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A B S T R A C T

The deposition of extracellular matrix (ECM)—which is mainly composed of type I collagen—in anterior subcap-
sular cataracts (ASCs) during epithelial-to-mesenchymal transition (EMT) of lens epithelial cells (LECs) decreases
visual function. Transforming growth factor (TGF)-β is a key factor in the induction of EMT in LECs. Although
Rho kinase (ROCK) plays an important role in EMT induced by TGF-β, it is unknown whether ROCK inhibition af-
fects type I collagen expression in TGF-β-stimulated LECs and ASC formation. This was investigated in the present
study both in vitro using human lens epithelium (HLE)-B3 cells and in vivo using mice with ultraviolet radiation
(UVR)-B-induced cataracts. We found that TGF-β2 increased type I collagen mRNA expression in HLE-B3 cells;
this was inhibited in a dose-dependent manner by treatment with the ROCK inhibitor Y-27632. UVR-B exposure
caused ASC formation in mice. A histopathological examination revealed that LECs in the anterior subcapsular
area were flattened and multi-layered, and had a spindle shape in cross section. Immunohistochemical analysis
revealed the presence of α-smooth muscle actin and type I collagen around these flattened LECs; these opacities
were reduced by topical instillation of Y-27632. These findings suggest that suppression of TGF-β signaling in
LECs by topical application of a ROCK inhibitor can prevent the formation of ASCs.

1. Introduction

In anterior subcapsular cataracts (ASCs) (Korol et al., 2014; Lovicu
et al., 2004) and posterior capsular opacification after cataract surgery
(Kurosaka et al., 1999; Lovicu et al., 2016), the deposition of extracellu-
lar matrix (ECM) leads to decreased visual function (Johar et al., 2007;
Kurosaka et al., 1999; Saika et al., 1998). This ECM is mainly com-
posed of type I collagen and is produced by lens epithelial cells (LECs)
(Johar et al., 2007; Saika et al., 1998; Sappino et al., 1990) that have
undergone transdifferentiation via epithelial-to-mesenchymal transition
(EMT) (Awasthi et al., 2009; Korol et al., 2014; Lovicu et al., 2016).

Transforming growth factor (TGF)-β is a key factor in the induction
of EMT in LECs (Gupta et al., 2013; Korol et al., 2016; Kurosaka et
al., 1995), retinal pigment epithelial (RPE) cells (Kurosaka et al., 1995;

Radeke et al., 2015; Zhu et al., 2013), mammary epithelial cells
(O'Connor et al., 2013; 2015, 2016), and renal tubular epithelial (RTE)
cells (Morita et al., 2007; Yang and Liu, 2001). TGF-β promotes the
expression of type I collagen and α-smooth muscle actin (α-SMA)–a
biomarker of myofibroblasts (Schulz et al., 1994)—in these cells
(Casaroli-Marano et al., 1999; Chen et al., 2017; Darby et al., 1990; Fan
et al., 2007; Grisanti and Guidry, 1995; Schulz et al., 1994; Thijssen et
al., 2007). Rho kinase (ROCK) plays an important role in EMT. Pharma-
cological inhibition of ROCK by Y-27632 was shown to reduce α-SMA
expression in mammary epithelial cells (O'Connor et al., 2013; 2015),
RTE cells (Wei et al., 2013), and LECs (Korol et al., 2016) as well as
type I collagen expression in RPE cells (Itoh et al., 2007), mammary ep-
ithelial cells (Brownfield et al., 2013), and RTE cells (Wei et al., 2013).
However, it is unknown whether ROCK inhibition affects type I collagen
expression in LECs and ASC formation.

Abbreviations: α-SMA, alpha smooth muscle actin; ASC, anterior subcapsular cataract; DMEM, Dulbecco's Modified Eagle's Medium; ECM, extracellular matrix; EMT, epithelial-to-mes-
enchymal transition; FBS, fetal bovine serum; HLE-B3, human lens epithelium B3; LEC, lens epithelial cells; MRTF-A, myocardin-related transcription factor A; qRT-PCR, quantitative
reverse transcription polymerase chain reaction; ROCK, Rho kinase; RPE cell, retinal pigment epithelial cell; RTE cell, renal tubular epithelial cell; TGF-β, transforming growth factor beta;
UVR-B, ultraviolet radiation B.
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Table 1
Primer sets.

Protein Oligonucleotide
Expected PCR
product size

human smooth
muscle actin

Sense ATTGCCGACCGAATGCAGAAG
Antisense
AGAGGCCAGGATGGAGCCAC

120bp

human Collagen type
1A

Sense TGGACCAGCAGACTGGCAAC
Antisense
TCGTGCAGCCATCGACAGTGAC

120bp

GAPDH Sense AGGTCATCCATGACAACTTTG
Antisense
TTCAGCTCAGGGATGACCTT

190bp

We investigated this in the present study by evaluating the effect
of Y-27632 on type I collagen levels in human LECs stimulated with
TGF-β2 and on the development of ASCs in mice with ultraviolet radia-
tion (UVR)-B-induced cataracts.

