5) in
GC-NR HTM cells. Interestingly, GCs are shown to have a potential role in nervous system,
including stress response in neurons, synthesis of neurotransmitters, neuronal survival,
and differentiation [67–70]; however, the importance of axon guidance signaling pathway
in HTM cells needs further investigation.

The relaxin signaling pathway was significantly down-regulated (p = 0.03) in GC-R
HTM cells and conversely up-regulated in GC-NR cells. Relaxin is a polypeptide hormone
produced by the corpus luteum and the decidua in females and by the prostate in males [71].
Traditionally, this hormone was associated with parturition during pregnancy by relaxing
collagen fibers in the pelvic region [72]. Relaxin mediates its pharmacological action by
activating a group of seven transmembrane G-protein coupled receptors (GPCRs): relaxin
family peptide receptors. Apart from its role in pregnancy, relaxin is produced in many
tissues in mammals where it has vasodilatory and anti-fibrotic effects [73]. In the eye, the
IOP lowering property of relaxin was first demonstrated by Paterson et al., 1963 following
intra-mascular injection of relaxin in humans [74]. RXFP1 is expressed in sections of the
anterior segment of the eye where it has been localized to the uveal, corneoscleral, and
cribriform meshwork and Schlemm’s canal endothelium, suggesting its role in regulating
outflow facility and IOP homeostasis [71]. Furthermore, of relevance to TM changes in
response to glucocorticoids, pre-clinical studies suggest the potential use of relaxin as an
anti-fibrotic molecule in several organs, such as the lung, skin, kidney, heart, and liver [75].
Given that relaxin signaling was down-regulated in GC-R HTM cells and relaxin mediates
an anti-fibrotic activity through its cognate receptor (RXFP1) [76], the role of relaxin in
SI-OHT and glaucoma requires further studies.

Our integrative miRNA-mRNA analysis of both in silico and our own RNA sequencing
data from paired TM donor cells with known GC responsiveness [20] identified several
potential miRNA-mRNA interactions highlighting GC-responsive and non-responsive
molecular regulators. For example, in GC-R HTM cells, the up-regulation of miR 2114-3p
was associated with the down-regulation of several target genes such as NDP, GJB2, RAMP3,
PDZK1P1, RTN4RL1, DRAXIN, KRT6, S100A14, CHRNA4, and RIC3. Whereas the down-
regulation of miR-124-3p in the GC-R HTM cells was associated with the up-regulation
of the transcription factor KLF-15. In the GC-NR group, miR-486-3p, miR-181b-1-3p, and
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miR-10396b-5p were found to be molecular regulators in mediating GC-non-responsiveness
by targeting several mRNA genes.

In conclusion, this is the first study that identified a unique miRNA signature between
GC-R and GC-NR HTM cells using small RNA sequencing. Utilizing the human organ-
cultured anterior segment ex vivo model enabled us to identify the induction of GC-OHT
after DEX treatment and so classify HTM cells based on GC responsiveness: GC-R and
GC-NR. Ingenuity Pathway Analysis identified enriched pathways and biological processes
associated with differential glucocorticoid (GC) responsiveness in HTM cells. Integrative
analysis of miRNA-mRNA of the same set of HTM cells revealed several molecular reg-
ulators for GC non-responsiveness. Previous mRNA data of the same set of HTM cells
allowed us to perform the integrative analysis of miRNA-mRNA and revealed several
molecular regulators for GC non-responsiveness. Additional functional studies of these
molecular regulators are warranted to validate their role in differential GC responsiveness.
Understanding the role of miRNAs in GC responsiveness raises the possibility of new
molecular targets for the management of steroid-OHT/glaucoma.
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