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Abstract

Cataract causes vision loss and blindness due to formation of opacities of the lens. The reg-

ulatory mechanisms of cataract formation and progression remain unclear, and no effective

drug treatments are clinically available. In the present study, we tested the effect of ataxia

telangiectasia mutated (Atm) inhibitors using an ex vivo model in which rat lenses were cul-

tured in galactose-containing medium to induce opacity formation. After lens opacities were

induced by galactose, the lenses were further incubated with the Atm inhibitors AZD0156 or

KU55933, which decreased lens opacity. Subsequently, we used microarray analysis to

investigate the underlying molecular mechanisms of action, and extracted genes that were

upregulated by galactose-induced opacity, but not by inhibitor treatment. Quantitative mea-

surement of mRNA levels and subsequent STRING analysis revealed that a functional net-

work consisting primarily of actin family and actin-binding proteins was upregulated by

galactose treatment and downregulated by both Atm inhibitors. In particular, Acta2 is a

known marker of epithelial-mesenchymal transition (EMT) in epithelial cells, and other

genes connected in this functional network (Actn1, Tagln, Thbs1, and Angptl4) also sug-

gested involvement of EMT. Abnormal differentiation of lens epithelial cells via EMT could

contribute to formation of opacities; therefore, suppression of these genes by Atm inhibition

is a potential therapeutic target for reducing opacities and alleviating cataract-related visual

impairment.

Introduction

Cataracts cause visual impairment due to lens opacity, and are the leading cause of blindness

worldwide [1]. Cataracts are caused by a variety of factors, including aging and ultraviolet rays,

but diabetes accelerates the onset of cataracts and increases the risk of developing cataracts by

2–5-fold [2,3]. Currently, the only clinical intervention for cataracts is to surgically remove the

lens opacity and implant an intraocular lens; however, this treatment is not available in some

facilities of developing countries, and it carries a palpable risk of side effects [4,5]. For this rea-

son, research efforts have aimed to prevent and treat cataracts using pharmacological

approaches [6,7], but no effective therapeutic agents are currently available in the clinic.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0274735 September 23, 2022 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Nagaya M, Kanada F, Takashima M,

Takamura Y, Inatani M, Oki M (2022) Atm

inhibition decreases lens opacity in a rat model of

galactose-induced cataract. PLoS ONE 17(9):

e0274735. https://doi.org/10.1371/journal.

pone.0274735

Editor: Jyotshna Kanungo, National Center for

Toxicological Research, UNITED STATES

Received: January 24, 2022

Accepted: September 2, 2022

Published: September 23, 2022

Copyright: © 2022 Nagaya et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: The Microarray data

are available under accession number

GSEGSE194074 at https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSEGSE194074.

Funding: Funder: University of Fukui Award

Number: LSI17102 Grant Recipient: Masaya Oki

The funders had no role in study design, data

collection and analysis, decision to publish, or

preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0002-5563-0443
https://doi.org/10.1371/journal.pone.0274735
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274735&domain=pdf&date_stamp=2022-09-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274735&domain=pdf&date_stamp=2022-09-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274735&domain=pdf&date_stamp=2022-09-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274735&domain=pdf&date_stamp=2022-09-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274735&domain=pdf&date_stamp=2022-09-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0274735&domain=pdf&date_stamp=2022-09-23
https://doi.org/10.1371/journal.pone.0274735
https://doi.org/10.1371/journal.pone.0274735
http://creativecommons.org/licenses/by/4.0/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSEGSE194074
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSEGSE194074


While age-related cataracts tend to cause opacities in the lens nucleus, diabetes-related cata-

racts commonly cause opacities in the lens cortex [8,9]. In vivo models, such as the streptozoto-

cin diabetic rat model and galactose-induced cataracts are commonly used as diabetic cataract

models [10,11]. Ex vivo models, in which cataracts are induced by culturing lenses in galac-

tose-containing medium, are also commonly used to simulate diabetes-induced cataracts

[12,13]. Galactose-induced cataracts and diabetic cataracts share a common mechanism [9],

and the galactose ex vivo model can rapidly and stably induce lens opacities, so is useful for

drug screening. The mechanisms underlying formation of sugar-induced cataracts include

production of membrane-impermeable sugar alcohols [14], oxidative stress, and accumulation

of advanced glycation end products [15], and the disease is thought to originate via a complex

combination of these factors [16].

In addition, increased lens epithelial cell (LEC) apoptosis due to oxidative stress and high

sugar levels has been implicated in the development of diabetic cataracts in both humans and

animal models [17,18]. Preventing the accumulation of sugar alcohols by inhibiting aldose

reductase (AR) decreases LEC apoptosis and prevents cataract onset [18,19], and LEC apopto-

sis is considered to be an important event in the initiation of cataracts. In addition, epithelial-

mesenchymal transition (EMT), in which LECs differentiate into mesenchymal cells, is impli-

cated in cataracts via AR [20,21]; indeed, recent studies report that EMT may contribute to for-

mation of diabetic cataracts [22–24]. The role of EMT in lens posterior capsular opacification,

which primarily presents as a complication of cataract surgery, is well-established [25], but the

potential role of EMT in diabetic cataract remains untested. Maintaining LEC homeostasis is

important in protecting lens fiber cells within the lens [26]. Loss of LEC integrity by apoptosis

or abnormal cell phenotypes could contribute to lens opacity, but further investigation is

needed to elucidate the detailed regulatory mechanisms.

Previously, we reported that Polo like kinase 3 (Plk3), which is involved in cell cycle pro-

gression and apoptosis, and ataxia telangiectasia mutated (Atm), which is upstream of Plk3,

are involved in galactose-induced cataracts [13]. GW843682X, a Plk3 inhibitor, and

KU55933 an Atm inhibitor, prevent galactose induction of cataracts ex vivo. Atm is one of

the most important regulators of the double-strand break DNA damage response, and acti-

vates downstream regulators of various cascades such as DNA repair, cell cycle arrest, and

cell death [27,28]. ATM is recruited to DNA double-strand breaks, where it activates various

downstream signals by phosphorylating proteins such as p53 and chk2 [27]. Although pre-

liminary reports that have evaluated the relationship between Atm and cataracts, as well as

the direct relationship between DNA damage and cataracts, it is well-established that use of

ionizing radiation to induce DNA damage alone results in cataract formation [29]. In addi-

tion, age-related cataracts show increased levels of DNA damage [30]. Because DNA dam-

age is caused by reactive oxygen species produced when the cellular redox state is

compromised, the DNA damage response could also contribute to opacity formation in dia-

betic cataracts.

Previous studies have demonstrated that Plk3 and Atm prevent rat galactose-induced cata-

racts, but did not evaluate whether these inhibitors could reverse the opacity once formed. In

the present study, we examined the effects of Plk3 and Atm inhibitors on galactose-induced

cataracts that had already formed, revealing that Atm inhibitors reduced lens opacity. Gene

expression in lenses ± galactose and inhibitors was investigated by microarray analysis, which

identified that genes related to the cytoskeleton were upregulated by cataract formation, which

was suppressed by Atm inhibitors. These findings further advance our understanding of the

mechanisms of diabetic cataract progression and suggest that targeting Atm and downstream

genes is a putative approach for alleviating lens opacity.
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Materials and methods

Animals

Six-week-old male Sprague-Dawley rats used for experiments were purchased from Sankyo

Laboratory Service. All experiments were approved by the Animal Research Committee of the

University of Fukui (Approval number: 28091) and conducted in accordance with the Univer-

sity of Fukui regulations on animal experiments, and the Association for Research in Vision

and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.