2. Materials and methods

2.1. HLE-B3 cell culture and treatment

Human lens epithelium (HLE)-B3 cells were purchased from the
American Type Culture Collection (Manassas, VA, USA) and cultured at
37 °C in Dulbecco's Modified Eagle's medium (DMEM) (Nacalai Tesque,
Kyoto, Japan) containing 10% (v/v) fetal bovine serum (FBS) (GE
Healthcare Life Sciences, South Logan, UT, USA) in a humidified at-
mosphere of 5% CO2. When the cells reached confluence, the medium
was changed to DMEM containing 0.5% FBS. For the treatments, the
cells were cultured in medium containing TGF-β2 (12.5ng/ml;
Sigma-Aldrich, St. Louis, MO, USA) with or without Y-27632 (3, 10, and
30μM) for 24h.

2.2. RNA preparation and quantitative reverse transcription polymerase
chain reaction (qRT-PCR)

Total RNA from HLE-B3 cells was prepared using ISOGEN reagent
(Nippon Gene, Toyama, Japan). cDNA was prepared from 1μg total
RNA using PrimeScript Reverse Transcriptase (Takara Bio, Kyoto,

Fig. 1. Effect of Y-27632 on α-SMA and type I collagen expression in HLE-B3 cells stimulated with TGF-β2. Treatment with 12.5 ng/ml TGF-β2 increased α-SMA (a) and type I collagen
(b) levels in the cells, as determined by qRT-PCR; Y-27632 reversed this effect in a dose-dependent manner. Data represent mean ± standard error of three independent experiments.
*P < 0.001, **P < 0.05 (one-way ANOVA).

Fig. 2. Effect of Y-27632 on cataract formation in UVR-B-treated mice. (A–D) Stereo micrographs of lens opacities in mice 48 h after their final exposure to UVR-B without (A, C) and with
(B, D) topical instillation of 2.5 mg/ml Y-27632. The area of opacity is delineated with a purple dotted line, and the anterior capsule is shown by a yellow line (C, D). (E) Lens opacity
area ratio was 16.0% ± 2.2% and 5.8% ± 0.9% in mice without and with topical instillation of Y-27632, respectively. Values represent mean ± standard error of six lenses. *P < 0.01
vs. control (Student's t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Analysis of lens opacity induced by UVR-B exposure in mice. (A) α-SMA was expressed in flattened cells. (B) Negative control for α-SMA. (C) Positive control for α-SMA (mouse
liver vessels). (D) type I collagen was expressed in flattened cells. (E) Negative control for type I collagen. (F) Positive control for type I collagen (mouse knee joint cartilage). Sections
were stained with 3-amino-9-ethylcarbazole and counterstained with hematoxylin.

Japan) according to the manufacturer's instructions. PCR amplification
was carried out using Ex Taq polymerase (Takara Bio) over 30 cycles
of 94 °C for 0.5min, 60 °C for 0.5min, and 72 °C for 1min on an Eco
RT-PCR system (Illumina, San Diego, CA, USA) according to the manu-
facturer's protocol. Primers used for PCR are listed in Table 1.

2.3. Animal experiments

Female C57BL/6Cr Slc mice (12 weeks old; Japan SLC, Hamamatsu,
Japan) used in this study were handled in accordance with the Associa-
tion for Research in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research.

The experiments were approved by the Iwate Medical University
School of Medicine animal ethics committee (approval number:
25–037).

UVR-B with a wavelength in the 302-nm region was generated with
a transilluminator (TFML-20; UVP, Upland, CA, USA). UVR-B intensity
in the corneal plane was 200mW/cm2, as measured with a radiome-
ter (UV-340; Custom, Tokyo, Japan). The transilluminator was covered
with aluminum foil except for a 5-mm hole. Each mouse was manu-
ally restrained (without anesthesia) and the right eye was irradiated
through the hole. Prior to irradiation, all animals were examined with
a slit lamp microscope (SL-15; Kowa, Nagoya, Japan) to exclude pre-ex-
isting cataracts, and 5min before UVR-B exposure, 0.5% tropicamide
and 0.5% phenylephrine sulfate hydrate were introduced into both eyes
to induce mydriasis. Only the right eye of each mouse was exposed to
UVR-B for 100s twice a week for 3 weeks, with an interval of 48h from
the last UVR-B exposure based on the previously reported time course
of cataract progression after in vivo exposure to UVR-B (Meyer et al.,
2005).

