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Abstract

Rho‐kinase (ROCK) inhibitors, a novel class of anti‐glaucoma agents, act by in-

creasing the aqueous humor outflow through the conventional trabecular mesh-

work pathway. However, the downstream signaling consequences of the ROCK

inhibitor are not completely understood. Our data show that Y39983, a selective

ROCK inhibitor, could induce filamentous actin remodeling, reduced cell motility (as

measured by cell migration), and transepithelial resistance in primary human TM

(hTM) cells. After 2 days Y39983 treatment of hTM cells, a proteomic study iden-

tified 20 proteins whose expression was significantly altered. Pathway analysis of

those proteins revealed the involvement of the p53 pathway, integrin signaling

pathway, and cytoskeletal pathway regulation by Rho GTPase. Thrombospondin‐1
(TSP1), a matricellular protein that is increased in glaucoma patients, was down-

regulated fivefold following Y39983 treatment. More importantly, both TSP1 an-

tagonist leucine–serine–lysine–leucine (LSKL) and small interfering RNA (siRNA)

reduced TSP1 gene and protein expressions as well as hTM cell migration. In the

presence of Y39983, no further inhibition of cell migration resulted after LSKL and

TSP1 siRNA knockdown. Likewise, LSKL triggered a dose‐dependent increase in

outflow facility in ex vivo mouse eyes, to a similar extent as Y39983 (83.8% increase

by Y39983 vs. 71.2% increase by LSKL at 50 µM). There were no additive effects

with simultaneous treatment with LSKL and Y39983, supporting the notion that the

effects of ROCK inhibition were mediated by TSP1.
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1 | INTRODUCTION

The trabecular meshwork (TM) is a specialized ocular tissue located in

the anterior chamber angle. It is responsible for the conventional

outflow facility, accounting for more than 80% of the aqueous humor

drainage in human eyes (Bill & Phillips, 1971; Jocson & Sears, 1971),

and thereby playing an important role in the regulation of intraocular

pressure (IOP). Glaucoma is typically characterized by IOP elevation

due to an increased outflow resistance (Fatma et al., 2009; Lingor

et al., 2008). The regulation of the outflow facility is complicated and
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may involve multiple interdependent mechanisms. Outflow resistance

can be affected by several factors, including ciliary muscle tone, TM

cell contractility, and extracellular matrix (ECM) status. ECM proteins

including collagen, laminin, fibronectin, glycosaminoglycans (GAGs),

and matricellular proteins are found in the TM. The composition of

ECM and its equilibrium is a major determinant of the outflow re-

sistance, and abnormal ECM deposition is a common feature of

glaucomatous eyes (Alvarado et al., 1986; Rohen, 1983).

Rho guanosine triphosphatase (GTPase) plays an important role in

regulating various cellular functions, including cell morphology, cytos-

keletal rearrangement, smooth muscle contraction, and cell motility

(Kaibuchi et al., 1999; Nobes & Hall, 1995). These functions are medi-

ated by its downstream Rho effectors, such as Rho‐associated protein

kinase (ROCK; Fukata et al., 2001; Honjo et al., 2001). ROCK‐mediated

changes in TM cell contractility (Rao et al., 2005), focal adhesions (Rao

et al., 2001), disruption of actin fibers (Dang et al., 2019), and alterations

of associated giant vacuoles and tight junctions in Schlemm's canal (SC)

cells (Kameda et al., 2012) are associated with increased conventional

outflow facility and IOP lowering (Kaneko et al., 2016; Rao et al., 2001).

Y27632 is the first ROCK inhibitor shown to lower IOP in rabbit eyes

(Honjo et al., 2001), suggesting that inhibition of the ROCK pathway

may be a viable therapeutic strategy for glaucoma. Subsequently, it has

been demonstrated that Y39983, an analog of Y27632, has an IC50 ∼30

times lower than that of Y27632 in inhibiting ROCK activity (Tokushige

et al., 2007). The IOP‐lowering effect exerted by Y39983 is found to be

∼10 times higher than that by Y27632 (Tokushige et al., 2007). Recently,

ripasudil hydrochloride hydrate (K‐115) became the first ROCK inhibitor

developed for the treatment of glaucoma and ocular hypertension in

Japan (Garnock‐Jones, 2014), while netarsudil (AR‐13324) has been

approved by the Food and Drug Administration in the United States for

lowering IOP clinically (Mehran et al., 2020). Despite these advances, the

precise cellular downstream events mediated by ROCK inhibitors in TM

cells are not yet fully understood.