The study was reported in accordance with the ARRIVE guidelines.

Ex vivo assays

Rats were euthanized by CO2 asphyxiation and lenses were extracted. All lenses were cultured in 2

mL M199 medium containing 0.1% BSA and 30 mM galactose for 2–4 days using an incubator set

at 5% CO2 and 37˚C to induce cataracts as described previously [13]. Once opacity was induced,

lenses were photographed under a microscope and same medium was replaced. At this time, the

Atm inhibitors AZD0156 (MedChemExpress) or KU55933 (ChemScene), were dissolved in 16 μL

DMSO per lens for final concentrations of 2.5, 5, 10, 20, and 40 μM. For the untreated lenses, vehi-

cle control (16 μL DMSO) was added. Subsequently, lenses were cultured 2–4 days and photo-

graphed under a microscope. Control samples without cataracts were incubated for 6 days in 2

mL of M199 medium containing 0.1% BSA and galactose vehicle control (sterile water).

Microscopic observation

Photographs of the lenses were taken in a dark room using an SZX12 stereomicroscope fitted

with a DP58 camera (Olympus), as described previously [13]. Photographs were captured in a

35 mm Petri dish containing 7 mL PBS. Lens opacity was quantified using ImageJ. A weighted

average was calculated from the brightness (0–255) of the area of the lens that was opacified by

incubation with galactose, and the weighted average was again calculated from the brightness

of the same area in the lens after addition of the inhibitor and further incubation. The change

in opacity was calculated by subtracting the value after the addition of the inhibitor from the

value before the addition of the inhibitor.

Microarray data analysis

Microarray analysis was performed on control samples, galactose samples, KU55933 samples,

and AZD0156 samples. A GeneChip Rat Gene 2.0 ST array chip (Thermo Fisher Scientific)

was used to perform microarray experiments as described previously [31]. Preprocessing and

data analyses were performed using R software. First, the data for all samples were normalized

by the Robust Multi-array Average algorithm. Probes not linked to genes or genes with signal

values< 5 in all samples were excluded from analyses. The signal values for each condition

were normalized to the mean of the signal values of galactose-treated lenses. Genes that were

significantly (P< 0.05) downregulated in the control and ATM inhibitor-treated samples

compared to the galactose samples were selected as genes of interest. The relationships

between the genes of interest genes were analyzed using STRING analysis (https://string-db.

org/) [32]. Data are available under accession number GSE194074 (https://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc=GSE194074).

RNA extraction, cDNA preparation, and real-time RT-qPCR

RNA extraction from the lens and real-time RT-qPCR were performed as described previously

[31]. Primers used are listed in S1 Table. Target gene expression levels were normalized to
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Gapdh expression levels. To evaluate differences between the galactose group and the control

or drug group, a test of equal variance was performed: a two-tailed Student’s t-test was used

when there was equal variance, and a two-tailed Welch’s t-test was used when there was no

equal variance. P< 0.05 (compared with galactose) was considered statistically significant. Sta-

tistical analyses were performed using Microsoft Office Excel.

Results

Atm inhibition alleviates galactose-induced lens opacity

We evaluated the effect of KU55933 on opacity that had already been induced (Fig 1A). First,

lenses were extracted from Sprague-Dawley rats and cultured in medium containing galactose

for 2–4 days to induce opacity. As shown in Fig 1A, lenses exposed to galactose developed a

ring of white opacity in the cortical equatorial region. These lenses were further cultured in

galactose-containing medium with or without Atm inhibitors for 2–4 days. In lenses cultured

in medium containing only galactose (Figs 1B and S1), the area of opacity further increased.

By contrast, in lenses cultured with galactose and KU55933 (5, 10, 20, and 40 μM), most of the

opacity was eliminated at 20 μM, and the decreases in opacity became weaker as the concentra-

tion decreased. At a high concentration (40 μM), the entire lens became slightly more opaque

(Fig 1C). AZD0156, an additional Atm inhibitor, was also used at 2.5, 5, 10, 20, and 40 μM.

Similar results were obtained with AZD0156 (Fig 1D). Next, we quantified the change in tur-

bidity before and after addition of the inhibitor (Fig 1E). A photograph of the lens used for

quantification is shown in S1 Fig. Photographs showing the effects of the treatment revealed

pointed or banded cortical opacity in the periphery of lenses exposed to galactose, where the

effect of inhibitor treatment was observed. Pointed and banded cortical opacities are early

morphological features of galactose-induced cataracts [33]. As described above, the two inhibi-

tors were found to reduce opacity in a concentration-dependent manner, and the optimal con-

centrations for both inhibitors were determined. In a previous study, we reported that opacity

formation is also inhibited by inhibition of Plk3, a known Atm target of [13]. Therefore, we

determined if GW843682X, a Plk3 inhibitor, was effective in reducing opacity once formed.

Unlike the Atm inhibitors, GW843682X did not effectively alleviate opacity (S2 Fig). These

results suggest that Atm inhibition, but not Plk3 inhibition, reduced galactose-induced opacity

in rat lenses, suggesting that inhibition of opacity formation and reduction of previously

induced opacity are regulated by different mechanisms.

Microarray analysis of genes affected by galactose-induced opacity and

Atm inhibitors

To identify genes potentially involved in the formation of galactose-induced lens opacity and

reduction of opacity by Atm inhibition, we performed microarray analysis of samples cultured

without galactose (Control), samples cultured in medium containing galactose (galactose), and

samples cultured in medium containing galactose for 3 days to allow opacity formation and

subsequently cultured with the Atm inhibitors (AZD0156 or KU55933) for 3 days (Fig 2A).

Target genes were extracted after comparing the results of each analysis. In the present study,

we used a 6-day galactose culture sample for analysis to determine the effect of the inhibitors

on the reduction of opacity once formed. Among the 163 genes with average signal values of

the three galactose samples (Triplicate) significantly increased (P< 0.05) compared with the

signal values of the Control group. In addition, we identified 182 genes whose expression was

predominantly suppressed (P<0.05) in AZD0156-treated samples, and 174 genes whose

expression was predominantly suppressed (P<0.05) in KU55933-treated samples, compared
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Fig 1. Effect of ATM inhibitors on the reduction of opacity. (A) Experimental scheme. (B) Lenses cultured in medium

containing 30 mM galactose for 2–4 days (upper panel). Subsequently, DMSO vehicle control was added, and lenses were
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with the signal values (average triplicate values) in the galactose group. Heatmaps were gener-

ated for a total of 424 genes differentially expressed in control, AZD0156, or KU55933 samples

compared with galactose samples (Fig 2B). Controls were clustered at the most distant posi-

tions, and the galactose triplicates were clustered relatively close together. AZD0156 showed a

different expression profile from galactose, whereas KU55933 showed an expression profile

very close to that of galactose. Overall, 39 genes were downregulated significantly by

AZD0156, and 35 by KU55933, compared with galactose (P< 0.05, S2 Table). We also identi-

fied 13 genes that were downregulated by both inhibitors (Fig 2C).