Y-27632 was diluted in purified water at a concentration of 2.5mg/
ml (7.4mM). A 20-μl volume of this solution was topically instilled in
the right eye of six mice twice daily starting from 3 days before UVR-B
exposure until 2 days after the last exposure. Normal saline solution
was applied as a control to the right eye of six other mice. Lens opac-
ity was evaluated with a slit-lamp microscope before corneal opaci-
ties were induced by UVR-B exposure. After the last topical instillation,
animals were euthanized by cervical dislocation. Immediately after re

moval from the eye, the lens was immersed in phosphate-buffered saline
and cataract morphology was examined and recorded with a microscope
and camera system. The lens was then fixed with Superfix (Kurabo,
Osaka, Japan); the procedure was performed separately for each eye
within 1min. Digital images of the anterior capsule were captured and
cataract area was measured using ImageJ software (National Institutes
of Health, Bethesda, MD, USA). The ratio of cataract area to anterior
capsule area was calculated as the cataract area ratio.

2.4. Immunohistochemistry

After fixation, the extracted lenses were dehydrated through a
graded series of alcohol and embedded in paraffin. Sections cut at a
thickness of 5μm were incubated with mouse monoclonal anti-α-SMA
(clone1A4; Dako, Glostrup, Denmark) and rabbit polyclonal anti-type I
collagen (ab34710; Abcam, Cambridge, UK) antibodies diluted 1:500.
As a negative control, isotype mouse IgG (ab 18413; Abcam, Cambridge,
UK) and isotype rabbit IgG (ab 37415; Abcam, Cambridge, UK) antibod-
ies were used. Immunoreactivity was detected with the Vectastain ABC
Standard kit (Vector Laboratories, Burlingame, CA, USA) according to
the manufacturer's protocol.

2.5. Statistical analysis

Data are expressed as mean±standard error. Differences between
group means were evaluated with the unpaired Student's t-test or by
one-way analysis of variance followed by a post-hoc Tukey's multi-
ple comparisons test. Statistical analyses were performed using Kaleida
Graph software v.4.1 (Synergy Software, Reading, PA, USA).

3. Results

3.1. Y-27632 suppresses TGF-β2-induced type I collagen expression in lens
cells

To determine the effect of ROCK inhibition on type I collagen and
α-SMA expression in LECs, HLE-B3 cells were cultured with 12.5ng/ml
TGF-β2 in the presence or absence of Y-27632 (3, 10, and 30μM). TGF-
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β2 increased α-SMA mRNA expression relative to the control group
(1.59±0.08 vs. 1.00±0.02); however, Y-27632 treatment reversed
this effect in a dose-dependent manner (1.54±0.17, 1.20±0.09, and
1.14±0.09at 3, 10, and 30μM Y-27632, respectively; all P<0.001)
(Fig. 1A). These results are consistent with previous findings in rat
lens epithelial explants (Korol et al., 2016). Similar trends were ob-
served for type I collagen: the level was increased in cells treated with
TGF-β2 relative to control cells (1.97±0.19 vs. 1.00±0.01), but was
dose-dependently reduced in the presence of 3, 10, and 30μM Y-27632
(1.79±0.19, 1.54±0.08, and 1.25±0.19, respectively; P<0.05 and
P<0.001) (Fig. 1B).

3.2. Y-27632 suppresses ASC formation in vivo

To examine the effect of ROCK inhibition on ASC formation in vivo,
mice exposed to UVR-B to induce cataract formation were topically in-
stilled with Y-27632 or with saline as a control. In this model, ASC de-
velops upon UVR-B exposure, and the degree of cataract formation can
be evaluated quantitatively (Ishikawa et al., 2012). Slit lamp examina-
tion revealed no lens opacity at 1 and 2 weeks (images not shown). At
3 weeks, lens opacity could not be accurately assessed due to corneal
damage caused by UV irradiation. However, a microscope and camera
system revealed that at 48h after the last UVR-B exposure, the cataract
area in control lenses (Fig. 2A, C) was larger than that in lenses treated
with Y-27632 (Fig. 2B, D). Thus, the mean cataract area ratio of lenses
treated with Y-27632 (5.8%±0.9%) was lower than that of control
lenses (16.0%±2.2%; P<0.01) (Fig. 2E).

A histopathological examination revealed that LECs in the anterior
subcapsular area of ASC model mice were flattened and multilayered
and had a spindle shape in cross section. α-SMA (Fig. 3A) and type I
collagen (Fig. 3D) were detected around the flattened cells by immuno-
histochemistry.