Transforming growth factor‐β (TGF‐β) has long been implicated in

glaucoma pathogenesis because patients with primary open‐angle
glaucoma (POAG) and angle‐closure glaucoma demonstrate an ele-

vated level of TGF‐β in the aqueous humor (Chen et al., 2020;

Fuchshofer & Tamm, 2012; Inatani et al., 2001). TGF‐β alters the

expression and deposition of ECM in the TM, leading to an increased

outflow resistance due to excessive accumulation and fibrotic changes

of ECM in TM cells (Wallace et al., 2014). Thrombospondin‐1 (TSP1) is

a matricellular protein that has been associated with glaucoma

pathophysiology through TGF‐β pathway activation (Flugel‐Koch et al.,

2004; Kuchtey et al., 2014). TSP1 is involved in regulating cell adhe-

sion, cytoskeleton, and ECM homeostasis. It has been demonstrated

that leucine–serine–lysine–leucine (LSKL) peptide, a TSP1 antagonist,

is a latency‐associated protein (LAP)‐TGF‐β derived peptide. LSKL

competitively blocks TGF‐β activation by inhibiting the binding of

TSP1 to LAP, causing a reduction of the active form of TGF‐β
(Belmadani et al., 2007). The primary goal of this study was to eval-

uate the role of TSP1 in triggering the Y39983‐mediated responses in

TM cells and outflow facility.

2 | MATERIALS AND METHODS

2.1 | Human TM cell culture

Human TM (hTM) cells, which had been characterized previously,

were obtained from the Duke University School of Medicine (Snyder

et al., 1993; Stamer et al., 1995). Human tissues were processed in

accordance with the tenets of the Declaration of Helsinki. Cell

strains from five donors of both sexes (3‐month‐old/female/donor

whole globe, 11‐month‐old/unknown sex/donor whole globe,

39‐year‐old/male/corneal rim, 75‐year‐old/female/donor whole

globe, 88‐year‐old/female/corneal rim; at the third or fourth sub-

culture) were used according to the consensus recommendations

(Keller et al., 2018). Cells were plated and incubated at 37°C

until confluence and subsequently maintained in Dulbecco's

modified Eagle's medium (DMEM, low glucose; Invitrogen), contain-

ing penicillin (100 units/ml), streptomycin (100mg/ml), glutamine

(0.29mg/ml), and 1% fetal bovine serum (FBS; Invitrogen) for at least

a week before the experiments.

2.2 | Immunohistochemistry of actin cytoskeleton

hTM cells were incubated with a serum‐free medium overnight.

Subsequently, 1 µM Y39983 (MedChem Express) was added and

incubated for 2 days at 37°C. The hTM cells were then fixed with 2%

paraformaldehyde for 30min, washed with phosphate‐buffered sal-

ine (PBS), and incubated with fluorescein‐phalloidin (Invitrogen‐
Molecular Probes) for 30min. The stained cells were then washed

and observed under a fluorescence microscope.

2.3 | Measurement of cell motility

Confluent monolayers of hTM cells were subjected to a migration

assay as described previously (Shan et al., 2009). Cells were

scraped to create a linear gap, followed by replacing the medium

with 0.25% FBS–DMEM, with or without Y‐39983 or with LSKL

peptide, a selective TSP1 blocking peptide or serine–leucine–

leucine–lysine (SLLK) peptide, an inert control. Both control and

blocking peptides were purchased from AnaSpec. The movement

of hTM cells into the gap area was photographed at designated

time points. The gap area was calculated using ImageJ (version

1.49) software and represented as a percentage of the initial

gap area.

In addition, cell motility was monitored by a transwell migration

assay. Cells transfected with small interfering RNAs (siRNAs),

blocking peptide or control peptide‐treated hTM cells (5 × 104 cells

per well) were seeded in the upper chamber of the transwell plates in

FBS‐free media with membrane inserts. Six hundred microlitres of

DMEM supplemented with Y39983 (1 µM) was added to the lower

compartments of the plate. The plate was incubated at 37°C for 48 h.
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Migrated cells were fixed, and stained with 0.05% crystal violet. The

inserts were washed with PBS and dried before capturing images.

2.4 | Transepithelial electrical measurements

hTM cells were cultured on Snapwell inserts (Costar; Corning

Incorporated) at a density of 4 × 105 cells/ml. The preparation was

mounted in an Ussing Chamber System (Physiologic Instruments)

containing Ringer's solution on both sides at room temperature

(Cheng et al., 2016). After that, bilateral application of Y39983 at

various concentrations (1, 10, and 50 µM) were added to the bathing

solution sequentially and treated for 1 h at each concentration.

Subsequent to blank resistance subtraction, changes in transepithe-

lial electrical resistance (TER) were continuously monitored by a

DVC‐1000 (World Precision Instruments) to evaluate the changes in

permeability of hTM cell layers.

2.5 | Liquid chromatography–mass spectrometry
(MS)/MS

2.5.1 | Bioinformatics data analysis

The detailed methodology of mass spectrometry (MS) has been de-

scribed in our technical paper (Shan et al., 2020). Protein identifi-

cation was performed using the ProteinPilot 5.0 software (SCIEX).