RT-qPCR was performed to quantitatively measure expression of the 61 genes affected by

galactose, AZD0156, or KU55933. Among the genes differentially expressed in the Control

and galactose groups, 20 genes were differentially expressed in the KU55944 group relative to

the galactose group, 31 genes were differentially expressed in the AZD0156 group relative to

the galactose group, and 14 genes were commonly changed in both the AZD0156 and

KU55933 groups (Fig 3). The RT-qPCR results for the 14 genes altered by both inhibitors are

shown in Fig 4, and the RT-qPCR results for the genes that were only altered by one inhibitor

are shown in S3 Fig. Genes whose expression decreased in the galactose-treated group and

increased in the Atm inhibitor-treated group were analyzed in the same way, and real-time

PCR was performed; however, few genes returned to control levels, and no quantitatively dom-

inant expression changes were observed. Therefore, we focused only on genes whose expres-

sion increased in the galactose group and was suppressed in the Atm inhibitor-treated group.

Functional analysis of genes affected by Atm inhibition

Functional clusters for the 12 genes rescued by both drugs were investigated by analyzing pro-

tein interactions using STRING (S4 Fig). Among these genes, Acta1, Acta2, Actg1, Actn1,

Csrp1, Tagl, and Mki67 formed a functional network. Several members of the actin family,

which regulates the cytoskeleton, were identified in the functional network. Acta2 is a known

mesenchymal cell marker [34], and Actn1 and Tagln, actin-binding proteins connected to

Acta2 in the functional network, are involved in EMT activation [35–37]. Csrp1, which was

also connected to Acta2, is involved in cytoskeletal remodeling [38,39]. We postulated that

inhibition of these cytoskeleton-related genes was associated with the reduction of galactose-

induced opacity. Using STRING analysis to further analyze the functional relationships

between the differentially altered genes, we investigated proteins that are potentially associated

with the functional network (Fig 5). HMGCR, TNFSF12, CD47, VCL, and FN1 were identified

as predicted partners. A large network was generated around FN1, which was associated with

11 proteins in a functional network. FN1 is a central EMT regulator [40,41]. THBS1, which

was networked with FN1 and altered by Atm inhibition, promotes EMT in some cell types

[42], and ANGPTL4, which had the same expression trend, regulates the increase in cellular

energy required for EMT [43]. Although FN1 expression at the gene level was not altered,

blocking the abnormal differentiation of lens epithelial cells by mechanisms related EMT with

Atm inhibition could be important for the reduction of lens opacity. Therefore, we checked

for the Fn1 gene again, and found that in addition to the low expression level in all samples,

incubated in galactose-containing medium for a subsequent 2–4 days (lower panel). (C) Results of 2–4 days of culture in

medium containing galactose as in B (upper panel) with KU55933 dissolved in DMSO to final concentrations of 5, 10, 20,

and 40 μM and incubated 2–4 days (lower panel). (D) Results of inducing white turbidity with galactose as in C (upper

panel) and a subsequent 2–4 days in galactose medium containing AZD0156 dissolved in DMSO to final concentrations of

2.5, 5, 10, 20, and 40 μM (lower panel). (E) We calculated the opacity region of the lens without the inhibitor, with KU55933,

and with AZD0156, and then calculated the change in opacity before and after addition of the inhibitors [13]. Data are

expressed as the mean ± SE. Samples used for quantification are shown in S1 Fig.

https://doi.org/10.1371/journal.pone.0274735.g001
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Fig 2. Microarray analysis of genes affected by galactose, AD0156, and KU55933. Microarray analysis was performed on lenses without

opacity induction (Control), lenses with galactose-induced opacity (Galactose), and lenses treated with galactose and Atm inhibitors (KU5533 or

AZD0156). (A) Experimental scheme. (B) Heatmap of gene expression in ATM inhibitor-treated samples. The red to green gradient indicates

the weight of the signal value, with higher values in red and lower values in green. (C) Venn diagram of genes downregulated by galactose and

upregulated by treatment with ATM inhibitors. The repeats for the three galactose samples were averaged to calculate the signal values for each
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expression did not increase in the galactose samples compared with the controls; thus, Fn1was

excluded from the analysis. In fact, when real-time PCR was performed, there was little change

upon galactose treatment; however a decrease in expression was observed upon addition of the

inhibitor (S5 Fig).

Discussion

Diabetic cataracts are at high risk of developing even in young patients. Currently, the only

treatment for cataracts is lens replacement surgery, and development of therapeutic agents is

clinically desirable. Currently, the only reported drugs that can alleviate cataracts in animal

models are lanosterol and sterol related compounds (VP1-001) [7,44]. These interventions

enhance the chaperone activity of alpha-crystallin, thus preventing the protein aggregation

related to nuclear cataracts. However, the efficacy of these drugs in humans is still unknown

[45], and they might not be applicable to diabetic cataracts, which cause cortical opacity. In the

present study, we determined if Atm inhibition was effective in reducing opacity using an ex
vivo model of galactose-induced cataract. When the lenses were incubated in galactose-con-

taining media and formed white opacities, they were further incubated with Atm inhibitors or

gene. First, genes significantly (P< 0.05) upregulated in galactose relative to control samples were extracted (P< 0.05). Subsequently, genes

significantly (P< 0.05) downregulated in the AZD0156 and KU55933 groups relative to the Galactose group were extracted. The number and

relationship of genes extracted from each inhibitor are shown.

https://doi.org/10.1371/journal.pone.0274735.g002

Fig 3. Relationship between genes affected by both Atm inhibitors. RT-qPCR was performed on genes extracted by

microarray analysis. Among the genes that were significantly changed in the Control group relative to the Galactose

group, the names of 20 genes that were significantly changed in the AZD0156 groups and 23 genes that were

significantly changed in the KU55933 group and their relationships are shown.

https://doi.org/10.1371/journal.pone.0274735.g003
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vehicle control, revealing that the white opacity in most of the lens cortex was reduced. In

addition, microarray analysis was used to extract genes that were highly expressed in galac-

tose-induced opacity and downregulated by Atm inhibition, and could thus be related to cata-

ract treatment.

Previous studies of the relationship between age-related cataracts and Atm have reported

that UVB exposure induces DNA damage in LECs, which increases ATM activation and p53/

p21 induction, leading to cell cycle arrest and senescence [46]. In our prior study, we found

that Plk3 and Atm were involved in opacity formation in galactose-induced cataract, and acti-

vated apoptotic signaling [13]. This effect could be mediated by Plk3, which is upregulated by

p53 [47]. These findings suggest that Atm-mediated DNA damage could contribute to the

Fig 4. RT-qPCR results for genes with altered expression. RT-qPCR was performed on the 61 genes extracted from

microarray analysis. Only the 12 genes that were significantly changed in the Control, AZD0156, and KU55933 groups

relative to the Galactose group are shown. Target gene mRNA levels were normalized to Gapdh mRNA levels. Data are

expressed as means ± SEM. �P< 0.05 relative to galactose.

https://doi.org/10.1371/journal.pone.0274735.g004
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development of cataracts. In the present study, we demonstrated that the Atm inhibitors

KU55933 and AZD0156 can reduce previously formed lens opacity (Fig 1). On the other hand,

GW843682X, a Plk3 inhibitor, did not affect opacity (S2 Fig). Microarray analysis also revealed

that among the genes upregulated by cataract and suppressed by both Atm inhibitors, no

genes were directly related to apoptosis. In galactose cataracts, suppression of overactivated

Atm was suggested to be important in alleviating opacity, but the downstream causal relation-

ship between apoptosis and opacity formation should be further investigated.