4. Discussion

In this study, TGF-β2 enhanced the mRNA expression of type I
collagen in HLE-B3 cells, but this was suppressed by the ROCK in-
hibitor Y-27632. UVR-B exposure induced the formation of lens opaci-
ties around the anterior subcapsule of mice and surrounding LECs ex-
pressed α-SMA and type I collagen; these effects were reversed by topi-
cal instillation of Y-27632. Thus, ROCK inhibition can prevent ASC for-
mation.

It is not known whether ROCK plays an important role in colla-
gen expression in TGF-β-induced EMT. However, Y-27632 inhibited
TGF-β-induced type I collagen expression in RPE cells (Itoh et al.,
2016) and altered the activity of myocardin-related transcription factor
(MRTF)-A in LECs (Korol et al., 2016). After translocating to the nu-
cleus from the cytoplasm, MRTF-A cooperates with serum response fac-
tor to induce α-SMA expression (Luchsinger et al., 2011; Small et al.,
2010). The subcellular localization of MRTF-A is controlled by bind-
ing to monomeric (G-)actin, which results in its retention in the cyto-
plasm (Guettler et al., 2008; Parreno et al., 2014). Y-27632 prevents
F-actin stress fiber formation via Rho activation, which in turn induces
G-actin expression (Korol et al., 2016). Thus, Y-27632 blocks the nu-
clear translocation of MRTF-A in LECs (Korol et al., 2016). The interac-
tion of MRTF-A with serum response factor can also induce type I colla-
gen in lung fibroblasts and trabecular meshwork cells (Luchsinger et al.,
2011; Pattabiraman et al., 2014). These findings suggest that the sup-
pression of TGF-β-dependent type I collagen expression by Y-27632 is
related to a block in nuclear MRTF-A transport.

α-SMA and type I collagen were expressed around flattened LECs
following exposure to UVR-B, suggesting that the induction of EMT in

these cells leads to cataract formation. Type I collagen and TGF-β2
have been detected in human ASC samples (Ishida et al., 2005), while
adenoviral injection of active TGF-β1 into the anterior chamber led to
ASC formation (Korol et al., 2014). Injury-induced EMT in the lens in
vivo depends on Mothers against decapentaplegic homolog 3, a down-
stream effector of TGF-β signaling (Saika et al., 2004). At 4 and 8h
after UVR-B exposure, TGF-β1 transcript level was upregulated in hu-
man keratinocytes (Lee et al., 1997); expression was also increased by
whole-body exposure to UVR-B in humans (Ciążyńska et al., 2017).
Thus, TGF-β plays an important role in EMT of LECs induced by UVR-B
exposure. However, we did not measure TGF-β concentrations in the
aqueous humor of mice before and after UVR-B exposure. Various fac-
tors such as connective tissue growth factor, fibroblast growth factor 2,
and gremlin are associated with EMT in LECs (Ma et al., 2014), and it
is possible that these contribute to ASC formation in lens exposed to
UVR-B.

In this study, local instillation of 2.5mg/ml (7.39mM) Y-27632 sup-
pressed ASC formation in mice. Topical application of 10mM Y-27632
to rat eyes was reported to decrease intraocular pressure (Pattabiraman
et al., 2015). Although the trabecular meshwork in rats constitutively
expressing active RhoA showed an upregulation of α-SMA and type I col-
lagen, the levels were reduced by topical application of 10mM Y-27632
(Pattabiraman et al., 2015). Topically instilled radiolabeled ROCK in-
hibitor can be detected in the lens up to 4h later (Isobe et al., 2014).
Thus, the 2.5mg/ml Y-27632 administered in this study was likely suf-
ficient to affect LECs.

Ripasudil, another ROCK inhibitor applied as eye drops, was ap-
proved in Japan in 2014 for the treatment of glaucoma and ocular hy-
pertension (Garnock-Jones, 2014; Terao et al., 2017). Adverse events
associated with ripasudil in clinical trials included conjunctival hyper-
emia, conjunctival hemorrhage, ocular irritation, and abnormal sensa-
tion in the eye (Tanihara et al., 2013a, 2013b, 2015a, 2015b), although
there were no severe side effects. The Rho signaling pathway is related
to early lens development (Borges et al., 2011), and disruption of Rho
GTPase function in developing mouse lens leads to cataract formation
(Maddala et al., 2004; Rao et al., 2002). Y-27632, which destabilizes
stress fibers, induces lens cell differentiation in vitro (Weber and Menko,
2006). These findings imply that Y-27632 may affect the structure of
normal lens. Therefore, further investigation is required to determine its
safety as a prophylactic drug against ASCs.

5. Conclusions

The results of this study demonstrate that ROCK inhibition sup-
presses TGF-β2-dependent induction of type I collagen expression in
LECs and ASC formation induced by UVR-B exposure in mice. These
findings suggest that ROCK inhibitors are candidate drugs for prevent-
ing ASCs.
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