The information‐dependent acquisition (IDA) data were searched

against the human Uniprot database (ver. 26095 entries). Peptide

and protein identification were obtained at a 1% false discovery rate

(FDR). Only nonredundant proteins were included. The raw MS data

(from both data‐dependent acquisition and data‐independent ac-

quisition) generated in this study were released to the Peptide Atlas

public repository (http://www.peptideatlas.org/) for general access

(Data ID PASS01254) (Shan et al., 2020). A combined peptide library

was constructed by combining all IDAs of each sample. By using

SWATH Acquisition MicroApp 2.0 in PeakView 2.0 software (SCIEX),

the peptide fragment peaks for each corresponding peptide were

extracted. Data were exported to the MarkerView 1.2.1 software

(SCIEX) after peak extraction for data normalization and statistical

analysis. Differential protein expression was considered significant if

the following criteria were fulfilled: fold change of 1.5 and p ≤ 0.05

(paired Student's t‐test), protein identification at 1% FDR in ≥2

biological replicates.

2.6 | Reverse transcription‐polymerase
chain reaction

Similar to our previous study (Li et al., 2018), total RNA was ex-

tracted by the Qiagen RNeasy Micro Kit (Qiagen), quantified, and

reverse‐transcribed to complementary DNA (cDNA) by the High

Capacity cDNA Reverse Transcription Kit (Applied Biosystems).

Polymerase chain reaction (PCR) was performed using a HotStarTaq

Plus Master Mix Kit (Qiagen) to assess the messenger RNA (mRNA)

expression of TSP1. Table S1 shows the primer sequences of target

genes used in this study. The primers were designed by the program

“Primer3” (http://frodo.wi.mit.edu/primer3/). Following reverse

transcription‐PCR (RT‐PCR) amplification, products were analyzed

by agarose gel electrophoresis. The gel image was captured and

analyzed by the Azure Imaging System (Azure Biosystems).

2.7 | Downregulation of TSP1 by siRNA

Gene silencing was performed using a TSP1‐siRNA and negative

control‐siRNA. Both TSP1‐specific (assay ID s14100) and negative

control siRNA were purchased from Invitrogen. This nonsilencing

siRNA had no known homology to mammalian genes. The siRNAs

were transfected into hTM cells using Lipofectamine 3000 trans-

fection reagent (Invitrogen). After 24‐h incubation, the cells were

processed for quantitative polymerase chain reaction and cell mi-

gration analyses.

2.8 | Real‐time quantitative PCR

Reverse transcription of mRNA to cDNA was performed, followed by

conducting real‐time quantitative PCR (qPCR) using the LightCycler 480

SYBR Green I Master (Roche Applied Science) with primers specific for

the target gene TSP1 (forward primer: 5′‐CGTCCTGTTCCTGATGCAT
G‐3′; reverse primer: 5′‐CCAGGAGAGCTTCTTCCACA‐3′), and the in-

ternal reference gene GAPDH. qPCR was performed in 96‐well plates on
the ROCHE LightCycler 480 (Roche Applied Science). A total reaction

volume of 10 μl qPCRmixture containing 5 μl of 2X Taq PCRMaster Mix,

1μl of sterile water, 2μl of cDNA template, and 1μl of 10μM primers

(forward and reverse primers, respectively) was used. The thermal cy-

cling conditions were: 95°C for 5min, followed by 40 cycles of 95°C for

30 s, 61°C for 30 s, and 72°C for 30 s. A melting curve analysis was

performed to rule out primer–dimer formation and nonspecific product

amplification. For all genes with GAPDH, PCR efficiencies (E) were de-

termined by analyzing a standard curve (E=10−1/slope) and compared to

ensure similar efficiency (E=1.8–2.1). A negative (i.e., no‐template) con-

trol sample was included in each plate. Data were analyzed using

LightC480 software.

2.9 | Western blot analysis

hTM cells were lysed in lysis buffer containing 7M urea, 2M thiourea,

30mM Tris, 1% ASB14, 2% CHAPS, and protease inhibitor cocktail

(Roche). Samples were incubated at 4°C for 1 h with sonication, followed

by centrifugation at 13,000g for 20min. After collection of the super-

natants, total proteins were quantified by the BioRad Protein Assay

(BioRad Laboratories). hTM protein (25 μg) was mixed with loading

buffer (0.3M Tris, 10% sodium dodecyl sulfate (SDS), 50% vol/vol

8228 | SHAN ET AL.

http://www.peptideatlas.org/
http://frodo.wi.mit.edu/primer3/


glycerol, 3.6M beta‐mercaptoethanol, and 0.5% bromophenol blue), he-

ated at 95°C for 5min, separated in a 7% SDS‐polyacrylamide gel elec-

trophoresis gel, and transferred into a polyvinylidene difluoride (PVDF)

membrane (BioRad Laboratories). The PVDF membrane was then in-

cubated with the anti‐TSP1 primary antibody (1:1000; R&D systems) at

4°C overnight. After washing, the blot was incubated with anti‐goat im-

munoglobulin conjugated with horseradish peroxidase (1:2000; Zymed

Laboratories). Anti‐GAPDH antibody (1:5000; Calbiochem) was used as a

loading control. The blot image was then visualized by the Pierce Su-

perSignal West Pico Chemiluminescent substrate (Thermo Fisher

Scientific).