Fig 5. Analysis of protein interaction networks by STRING. We analyzed the protein interaction network using

STRING for the 14 genes that were rescued by both inhibitors, as demonstrated by RT-qPCR. Rat gene names were

converted to human gene names. As a result, rat LOC654482 was imputed as human C11orf70. From the results

shown in S4 Fig, we also added more Predicted Functional Partners to the network. The color of each edge indicates

the type of relationship as follows: light blue = "from curated databases"; dark purple = "experimentally determined";

green = "text mining"; black = "co-expression"; and light purple = "protein homology”.

https://doi.org/10.1371/journal.pone.0274735.g005
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Microarray analysis also demonstrated that several cytoskeleton-related genes were induced

by opacity formation and repressed by Atm inhibitors (Figs 5 and S5). Actin alpha 2, smooth

muscle (Acta2) encodes α-smooth muscle actin (α-SMA), which is typically expressed in vas-

cular smooth muscle cells [48]. In the lens, α-SMA, a known marker of mesenchymal cells, is

upregulated in mesenchymal cells resulting from LEC EMT [34]. A prior study demonstrated

that cataracts induced by high glucose strongly express α-SMA, and that quercetin inhibits cat-

aracts by reducing α-SMA expression and suppressing EMT [23]. In addition, LECs in human

diabetic cataracts express higher levels of α-SMA than LECs in age-related cataracts, suggest-

ing possible involvement of EMT in diabetic cataracts [24].

Decreased expression of the mesenchymal cell marker Acta2 by Atm inhibition could be an

important indicator of turbidity reduction. ACTN1 encodes α-actinin, an actin crosslinking

protein involved in cell adhesion [49]. Overexpression of ACTN1 in certain cancer cells

induces EMT, and inhibition of Actn1 by Oroxylin A decreases expression of αSMA and sup-

presses EMT. [35,50]. Transgelin (Tagln), an actin-binding protein, also promotes EMT in

cancer cells [36,37], and expression changes of these genes could be indicative of cytoskeletal

remodeling. Analysis of the protein interaction network by STRING, including predicted

related factors, revealed a network centered on FN1 and connected to ACTA1, ACTA2,

ACTG1, ACTN1, ANGPTL4, MKI67, TAGLN, THBS1, and TNFRSF12A, which were down-

regulated by Atm inhibition (Fig 5). Fibronectin (FN1) is involved in cell adhesion and cell dif-

ferentiation via cellular interaction with the extracellular matrix [40]. Administration of

fibronectin to lens epithelial cells triggers EMT and induces expression of α-SMA [41]. In

addition, THBS1, which is connected to FN1, is associated with EMT activation, and knock-

down of THBS1 suppresses α-SMA expression [42,51]. In addition, the connected ANGPTL4

stabilizes proteins important for EMT by regulating cellular metabolic activity [43]. Expression

of the Fn1 gene changed little after galactose treatment, but was suppressed by Atm inhibitors,

suggesting that it may be involved in Atm-regulated EMT. When EMT is inducted in LECs, α-

SMA is upregulated and LECs transform to fibroblast-like cells, compromising their differenti-

ation into normal lens fiber cells [52]. These results suggest that galactose-induced EMT in

LECs is one of the causes of opacity, and that blockade of this axis with Atm inhibition normal-

izes cell differentiation, decreasing opacity.

Activation of Atm kinase is associated with Tip60 acetyltransferase [53]. Tip60-mediated

Atm acetylation results in Atm phosphorylation, and the activated Atm-Tip60 complex acti-

vates Atm the target protein. Therefore, blocking Tip60 decreases Atm activation [54]. In our

unpublished findings, we have identified that the Tip60 inhibitor TH1834 decreases galactose-

induced lens opacity in rats [unpublished data]. EMT-related genes such as Acta2 and Tagln

were also downregulated by TH1834. These effects could be the result of blocking the Tip60/

Atm axis.

Gene expression analysis did not identify differentially regulated genes directly related to

DNA damage. Atm and downstream signaling pathways are primarily activated by phosphory-

lation of target proteins [27], and microarray-based analysis of gene expression changes would

not reflect changes in protein phosphorylation. Further validation at the protein level is needed

to elucidate these mechanisms in detail.

In summary, we demonstrated in the present study that Atm inhibition reduced galactose-

induced lens opacity. Atm inhibition could have eliminated previously formed opacity by sup-

pressing expression of genes related to the cytoskeleton and EMT. We have thus identified a

new regulator of EMT in the pathogenesis of diabetic cataracts based on gene expression

changes. Atm inhibitors and drug therapies targeting these downstream factors could provide

insight into new cataract therapies.
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Supporting information

S1 Fig. Effect of ATM inhibitors on the galactose-induced cataracts used in this study. The

upper part of the photograph shows an image taken before addition of the inhibitor, and the

lower part shows an image taken after addition of the inhibitor. In the photograph, “q” on the

left denotes the sample used for qRT-PCR, and “M” denotes the sample used for microarray

analysis.

(PDF)

S2 Fig. The Plk3 inhibitor GW843682X does not affect galactose-induced opacity. Results

of 4-day incubation in medium containing galactose (left panel) and 4-day incubation in

medium containing galactose with GW843682X dissolved in DMSO to a final concentration

of 10 μM (Right panel).

(PDF)

S3 Fig. RT-qPCR analysis of genes with altered expression in microarray analysis. RT-

qPCR was used to measure expression of 61 genes extracted by microarray analysis. Among

the genes significantly altered in the Galactose group relative to Control, the genes altered only

by AZD0156 (A) and the genes altered by only KU55933 (B) are shown. Results are expressed

as target gene mRNA levels normalized to Gapdh mRNA levels. Data are expressed as

mean ± SEM. �P< 0.05 relative to galactose.

(PDF)

S4 Fig. STRING analysis of protein interaction networks. We analyzed the protein interac-

tion network using STRING for 14 genes that were altered by both inhibitors, as demonstrated

by RT-qPCR. This is the preliminary stage of the analysis shown in Fig 5.

(PDF)

S5 Fig. Measurement of Fn1 expression by RT-qPCR. Results are shown as target gene

mRNA levels normalized to Gapdh mRNA levels. Data are as the mean ± SEM. �P< 0.05, rela-

tive to galactose.

(PDF)

S1 Table. List of primers used for RT-qPCR.

(XLSX)

S2 Table. List of genes with altered expression extracted from microarray analysis. Genes

differentially regulated by either of the two Atm inhibitors shown in Fig 2 are indicated by

“◆”. Lines 4–9 show the signal values for each sample, lines 10–12 show the signal values for

the control and inhibitor samples minus the average of the three galactose signal values, and

lines 13–15 show the P values.