2.10 | Outflow facility determination

Adult male C57BL/6J mice (aged 2–4 months old) were used. Ex vivo

mouse eyes were continuously perfused with 4‐(2‐hydroxyethyl)‐1‐
piperazineethanesulfonic acid (HEPES)‐buffered Ringer's solution con-

taining either TSP1 blocking or control peptides alone (10 and 50μM),

Y39983 (50μM) or vehicle (also in the presence of 50μM blocking/

control peptides) throughout the experiments. For perfusions, the ante-

rior chambers of paired mouse eyes were cannulated by a 33‐gauge
needle. The needle was connected via a pressure transducer (Honeywell)

to a glass syringe filled with Ringer's solution at 37°C and placed on a

motorized syringe pump (Harvard Apparatus) under computer control.

Sequential pressure steps of 4, 8, 12, and 16mmHg were used. At each

pressure step, stable perfusion was obtained for at least 10min. The

measurement of the outflow facility lasted for about 4 h including the

equilibration time. The outflow facility was then derived from the aver-

age flow rate calculated during the stable perfusion period at each per-

fusion pressure (Boussommier‐Calleja et al., 2012; Lei et al., 2011). All the
procedures were approved by the Animal Subjects Ethics Sub‐
Committee of the Hong Kong Polytechnic University. All experiments

were also performed in compliance with the Guide for the Care and Use

of Laboratory Animals published by the National Institutes of Health and

the ARVO Statement for the Use of Animals in Research.

2.11 | Statistical analysis

Statistical analysis was done with Student's t‐test or one‐way ana-

lysis of variance (ANOVA), as appropriate. A p ≤ 0.05 was considered

statistically significant.

3 | RESULTS

3.1 | Effects of Y39983 on morphology,
cytoskeletal filamentous actin staining, and motility
in hTM cells

Morphology of hTM cells treated for 2 days with different con-

centrations of Y39983 (0.01, 0.1, and 1 µM) and for vehicle‐treated

control cells was studied. Stellate cell morphology was observed in

hTM cells treated with 1 and 0.1 µM Y39983 (Figure 1a,b) but in

neither 0.01 µM Y39983‐treated cells nor control (Figure 1c,d).

Treatment of hTM cells for 2 days with 1 µM Y39983 resulted

in filamentous actin (F‐actin) reorganization, visible after im-

munostaining, which was absent in the hTM control cells (Figure 2).

This F‐actin remodeling was observed in Y39983‐treated hTM cells,

whereas in control cells F‐actin remained consistently aligned with

stress fiber patterns. In addition, the cell motility assay revealed that

Y39983 treatment resulted in a time‐ and dose‐dependent inhibition
of hTM cell migration (Figure 3). At 1 µM, Y39983 significantly in-

hibited the migration of hTM cells to the gap areas, compared with

control cells.

3.2 | Effect of Y39983 on TER in hTM cells

Confluent primary hTM cell layers had a net basal TER value of

6.41 kΩ·cm2. At 1 μM, Y39983 had no significant effect on the TER

(Figure 4). Increasing the concentration of Y39983 to 10 and 50 μM

reduced the TER by 25% and 22%, respectively, when compared with

the vehicle‐treated control (p ≤ 0.05). In contrast, no significant ef-

fect on TM cell viability was observed with Y39983 over a range of

concentrations from 0.01 to 50 μM (p > 0.05).

3.3 | Protein expression profile of hTM cells after
Y39983 treatment using SWATH‐MS

A combined IDA proteome library was constructed with a total of

3949 unique, nonredundant proteins derived from 35,449 distinct

peptides. Paired comparison of protein abundance was performed

to analyze the global protein expression in hTM cells treated with

1 µM Y39983 and vehicle. Biological replicates of hTM cells from

three different human donors were used for comparison. After

elimination of proteins with fold change below the cutoff level (at

≥1.5 fold) and with only one peptide match in quantitation, 20

proteins with differential expression were identified, including 10

upregulated and 10 downregulated proteins (Table 1). By analyzing

these differentially expressed proteins using the online PANTHER

classification system, three potential pathways, including the “p53

pathway,” “integrin signaling pathway,” and “cytoskeletal regulation

by Rho GTPase” and four main molecular functions (binding, cata-

lytic activity, transporter activity, and structural molecule activity)

were identified (Figure S1).

3.4 | RT‐PCR and Western blot analysis for TSP1

TSP1, one of the differentially expressed proteins identified by the

proteomic analysis, was selected for further validation by RT‐PCR.
TSP1 was selected because it was shown to be upregulated in hTM

cells by corticosteroids (i.e., compounds known for increasing IOP)
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F IGURE 2 Representative phase‐contrast and F‐actin staining images (equal brightness filtering) of hTM cells treated with (a, b) 1 µM
Y39983, and (c, d) control for 2 days, respectively. Stellate‐shaped F‐actin formations are visible in Y39983‐treated hTM cells. (n = 3).
hTM, human TM

F IGURE 1 Representative phase‐contrast microscopy images of hTM cells incubated with (a–c) Y39983 at different concentrations and (d)
control for 2 days. Arrows show stellate morphology of hTM cells after treatment at higher concentrations of Y39983. (n = 3). hTM, human TM
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in our previous study (Shan et al., 2017), and TSP1 is also a pro-

minent ECM protein in TM (Flugel‐Koch et al., 2004). In this study,

TSP1 was downregulated by Y39983, suggesting that TSP1 may

play an important role in regulating ROCK inhibitor‐mediated in-

crease of outflow facility. Consistent with the SWATH‐MS results,

TSP1 transcript levels in hTM cells were reduced by half after

Y39983 treatment (Figure 5a). Likewise, TSP1 protein expression

was significantly reduced by 80% in Western blot analysis, as

shown in Figure 5b,c.

3.5 | TSP1 blocking peptide and gene silencing
reduced TSP1 expression and cell migration
in hTM cells

To investigate the functional relevance of TSP1 in mediating the

Y39983‐induced effects in hTM cells, the effects of TSP1 antagonist

(LSKL, a peptide inhibitor) and gene silencing on TSP1 expression and

cell migration were tested. As shown in Figure 6a, LSKL produced a

dose‐dependent reduction of TSP1 transcript levels as compared

with the control peptide, SLLK, reaching statistical significance at

5 µM. Consistent with the results of LSKL, TSP1 siRNA knockdown

produced a dose‐dependent suppression of TSP1 transcript levels

compared with the negative control siRNA (Figure 6b). In agreement

with the gene expression change, TSP1 siRNA (100 pmol) knockdown

also suppressed the TSP1 protein level compared with the control

siRNA (Figure 6c,d). Similar to Y39983, LSKL suppressed migration

of hTM cells, with the effects at 5 µM being more pronounced

(Figure 7a), supporting the notion that blocking TSP1 expression

reduced hTM cell motility. This was further supported by the sup-

pression of hTM cell migration with TSP1 siRNA knockdown at

100 pmol (Figure 7b).

3.6 | Roles of TSP1 in ROCK‐mediated effects on
cell migration and outflow facility

To confirm whether the Y39983‐induced effects on cell migration

and outflow facility were mediated by TSP1 downregulation, hTM

cells were coincubated with Y39983 and LSKL simultaneously. As

shown in Figures 7c and 7e, there was no difference between

F IGURE 3 Y39983 reduced hTM cell motility. Confluent
monolayers were scraped with P20 pipette tips on Day 0, and cell
debris was removed by PBS washing, followed by incubation in a
fresh medium. (a) Representative photographs of treatment groups
at indicated time points. (b) A histogram showing the mean relative
empty gap area (measured between the fronts of the migrating cells
as compared to Day 0. The data are mean ± SEM (n = 4).
ANOVA, analysis of variance; hTM, human TM;
PBS, phosphate‐buffered saline. *p ≤ 0.05 (ANOVA)

F IGURE 4 Effect of Y39983 on TER. TER was measured in
confluent monolayers of hTM cells grown on Snapwell membrane
inserts and treated with different concentrations of Y39983
sequentially (1 h for each concentration) at room temperature. Data
represent mean ± SEM (n = 4); *p ≤ 0.05 (ANOVA). ANOVA, analysis
of variance; hTM, human TM; TER, transepithelial electrical
resistance
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Y39983 + LSKL and Y39983 + SLLK, indicating that TSP1 may act

through the ROCK pathway. Likewise, coincubation of Y39983 with

siRNA‐transfected hTM cells did not result in any further suppres-

sion of cell migration compared with control scrambled siRNA

(Figures 7d and 7f), further supporting the fact that TSP1 may play a

pivotal role in mediating the ROCK‐induced effects.

As shown in Figure 8a, Y39983 increased the outflow facility in

ex vivo mouse eyes by 83.8% compared with the vehicle. In

Figure 8b,c, LSKL alone increased the outflow facility in ex vivo

mouse eyes by 57.5% at 10 µM and 71.2% at 50 µM, respectively,

compared with the respective controls. No significant difference was

detected between the effects exerted by Y39983 and LSKL (p > 0.05,

ANOVA). To confirm whether the effect of Y39983 was mediated by

TSP1, the outflow facility was measured after treatment with LSKL

and Y39983 simultaneously. When compared with the contralateral

eye treated with control peptide SLLK and Y39983 (Figure 8d), no

significant difference was detected between the two conditions

(p > 0.05; n = 8).