(XLSX)

Acknowledgments

We thank Dr. Kaida for providing the inhibitors. We thank Dr. Karaya for assistance and sup-

port with microarray data analysis.

Author Contributions

Conceptualization: Masaya Nagaya, Fumito Kanada, Yoshihiro Takamura, Masaru Inatani,

Masaya Oki.

Data curation: Masaya Nagaya, Fumito Kanada, Masaru Takashima, Masaya Oki.

PLOS ONE Reduction of lens opacity by Atm inhibitors

PLOS ONE | https://doi.org/10.1371/journal.pone.0274735 September 23, 2022 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274735.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274735.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274735.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274735.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274735.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274735.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274735.s007
https://doi.org/10.1371/journal.pone.0274735


Formal analysis: Masaya Nagaya, Masaya Oki.

Funding acquisition: Yoshihiro Takamura, Masaru Inatani, Masaya Oki.

Investigation: Masaya Nagaya, Fumito Kanada, Masaru Takashima, Yoshihiro Takamura,

Masaya Oki.

Methodology: Masaya Nagaya, Fumito Kanada, Yoshihiro Takamura, Masaru Inatani, Masaya

Oki.

Project administration: Yoshihiro Takamura, Masaya Oki.

Supervision: Masaya Oki.

Writing – original draft: Masaya Nagaya, Masaya Oki.

Writing – review & editing: Masaru Takashima, Yoshihiro Takamura, Masaya Oki.

References

1. Bourne RR, Stevens GA, White RA, Smith JL, Flaxman SR, Price H, et al. Causes of vision loss world-

wide, 1990–2010: a systematic analysis. Lancet Glob Health. 2013; 1(6):e339–49. Epub 2014/08/12.

https://doi.org/10.1016/S2214-109X(13)70113-X PMID: 25104599.

2. Gupta VB, Rajagopala M, Ravishankar B. Etiopathogenesis of cataract: an appraisal. Indian J Ophthal-

mol. 2014; 62(2):103–10. Epub 2014/03/13. https://doi.org/10.4103/0301-4738.121141 PMID:

24618482; PubMed Central PMCID: PMC4005220.

3. Klein BE, Klein R, Wang Q, Moss SE. Older-onset diabetes and lens opacities. The Beaver Dam Eye

Study. Ophthalmic Epidemiol. 1995; 2(1):49–55. Epub 1995/03/01. https://doi.org/10.3109/

09286589509071451 PMID: 7585233.

4. Lam D, Rao SK, Ratra V, Liu Y, Mitchell P, King J, et al. Cataract. Nat Rev Dis Primers. 2015; 1:15014.

Epub 2015/01/01. https://doi.org/10.1038/nrdp.2015.14 PMID: 27188414.

5. Tabin G, Chen M, Espandar L. Cataract surgery for the developing world. Current Opinion in Ophthal-

mology. 2008; 19(1):55–9. Epub 2007/12/20. https://doi.org/10.1097/ICU.0b013e3282f154bd

WOS:000252074400012. PMID: 18090899

6. Thiagarajan R, Manikandan R. Antioxidants and cataract. Free Radic Res. 2013; 47(5):337–45. Epub

2013/02/27. https://doi.org/10.3109/10715762.2013.777155 PMID: 23438873.

7. Zhao L, Chen XJ, Zhu J, Xi YB, Yang X, Hu LD, et al. Lanosterol reverses protein aggregation in cata-

racts. Nature. 2015; 523(7562):607–11. Epub 2015/07/23. https://doi.org/10.1038/nature14650 PMID:

26200341.

8. Lim JC, Caballero Arredondo M, Braakhuis AJ, Donaldson PJ. Vitamin C and the Lens: New Insights

into Delaying the Onset of Cataract. Nutrients. 2020; 12(10). Epub 2020/10/18. https://doi.org/10.3390/

nu12103142 PMID: 33066702; PubMed Central PMCID: PMC7602486.

9. Bron AJ, Sparrow J, Brown NA, Harding JJ, Blakytny R. The lens in diabetes. Eye (Lond). 1993; 7 (Pt

2):260–75. Epub 1993/01/01. https://doi.org/10.1038/eye.1993.60 PMID: 7607346.

10. Zhang X, Peng L, Dai Y, Xie Q, Wu P, Chen M, et al. Anti-cataract effects of coconut water in vivo and in

vitro. Biomed Pharmacother. 2021; 143:112032. Epub 2021/09/07. https://doi.org/10.1016/j.biopha.

2021.112032 PMID: 34488080.

11. Sadik NAH, El-Boghdady NA, Omar NN, Al-Hamid HA. Esculetin and idebenone ameliorate galactose-

induced cataract in a rat model. J Food Biochem. 2020; 44(7):e13230. Epub 2020/04/18. https://doi.

org/10.1111/jfbc.13230 PMID: 32301145.

12. Agarwal R, Iezhitsa I, Awaludin NA, Ahmad Fisol NF, Bakar NS, Agarwal P, et al. Effects of magnesium

taurate on the onset and progression of galactose-induced experimental cataract: in vivo and in vitro

evaluation. Exp Eye Res. 2013; 110:35–43. Epub 2013/02/23. https://doi.org/10.1016/j.exer.2013.02.

011 PMID: 23428743.

13. Kanada F, Takamura Y, Miyake S, Kamata K, Inami M, Inatani M, et al. Histone acetyltransferase and

Polo-like kinase 3 inhibitors prevent rat galactose-induced cataract. Sci Rep. 2019; 9(1):20085. Epub

2019/12/29. https://doi.org/10.1038/s41598-019-56414-x PMID: 31882756; PubMed Central PMCID:

PMC6934598.

14. Pollreisz A, Schmidt-Erfurth U. Diabetic cataract-pathogenesis, epidemiology and treatment. J Ophthal-

mol. 2010; 2010:608751. Epub 2010/07/17. https://doi.org/10.1155/2010/608751 PMID: 20634936;

PubMed Central PMCID: PMC2903955.

PLOS ONE Reduction of lens opacity by Atm inhibitors

PLOS ONE | https://doi.org/10.1371/journal.pone.0274735 September 23, 2022 13 / 16

https://doi.org/10.1016/S2214-109X%2813%2970113-X
http://www.ncbi.nlm.nih.gov/pubmed/25104599
https://doi.org/10.4103/0301-4738.121141
http://www.ncbi.nlm.nih.gov/pubmed/24618482
https://doi.org/10.3109/09286589509071451
https://doi.org/10.3109/09286589509071451
http://www.ncbi.nlm.nih.gov/pubmed/7585233
https://doi.org/10.1038/nrdp.2015.14
http://www.ncbi.nlm.nih.gov/pubmed/27188414
https://doi.org/10.1097/ICU.0b013e3282f154bd
http://www.ncbi.nlm.nih.gov/pubmed/18090899
https://doi.org/10.3109/10715762.2013.777155
http://www.ncbi.nlm.nih.gov/pubmed/23438873
https://doi.org/10.1038/nature14650
http://www.ncbi.nlm.nih.gov/pubmed/26200341
https://doi.org/10.3390/nu12103142
https://doi.org/10.3390/nu12103142
http://www.ncbi.nlm.nih.gov/pubmed/33066702
https://doi.org/10.1038/eye.1993.60
http://www.ncbi.nlm.nih.gov/pubmed/7607346
https://doi.org/10.1016/j.biopha.2021.112032
https://doi.org/10.1016/j.biopha.2021.112032
http://www.ncbi.nlm.nih.gov/pubmed/34488080
https://doi.org/10.1111/jfbc.13230
https://doi.org/10.1111/jfbc.13230
http://www.ncbi.nlm.nih.gov/pubmed/32301145
https://doi.org/10.1016/j.exer.2013.02.011
https://doi.org/10.1016/j.exer.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23428743
https://doi.org/10.1038/s41598-019-56414-x
http://www.ncbi.nlm.nih.gov/pubmed/31882756
https://doi.org/10.1155/2010/608751
http://www.ncbi.nlm.nih.gov/pubmed/20634936
https://doi.org/10.1371/journal.pone.0274735