4 | DISCUSSION

This study demonstrated that Y39983 altered the cytoskeletal

structure of hTM cells, and reduced its cell motility and transe-

pithelial resistance, thereby leading to an increase in the outflow

facility. Proteomic analysis revealed a downregulation of TSP1 after

Y39983 treatment, as confirmed by RT‐qPCR and Western blot.

LSKL and TSP1 siRNA knockdown reduced TSP1 gene and protein

expressions. Likewise, LSKL and TSP1 siRNA treatment retarded

hTM cell migration using both cell motility and transwell migration

assays. In the presence of Y39983, the effects of LSKL and siRNA

knockdown on cell migration were not observed. In addition to in

vitro studies, LSKL enhanced the conventional outflow facility in

mouse eyes ex vivo, similar to Y39983 alone. No additive effects on

outflow facility were detected in mice eyes treated with Y39983 and

LSKL simultaneously, suggesting that TSP1 may be an important

downstream target for ROCK inhibitor‐mediated increase in outflow

facility.

TABLE 1 Identification and fold‐change of regulated proteins after Y39983 treatment by SWATH‐MS

Protein ID Uniprot protein 
accession number Protein names Gene ID

Average of log 2 
fold changes 

(Y39983 vs. Ctl)

Average of fold 
changes (Y39983 

vs. Ctl)

1 Q05519 Serine/arginine-rich splicing factor 11 SRSF11 4.49 22.52
2 P23786 Carnitine CPT2 1.35 2.54
3 O95197 Reticulon-3 RTN3 0.91 1.88
4 Q8TAF3 WD repeat-containing protein 48 WDR48 0.89 1.85
5 Q9NRW3 DNA dC->dU-editing enzyme AP APOBEC3C 0.86 1.81
6 P08236 Beta-glucuronidase GUSB 0.53 1.45
7 Q5NDL2 EGF domain-specific EOGT 0.52 1.43

8 O95218
Zinc finger Ran-binding domain-
containing protein 2 ZRANB2 0.48 1.39

9 Q8IWB7
WD repeat and FYVE domain-containing 
protein 1 WDFY1 0.48 1.39

10 Q08623 Pseudouridine-5'-monophosphatase PUDP 0.46 1.38

11 P04439
HLA class I histocompatibility antigen, 
A-3 alpha chain HLA-A –0.47 0.72

12 P02452 Collagen alpha-1(I) chain COL1A1 –0.48 0.72
13 Q5T4S7 E3 ubiquitin-protein ligase UBR4 UBR4 –0.52 0.70
14 P07951 Tropomyosin beta chain TPM2 –0.52 0.70

15 Q6IAN0
Dehydrogenase/reductase SDR family 
member 7B DHRS7B –0.58 0.67

16 O60610 Protein diaphanous homolog 1 DIAPH1 –0.59 0.66

17 Q9BTZ2
Dehydrogenase/reductase SDR family 
member 4 DHRS4 –0.63 0.65

18 P07996 Thrombospondin-1 THBS1 –0.73 0.60
19 Q15800 Methylsterol monooxygenase 1 MSMO1 –0.76 0.59
20 Q9Y5B9 FACT complex subunit SPT16 SUPT16H –1.12 0.46

Note: Green: proteins downregulated by Y39983. Blue: proteins upregulated by Y39983.

Abbreviation: Ctl, control.
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Although netarsudil and ripasudil have been approved clinically

for glaucoma treatment, other ROCK inhibitors are still under in-

vestigation (Kopczynski & Heah, 2018; S. K. Wang & Chang, 2014).

Therefore, a better understanding of the underlying cellular me-

chanisms is crucial in achieving better clinical outcomes. ROCK in-

hibitors have been shown to alter TM cell morphology and migration,

actin stress fibers, and focal adhesions (Rao et al., 2001, 2005). In

addition, they have been shown to increase SC cell monolayer per-

meability with disrupted tight junctions (Kameda et al., 2012; Kaneko

et al., 2016). In this study, our primary aim was to evaluate the

potential significance of TSP1 in regulating ROCK inhibitor‐mediated

responses in TM cells. Y39983 was selected because it is a potent

inhibitor. It has been shown that Y39983 has a stronger effect than

other ROCK inhibitors in promoting neurite outgrowth of retinal

ganglion cells (Lingor et al., 2008), making it more appealing to

glaucoma therapy because of its potential IOP‐lowering and neuro-

protective properties. The actin cytoskeleton is known to interact

with ECM receptors, such as integrins, to regulate cell shape and cell

adhesion to the ECM. Our results showed that Y39983 altered cy-

toskeletal protein rearrangement by reducing actin stress fibers in

TM cells, potentially widening intracellular spaces in the TM

(K. Wang et al., 2017). To determine whether the observed mor-

phological and structural changes affecting cell function and beha-

vior, the effects of Y39983 on hTM cell motility and transepithelial

resistance were studied. The findings of the cell migration assay

showed that the alteration of actin stress fibers by Y39983 limited

the TM cell motility. Concomitantly, Y39983 triggered a reduction of

TER in cultured hTM cell layers, reflecting an altered paracellular

pathway governed by tight junctions and cell–cell interactions

(Meyle et al., 1999). Our results are in agreement with the findings

reported in monkey SC cells, in which the endothelial cell perme-

ability was reduced by K‐115 (Kaneko et al., 2016).