15. Donma O, Yorulmaz E, Pekel H, Suyugul N. Blood and lens lipid peroxidation and antioxidant status in

normal individuals, senile and diabetic cataractous patients. Curr Eye Res. 2002; 25(1):9–16. Epub

2003/01/09. https://doi.org/10.1076/ceyr.25.1.9.9960 PMID: 12518238.

16. Hashim Z, Zarina S. Advanced glycation end products in diabetic and non-diabetic human subjects suf-

fering from cataract. Age (Dordr). 2011; 33(3):377–84. Epub 2010/09/16. https://doi.org/10.1007/

s11357-010-9177-1 PMID: 20842534; PubMed Central PMCID: PMC3168597.

17. Kim B, Kim SY, Chung SK. Changes in apoptosis factors in lens epithelial cells of cataract patients with

diabetes mellitus. J Cataract Refract Surg. 2012; 38(8):1376–81. Epub 2012/06/26. https://doi.org/10.

1016/j.jcrs.2012.04.026 PMID: 22727992.

18. Takamura Y, Kubo E, Tsuzuki S, Akagi Y. Apoptotic cell death in the lens epithelium of rat sugar cata-

ract. Exp Eye Res. 2003; 77(1):51–7. Epub 2003/06/26. https://doi.org/10.1016/s0014-4835(03)00083-

6 PMID: 12823987.

19. Dai G, Zhang P, Ye P, Zhang M, Han N, Shuai H, et al. The Chemopreventive Peptide Lunasin Inhibits

d-Galactose- Induced Experimental Cataract in Rats. Protein Pept Lett. 2016; 23(7):619–25. Epub

2016/05/06. https://doi.org/10.2174/0929866523666160505121047 PMID: 27145928.

20. Zablocki GJ, Ruzycki PA, Overturf MA, Palla S, Reddy GB, Petrash JM. Aldose reductase-mediated

induction of epithelium-to-mesenchymal transition (EMT) in lens. Chem Biol Interact. 2011; 191(1–

3):351–6. Epub 2011/02/19. https://doi.org/10.1016/j.cbi.2011.02.005 PMID: 21329682; PubMed Cen-

tral PMCID: PMC3575513.

21. Yadav UC, Ighani-Hosseinabad F, van Kuijk FJ, Srivastava SK, Ramana KV. Prevention of posterior

capsular opacification through aldose reductase inhibition. Invest Ophthalmol Vis Sci. 2009; 50(2):752–

9. Epub 2008/11/18. https://doi.org/10.1167/iovs.08-2322 PMID: 19011011; PubMed Central PMCID:

PMC2832582.

22. Li X, Sun M, Cheng A, Zheng G. LncRNA GAS5 regulates migration and epithelial-to-mesenchymal

transition in lens epithelial cells via the miR-204-3p/TGFBR1 axis. Lab Invest. 2021. Epub 2021/12/18.

https://doi.org/10.1038/s41374-021-00713-3 PMID: 34916611.

23. Du L, Hao M, Li C, Wu W, Wang W, Ma Z, et al. Quercetin inhibited epithelial mesenchymal transition in

diabetic rats, high-glucose-cultured lens, and SRA01/04 cells through transforming growth factor-beta2/

phosphoinositide 3-kinase/Akt pathway. Mol Cell Endocrinol. 2017; 452:44–56. Epub 2017/05/16.

https://doi.org/10.1016/j.mce.2017.05.011 PMID: 28501572.

24. Liu X, Gong Q, Yang L, Liu M, Niu L, Wang L. microRNA-199a-5p regulates epithelial-to-mesenchymal

transition in diabetic cataract by targeting SP1 gene. Mol Med. 2020; 26(1):122. Epub 2020/12/06.

https://doi.org/10.1186/s10020-020-00250-7 PMID: 33276722; PubMed Central PMCID:

PMC7718685.

25. Zhang RP, Xie ZG. Research Progress of Drug Prophylaxis for Lens Capsule Opacification after Cata-

ract Surgery. J Ophthalmol. 2020; 2020:2181685. Epub 2020/07/28. https://doi.org/10.1155/2020/

2181685 PMID: 32714607; PubMed Central PMCID: PMC7355348 publication of this paper.

26. Mathias RT, Kistler J, Donaldson P. The lens circulation. J Membr Biol. 2007; 216(1):1–16. Epub 2007/

06/15. https://doi.org/10.1007/s00232-007-9019-y PMID: 17568975.

27. Marechal A, Zou L. DNA damage sensing by the ATM and ATR kinases. Cold Spring Harb Perspect

Biol. 2013;5(9). Epub 2013/09/05. https://doi.org/10.1101/cshperspect.a012716 PMID: 24003211;

PubMed Central PMCID: PMC3753707.

28. Enoch T, Norbury C. Cellular responses to DNA damage: cell-cycle checkpoints, apoptosis and the

roles of p53 and ATM. Trends Biochem Sci. 1995; 20(10):426–30. Epub 1995/10/01. https://doi.org/10.

1016/s0968-0004(00)89093-3 PMID: 8533157.

29. Barnard SGR, McCarron R, Moquet J, Quinlan R, Ainsbury E. Inverse dose-rate effect of ionising radia-

tion on residual 53BP1 foci in the eye lens. Sci Rep. 2019; 9(1):10418. Epub 2019/07/20. https://doi.org/

10.1038/s41598-019-46893-3 PMID: 31320710; PubMed Central PMCID: PMC6639373.

30. Sorte K, Sune P, Bhake A, Shivkumar VB, Gangane N, Basak A. Quantitative assessment of DNA dam-

age directly in lens epithelial cells from senile cataract patients. Mol Vis. 2011; 17:1–6. Epub 2011/01/

13. PMID: 21224996; PubMed Central PMCID: PMC3017798.

31. Neo T, Gozawa M, Takamura Y, Inatani M, Oki M. Gene expression profile analysis of the rabbit retinal

vein occlusion model. PLoS One. 2020; 15(7):e0236928. Epub 2020/08/01. https://doi.org/10.1371/

journal.pone.0236928 PMID: 32735610; PubMed Central PMCID: PMC7394371.

32. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The STRING database in 2021:

customizable protein-protein networks, and functional characterization of user-uploaded gene/mea-

surement sets. Nucleic Acids Res. 2021; 49(D1):D605–D12. Epub 2020/11/26. https://doi.org/10.1093/

nar/gkaa1074 PMID: 33237311; PubMed Central PMCID: PMC7779004.