The differential protein expression profile of hTM cells was

investigated after Y39983 treatment. Of the 20 proteins with

significantly altered expression, pathway analysis revealed the in-

volvement of three major pathways: the “p53 pathway,” “cytoskeletal

pathway regulation by Rho GTPase,” and “integrin signaling path-

way.” As evidence by genetic linkage studies, we have identified a

number of differentially expressed proteins that are associated with

the pathogenesis of glaucoma. For example, the tropomyosin beta

chain, which is an actin‐binding protein that plays an important role

in regulating muscle contraction (Prabhakar et al., 1999), has been

reported to be upregulated in the TM of glaucomatous patients

(Fatma et al., 2009; Zhao et al., 2004). We show that Y39983 reduces

the expression of the tropomyosin beta chain, suggesting that

Y39983 may exert its IOP‐lowering effect by influencing the co-

ordination of cytoskeletal structures in hTM cells. Similarly, down-

regulation of collagen type I alpha 1 chain (COL1A1) was observed

F IGURE 5 Expression of TSP1 mRNA and protein after Y39983 treatment. (a) Effect of Y39983 on TSP1 gene expression in hTM cells by
semi‐quantitative reverse‐transcriptase PCR (n = 4; p ≤ 0.05, Student's t‐test). (b) A representative Western blot image showing reduced protein
expression of TSP1 after Y39983 treatment for 2 days. (c) Western blot analysis of TSP1 protein expression after Y39983 treatment. The data
represent mean ± SEM (n = 4, p ≤ 0.01, Student's t‐test). hTM, human TM; mRNA, messenger RNA; PCR, polymerase chain reaction;
TSP1, thrombospondin‐1
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following Y39983 treatment, as demonstrated by the identification

of integrin pathway in the pathway analyses. It has been reported

that COL1A1 mutations occur in different forms of glaucoma (Mauri

et al., 2016). Transgenic Col1a1r/r mice have been shown to display

an elevated IOP with a reduced outflow facility (Dai et al., 2009).

Overexpressing Col1a1r/r is found to increase ECM deposition in the

outflow pathway, leading to a raised IOP in mice (Aihara et al., 2003).

In addition, our results reveal an increase in beta‐glucuronidase ex-

pression after Y39983 treatment. Beta‐glucuronidase is an enzyme

promoting degradation of GAGs (Meyerrose et al., 2008). Application

of an inhibitor of hyaluronan (HA) and HA‐short hairpin RNA silen-

cing lentivirus has been shown to increase the outflow facility in

porcine eyes (Keller et al., 2012).

To the best of our knowledge, this study is the first to demon-

strate the downregulation of TSP1 after ROCK inhibition. TSP1 is a

multifunctional matricellular ECM protein and has numerous biolo-

gical functions including cell migration, cell adhesion, and regulation

of growth factors (e.g., fibroblast growth factor, vascular endothelial

growth factor, and epidermal growth factor; Adams & Lawler, 2011).

TSP1 has been implicated in glaucoma pathology (Flugel‐Koch et al.,

2004; Overby et al., 2014) as it is an activator of TGF‐β (Murphy‐
Ullrich et al., 1992), and increases the expression of TGF‐β in the

plasma of patients with POAG (Kuchtey et al., 2014). In addition, the

expression of TSP1 is found to increase in glaucomatous eyes (Flugel‐

Koch et al., 2004). Recently, we have also demonstrated that ex-

pression of TSP1 in hTM cells is increased after dexamethasone

treatment, a known risk factor for increased IOP and glaucoma (Shan

et al., 2017). Our results show that Y39983 downregulates the ex-

pression of the TSP1 gene and protein simultaneously. Al-

though Y39983 downregulates TSP1 gene expression by 50%, it

reduces the protein expression by ∼80%. This difference could be

due to protein degradation, shorter protein half‐life, and other

posttranscriptional mechanisms. Consistent with the results ob-

tained from Y39983, LSKL inhibited TSP1 gene and protein expres-

sions, as well as hTM cell migration. As LSKL peptide acts as a

competitive TGF‐β antagonist, our results might suggest that the

inhibitory effects of LSKL on TSP1 expression and hTM cell migration

are secondary due to reduction in active TGF‐β (Broekelmann et al.,

2020). Nevertheless, our findings of TSP1 siRNA knockdown provide

direct evidence of TSP1 involvement in regulating TM cell migration.