PLOS ONE Reduction of lens opacity by Atm inhibitors

PLOS ONE | https://doi.org/10.1371/journal.pone.0274735 September 23, 2022 14 / 16

https://doi.org/10.1076/ceyr.25.1.9.9960
http://www.ncbi.nlm.nih.gov/pubmed/12518238
https://doi.org/10.1007/s11357-010-9177-1
https://doi.org/10.1007/s11357-010-9177-1
http://www.ncbi.nlm.nih.gov/pubmed/20842534
https://doi.org/10.1016/j.jcrs.2012.04.026
https://doi.org/10.1016/j.jcrs.2012.04.026
http://www.ncbi.nlm.nih.gov/pubmed/22727992
https://doi.org/10.1016/s0014-4835%2803%2900083-6
https://doi.org/10.1016/s0014-4835%2803%2900083-6
http://www.ncbi.nlm.nih.gov/pubmed/12823987
https://doi.org/10.2174/0929866523666160505121047
http://www.ncbi.nlm.nih.gov/pubmed/27145928
https://doi.org/10.1016/j.cbi.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21329682
https://doi.org/10.1167/iovs.08-2322
http://www.ncbi.nlm.nih.gov/pubmed/19011011
https://doi.org/10.1038/s41374-021-00713-3
http://www.ncbi.nlm.nih.gov/pubmed/34916611
https://doi.org/10.1016/j.mce.2017.05.011
http://www.ncbi.nlm.nih.gov/pubmed/28501572
https://doi.org/10.1186/s10020-020-00250-7
http://www.ncbi.nlm.nih.gov/pubmed/33276722
https://doi.org/10.1155/2020/2181685
https://doi.org/10.1155/2020/2181685
http://www.ncbi.nlm.nih.gov/pubmed/32714607
https://doi.org/10.1007/s00232-007-9019-y
http://www.ncbi.nlm.nih.gov/pubmed/17568975
https://doi.org/10.1101/cshperspect.a012716
http://www.ncbi.nlm.nih.gov/pubmed/24003211
https://doi.org/10.1016/s0968-0004%2800%2989093-3
https://doi.org/10.1016/s0968-0004%2800%2989093-3
http://www.ncbi.nlm.nih.gov/pubmed/8533157
https://doi.org/10.1038/s41598-019-46893-3
https://doi.org/10.1038/s41598-019-46893-3
http://www.ncbi.nlm.nih.gov/pubmed/31320710
http://www.ncbi.nlm.nih.gov/pubmed/21224996
https://doi.org/10.1371/journal.pone.0236928
https://doi.org/10.1371/journal.pone.0236928
http://www.ncbi.nlm.nih.gov/pubmed/32735610
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1093/nar/gkaa1074
http://www.ncbi.nlm.nih.gov/pubmed/33237311
https://doi.org/10.1371/journal.pone.0274735


33. Meydani M, Martin A, Sastre J, Smith D, Dallal G, Taylor A, et al. Dose-response characteristics of

galactose-induced cataract in the rat. Ophthalmic Res. 1994; 26(6):368–74. Epub 1994/01/01. https://

doi.org/10.1159/000267503 PMID: 7715918.

34. Ganatra DA, Rajkumar S, Patel AR, Gajjar DU, Johar K, Arora AI, et al. Association of histone acetyla-

tion at the ACTA2 promoter region with epithelial mesenchymal transition of lens epithelial cells. Eye

(Lond). 2015; 29(6):828–38. Epub 2015/04/09. https://doi.org/10.1038/eye.2015.29 PMID: 25853442;

PubMed Central PMCID: PMC4469664.

35. Zhang S, Wang J, Chen T, Wang J, Wang Y, Yu Z, et al. alpha-Actinin1 promotes tumorigenesis and

epithelial-mesenchymal transition of gastric cancer via the AKT/GSK3beta/beta-Catenin pathway. Bio-

engineered. 2021; 12(1):5688–704. Epub 2021/09/22. https://doi.org/10.1080/21655979.2021.

1967713 PMID: 34546849.

36. Chen Z, He S, Zhan Y, He A, Fang D, Gong Y, et al. TGF-beta-induced transgelin promotes bladder

cancer metastasis by regulating epithelial-mesenchymal transition and invadopodia formation. EBioMe-

dicine. 2019; 47:208–20. Epub 2019/08/20. https://doi.org/10.1016/j.ebiom.2019.08.012 PMID:

31420300; PubMed Central PMCID: PMC6796540.

37. Zhong W, Hou H, Liu T, Su S, Xi X, Liao Y, et al. Cartilage Oligomeric Matrix Protein promotes epithe-

lial-mesenchymal transition by interacting with Transgelin in Colorectal Cancer. Theranostics. 2020; 10

(19):8790–806. Epub 2020/08/06. https://doi.org/10.7150/thno.44456 PMID: 32754278; PubMed Cen-

tral PMCID: PMC7392026.

38. Miyasaka KY, Kida YS, Sato T, Minami M, Ogura T. Csrp1 regulates dynamic cell movements of the

mesendoderm and cardiac mesoderm through interactions with Dishevelled and Diversin. Proc Natl

Acad Sci U S A. 2007; 104(27):11274–9. Epub 2007/06/27. https://doi.org/10.1073/pnas.0702000104

PMID: 17592114; PubMed Central PMCID: PMC2040889.

39. Kadrmas JL, Beckerle MC. The LIM domain: from the cytoskeleton to the nucleus. Nat Rev Mol Cell

Biol. 2004; 5(11):920–31. Epub 2004/11/03. https://doi.org/10.1038/nrm1499 PMID: 15520811.

40. Pankov R, Yamada KM. Fibronectin at a glance. J Cell Sci. 2002; 115(Pt 20):3861–3. Epub 2002/09/24.

https://doi.org/10.1242/jcs.00059 PMID: 12244123.

41. VanSlyke JK, Boswell BA, Musil LS. Fibronectin regulates growth factor signaling and cell differentiation

in primary lens cells. J Cell Sci. 2018; 131(22). Epub 2018/11/09. https://doi.org/10.1242/jcs.217240

PMID: 30404825; PubMed Central PMCID: PMC6262776.

42. Liu X, Xu D, Liu Z, Li Y, Zhang C, Gong Y, et al. THBS1 facilitates colorectal liver metastasis through

enhancing epithelial-mesenchymal transition. Clin Transl Oncol. 2020; 22(10):1730–40. Epub 2020/02/

14. https://doi.org/10.1007/s12094-020-02308-8 PMID: 32052380.

43. Teo Z, Sng MK, Chan JSK, Lim MMK, Li Y, Li L, et al. Elevation of adenylate energy charge by angio-

poietin-like 4 enhances epithelial-mesenchymal transition by inducing 14-3-3gamma expression. Onco-

gene. 2017; 36(46):6408–19. Epub 2017/07/27. https://doi.org/10.1038/onc.2017.244 PMID:

28745316; PubMed Central PMCID: PMC5701092.