In the presence of Y39983, the inhibition of cell migration by LSKL

and siRNA knockdown was not observed (Figure 7c–f), strongly in-

dicating that TSP1 may be an important downstream target for

ROCK inhibition. Together with the observed changes in TER and

F‐actin network, it is likely that TM cell migration is mediated by

ECM remodeling and cell–matrix interactions (Koudouna et al.,

2020), as TSP1 has been shown to inhibit matrix metallopeptidase

activities (Adams & Lawler, 2011; Bornstein et al., 2004; Calabro

F IGURE 6 Quantification of TSP1 gene expression by quantitative real‐time PCR. (a) hTM cells treated with TSP1 blocking peptide (LSKL)
or control peptide (SLLK) (at 1 and 5 µM) for 2 days (n = 5 per group). (b) TSP1 siRNA and scrambled control siRNA were transfected for
24 h (n = 3 per group). (c, d) Western blot analysis of TSP1 protein expression in hTM cells after siRNA treatment for 24 h (n = 3). The data
represent mean ± SEM *p ≤ 0.05; **p ≤ 0.01 ***p ≤ 0.001 (Student's t‐test). hTM, human TM; LSKL, leucine–serine–lysine–leucine;
PCR, polymerase chain reaction; siRNA, small interfering RNA; SLLK, serine–leucine–leucine–lysine; TSP1, thrombospondin‐1
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et al., 2014). The functional relevance of TSP1 downregulation was

further confirmed by the direct effect of LSKL on the outflow facility.

Both LSKL and Y39983 increased the outflow facility to a similar

extent. No additive effect was observed in combining LSKL with

Y39983, supporting the notion that effects exerted by Y39983 may

be mediated by TSP1. These results are consistent with the previous

findings that TSP1‐null mice displayed a reduced IOP (Haddadin

et al., 2012; Wallace et al., 2014). Despite that, we cannot rule out

the possibility that TSP1 may have affected other cell types such as

SC cells, as ROCK inhibitor was shown to influence its permeability

and outflow resistance (Kameda et al., 2012; Kaneko et al., 2016).

Very recently, it has been demonstrated that the expression of

THBS1 is significantly higher in the TM compared to the SC (Patel

et al., 2020; van Zyl et al., 2020).

In addition, a correlation between TSP1 and the p53 pathway has

been reported in various tumor cell types, including bladder cancer,

prostate cancer, and renal cell carcinoma (Giuriato et al., 2006). The p53

pathway contains a network of genes, the products of which are targeted

to different intrinsic and extrinsic stress signals, thereby regulating DNA

repair processes, cell division, and genome stability (Vogelstein et al.,

2000). It has been shown that TSP1 is activated by the p53 pathway (L.

Zhang et al., 2000) and is downregulated by p53‐induced microRNA‐194
(Sundaram et al., 2011), potentially influencing cell to cell communication

by modifying both the cellular and ECM environment.

Taken together, the findings of cytoskeletal remodeling along with

reduced cell migration and tissue resistance provided a better under-

standing of the cellular events induced by ROCK inhibition in hTM cells.

In addition, we revealed that ROCK inhibitor‐induced cytoskeletal

changes may alter ECM synthesis and expression in hTM cells. This in-

terplay between cytoskeletal remodeling and ECM synthesis in TM cells

represents an important regulatory mechanism in the modulation of

outflow resistance (Pattabiraman & Rao, 2010). This study provides the

first evidence for reduced TSP1 expression as a potential downstream

target in ROCK inhibition. Considering that TSP1 is upregulated in

F IGURE 7 Cell motility assays showing the effects of TSP1 inhibitor and siRNA knockdown. Gap opening area is presented as a percentage
of Day 0 gap width. (a) Treatment of LSKL or SLLK at different concentrations (n = 3 per group). (b) Transfection with TSP1 siRNA and NC
scrambled control siRNA (n = 3 per group). (c) Treatment of 1 µM Y39983 combined with 5 µM of LSKL or SLLK (n = 4 per group). (d) Treatment
of 1 µM Y39983 combined with 100 pmol of control or TSP1 siRNA (n = 4 per group). (e) Transwell migration in treatment of 1 µM Y39983
combined with 5 µM of LSKL or SLLK for 2 days (n = 3 per group). (f) Transwell migration in treatment of 1 µM Y39983 combined with 100 pmol
of control or TSP1 siRNA for 2 days (n = 3 per group). SLLK: control peptide; LSKL: TSP1 blocking peptide. The data represent mean ± SEM.
LSKL, leucine–serine–lysine–leucine; NC, negative control; ns, not statistically significant; siRNA, small interfering RNA; SLLK,
serine–leucine–leucine–lysine; TSP1, thrombospondin‐1. **p ≤ 0.01; *p ≤ 0.05 (Student's t‐test)
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glaucomatous eyes and TSP1 genetic ablation lowers IOP, our results

suggest that TSP1, via ROCK inhibition, represents a potential ther-

apeutic target for enhancing outflow facility.
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