44. Makley LN, McMenimen KA, DeVree BT, Goldman JW, McGlasson BN, Rajagopal P, et al. Pharmaco-

logical chaperone for alpha-crystallin partially restores transparency in cataract models. Science. 2015;

350(6261):674–7. Epub 2015/11/07. https://doi.org/10.1126/science.aac9145 PMID: 26542570;

PubMed Central PMCID: PMC4725592.

45. Shanmugam PM, Barigali A, Kadaskar J, Borgohain S, Mishra DK, Ramanjulu R, et al. Effect of lanos-

terol on human cataract nucleus. Indian J Ophthalmol. 2015; 63(12):888–90. Epub 2016/02/11. https://

doi.org/10.4103/0301-4738.176040 PMID: 26862091; PubMed Central PMCID: PMC4784074.

46. Liu J, Zhang J, Zhang G, Zhou T, Zou X, Guan H, et al. CircMRE11A_013 binds to UBXN1 and inte-

grates ATM activation enhancing lens epithelial cells senescence in age-related cataract. Aging (Albany

NY). 2021; 13(4):5383–402. Epub 2021/01/29. https://doi.org/10.18632/aging.202470 PMID:

33508783; PubMed Central PMCID: PMC7950295.

47. Li Z, Niu J, Uwagawa T, Peng B, Chiao PJ. Function of polo-like kinase 3 in NF-kappaB-mediated proa-

poptotic response. J Biol Chem. 2005; 280(17):16843–50. Epub 2005/01/27. https://doi.org/10.1074/

jbc.M410119200 PMID: 15671037.

48. Yuan SM. alpha-Smooth Muscle Actin and ACTA2 Gene Expressions in Vasculopathies. Braz J Cardio-

vasc Surg. 2015; 30(6):644–9. Epub 2016/03/05. https://doi.org/10.5935/1678-9741.20150081 PMID:

26934405; PubMed Central PMCID: PMC4762557.

49. Murphy AC, Young PW. The actinin family of actin cross-linking proteins—a genetic perspective. Cell

Biosci. 2015; 5:49. Epub 2015/08/28. https://doi.org/10.1186/s13578-015-0029-7 PMID: 26312134;

PubMed Central PMCID: PMC4550062.

50. Cao Y, Cao W, Qiu Y, Zhou Y, Guo Q, Gao Y, et al. Oroxylin A suppresses ACTN1 expression to inacti-

vate cancer-associated fibroblasts and restrain breast cancer metastasis. Pharmacol Res. 2020;

159:104981. Epub 2020/06/04. https://doi.org/10.1016/j.phrs.2020.104981 PMID: 32492489.

PLOS ONE Reduction of lens opacity by Atm inhibitors

PLOS ONE | https://doi.org/10.1371/journal.pone.0274735 September 23, 2022 15 / 16

https://doi.org/10.1159/000267503
https://doi.org/10.1159/000267503
http://www.ncbi.nlm.nih.gov/pubmed/7715918
https://doi.org/10.1038/eye.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/25853442
https://doi.org/10.1080/21655979.2021.1967713
https://doi.org/10.1080/21655979.2021.1967713
http://www.ncbi.nlm.nih.gov/pubmed/34546849
https://doi.org/10.1016/j.ebiom.2019.08.012
http://www.ncbi.nlm.nih.gov/pubmed/31420300
https://doi.org/10.7150/thno.44456
http://www.ncbi.nlm.nih.gov/pubmed/32754278
https://doi.org/10.1073/pnas.0702000104
http://www.ncbi.nlm.nih.gov/pubmed/17592114
https://doi.org/10.1038/nrm1499
http://www.ncbi.nlm.nih.gov/pubmed/15520811
https://doi.org/10.1242/jcs.00059
http://www.ncbi.nlm.nih.gov/pubmed/12244123
https://doi.org/10.1242/jcs.217240
http://www.ncbi.nlm.nih.gov/pubmed/30404825
https://doi.org/10.1007/s12094-020-02308-8
http://www.ncbi.nlm.nih.gov/pubmed/32052380
https://doi.org/10.1038/onc.2017.244
http://www.ncbi.nlm.nih.gov/pubmed/28745316
https://doi.org/10.1126/science.aac9145
http://www.ncbi.nlm.nih.gov/pubmed/26542570
https://doi.org/10.4103/0301-4738.176040
https://doi.org/10.4103/0301-4738.176040
http://www.ncbi.nlm.nih.gov/pubmed/26862091
https://doi.org/10.18632/aging.202470
http://www.ncbi.nlm.nih.gov/pubmed/33508783
https://doi.org/10.1074/jbc.M410119200
https://doi.org/10.1074/jbc.M410119200
http://www.ncbi.nlm.nih.gov/pubmed/15671037
https://doi.org/10.5935/1678-9741.20150081
http://www.ncbi.nlm.nih.gov/pubmed/26934405
https://doi.org/10.1186/s13578-015-0029-7
http://www.ncbi.nlm.nih.gov/pubmed/26312134
https://doi.org/10.1016/j.phrs.2020.104981
http://www.ncbi.nlm.nih.gov/pubmed/32492489
https://doi.org/10.1371/journal.pone.0274735


51. Asama H, Suzuki R, Hikichi T, Takagi T, Masamune A, Ohira H. MicroRNA let-7d targets thrombospon-

din-1 and inhibits the activation of human pancreatic stellate cells. Pancreatology. 2019; 19(1):196–

203. Epub 2018/11/06. https://doi.org/10.1016/j.pan.2018.10.012 PMID: 30393009.

52. Yoshitomi Y, Osada H, Satake H, Kojima M, Saito-Takatsuji H, Ikeda T, et al. Ultraviolet B-induced

Otx2 expression in lens epithelial cells promotes epithelial-mesenchymal transition. Biol Open. 2019; 8

(2):bio035691. Epub 2019/02/06. https://doi.org/10.1242/bio.035691 PMID: 30718229; PubMed Cen-

tral PMCID: PMC6398467.

53. Ghobashi AH, Kamel MA. Tip60: updates. J Appl Genet. 2018; 59(2):161–8. Epub 2018/03/20. https://

doi.org/10.1007/s13353-018-0432-y PMID: 29549519.

54. Sun Y, Jiang X, Chen S, Fernandes N, Price BD. A role for the Tip60 histone acetyltransferase in the

acetylation and activation of ATM. Proc Natl Acad Sci U S A. 2005; 102(37):13182–7. Epub 2005/09/

06. https://doi.org/10.1073/pnas.0504211102 PMID: 16141325; PubMed Central PMCID:

PMC1197271.

PLOS ONE Reduction of lens opacity by Atm inhibitors

PLOS ONE | https://doi.org/10.1371/journal.pone.0274735 September 23, 2022 16 / 16

https://doi.org/10.1016/j.pan.2018.10.012
http://www.ncbi.nlm.nih.gov/pubmed/30393009
https://doi.org/10.1242/bio.035691
http://www.ncbi.nlm.nih.gov/pubmed/30718229
https://doi.org/10.1007/s13353-018-0432-y
https://doi.org/10.1007/s13353-018-0432-y
http://www.ncbi.nlm.nih.gov/pubmed/29549519
https://doi.org/10.1073/pnas.0504211102
http://www.ncbi.nlm.nih.gov/pubmed/16141325
https://doi.org/10.1371/journal.pone.0274735

