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Abstract

Cataract is an eye disease, in which the lens becomes opaque, causing vision loss and

blindness. The detailed mechanism of cataract development has not been characterized,

and effective drug therapies remain unavailable. Here, we investigated the effects of Hyp-

oxia-inducible factor 1 (HIF-1) inhibitors using an ex vivo model, in which rat lenses were cul-

tured in galactose-containing medium to induce opacity formation. We found that treatment

with the HIF-1 inhibitors 2-Methoxyestradiol (2ME2), YC-1, and Bavachinin decreased lens

opacity. Microarray analysis on 2ME2-treated samples, in which opacity was decreased,

identified genes upregulated by galactose and downregulated by inhibitor treatment. Subse-

quent STRING analysis on genes that showed expression change by RT-qPCR identified

two clusters. First cluster related to the cytoskeleton and epithelial-mesenchymal transition

(EMT). Second cluster related to the oxidative stress, and apoptosis. ACTA2, a known

marker for EMT, and TXNIP, a suppressor of cell proliferation and activator of apoptosis,

were present in each cluster. Thus, suppression of EMT and apoptosis, as well as activation

of cell proliferation, appear to underlie the decrease in lens opacity.

Introduction

Cataract is an eye disease, in which the lens becomes opaque, resulting in vision loss and blind-

ness [1]. Currently, the only treatment for cataract is surgical lens replacement, which is not

always broadly accessible in developing countries [2]. Therefore, the development of new

drugs for cataract treatment is desired.

Factors that promote cataract formation include aging, ultraviolet light, and diabetes.

Among these, diabetes is of particular interest because the number of diabetic patients is

increasing yearly, and thus the risk of developing cataracts even at a younger age is high [3].

Therefore, we focused our study on diabetic cataracts.

Both in vivo and ex vivo animal models of diabetic cataract have been established. In the

STZ in vivo model, administration of streptozotocin induces type-I diabetes [4] and leads to

cataracts, whereas the Nile grass rat is a model for cataract development as a result of type-II
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diabetes [5]. In the galactose diet-loaded model, cataracts are induced by placing rats on a

galactose-containing diet [6]. Cataracts are induced in a similar manner in an ex vivo galac-

tose-induced cataract model, in which rat lenses are cultured in galactose-containing medium

to induce opacity [7]. As this ex vivo model can rapidly and stably induce opacity, making it

useful for drug screening, it was also used in this study.

Age-related cataracts tend to develop opacity in the lens nucleus, whereas diabetic cataracts

typically develop opacity in the lens cortex [8]. The mechanisms of diabetic cataract formation

include osmotic stress, non-enzymatic glycation, and oxidative stress [9].

Osmotic stress is caused by the accumulation of sugar alcohols through the action of aldose

reductase (AR) [10]. Under hyperglycemic conditions, AR reduces sugars to sugar alcohols,

which are less membrane-permeable, not easily metabolized, and accumulate in lens fibers,

thus increasing intracellular osmotic pressure. This hyperosmotic environment absorbs water,

causes lens fibers to swell, and results in opacity.

In addition, methylglyoxal, produced by the non-enzymatic glycation of sugar metabolic

intermediates in a high-sugar environment binds various proteins and impairs their function.

Therefore, abnormal protein aggregation also results in opacity [11].

Oxidative stress leads to opacity when accumulated reactive oxygen species (ROS), such as

hydrogen peroxide, cause protein denaturation and cellular damage [12]. Reduced glutathione

(GSH) acts as a reducing agent to remove ROS, and oxidized glutathione (GSSG) is reduced to

GSH using NADPH as a coenzyme. However, since AR also uses NADPH to convert glucose

to sorbitol, cellular NADPH becomes depleted, inhibiting GSSG reduction and promoting oxi-

dative stress [13].

Furthermore, recent reports suggest the involvement of lens epithelial cell (LEC) apoptosis

and epithelial-mesenchymal transition (EMT) in diabetic cataract formation [14, 15]. Thus,

diabetic cataract may be caused by a disruption of LEC homeostasis.

Previously, we reported that polo like kinase 3 (PLK3) and ataxia telangiectasia mutated

(ATM) are involved in galactose-induced cataract [16, 17]. The PLK3 inhibitor, GW843682X,

prevented the formation of opacity in rat lenses cultured in galactose medium [16], and the

ATM inhibitors, AZD0156 and KU55933, both prevented and reversed galactose-mediated

opacity formation in rat lenses [17]. Further exploration of PLK3 and ATM downstream fac-

tors identified Hypoxia-inducible factor 1 (HIF-1), a protein induced under hypoxia [18–21].

HIF-1 is a heterodimer of HIF-1α and HIF-1β [22]. HIF-1 acts as a transcriptional activator

of many genes involved in angiogenesis, glucose metabolism, cell proliferation, and invasion

[23]. Under normoxia, the HIF-1α protein, a component of HIF-1, is hydroxylated by the oxy-

gen substrate, prolyl hydroxylase-domain protein (PHD) [24, 25]. Hydroxylated HIF-1α is rec-

ognized by the von Hippel-Lindau (VHL) tumor-suppressor protein, which ubiquitinates

HIF-1α, leading it to proteasomal degradation [26, 27]. Conversely, under hypoxia, HIF-1α,

without PHD hydroxylation, translocates to the nucleus to form a heterodimer with HIF-1β.

HIF-1 forms a complex with p300 and acts as a transcription factor [28]. The lens is main-

tained in a hypoxic state, and HIF-1α has been reported to promote organelle degradation

within the lens [29]. Nevertheless, the relationship between HIF-1α and cataract remains

unclear, with reports of HIF-1α to be promoting cataract and reducing its risk [30, 31]. More-

over, HIF-1α is stably expressed in a high-glucose environment, suggesting that it may also be

induced in a galactose-rich environment [32].

In this study, we investigated whether galactose-induced opacity could be decreased by

HIF-1 inhibitors. Using RT-qPCR, we examined the expression of genes inhibited by the addi-

tion of HIF-1 and identified genes involved in cataract formation. These results indicate that

targeting HIF-1 and its downstream genes may be a useful approach to reversing lens opacity.
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Materials and methods

Animals

Six-week-old male SD rats were purchased from Sankyo Laboratory Service (Japan) and used

for the experiments. 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 Association for Research in Vision and

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

described previously [17]. This study adhered to the ARRIVE guidelines in its reporting.

Ex vivo assays

Rats were euthanized by CO2 asphyxiation and the lenses were removed. All lenses were incu-

bated in 2 mL M199 medium containing 0.1% BSA and 30 mM galactose for 2–3 days in an

incubator at 5% CO2 and 37˚C to induce opacity, as described previously [16]. After opacity

induction, images were acquired under a microscope, and one lens was incubated with 2 mL

fresh medium supplemented by 16 μL DMSO, whereas the other was incubated with 2 mL

fresh medium supplemented by 16 μL 2ME2 (Selleck Chemical, USA), a HIF-1 inhibitor,

which was dissolved in DMSO at final concentrations of 10 μM, 20 μM, and 40 μM. The lens

was incubated for an additional 2–3 days and imaged. Control samples, in which cataracts

were not induced, were incubated for 4 or 6 days with sterile water instead of galactose.

Microscopic observations

Lens images were obtained in a darkroom using an SZX12 stereomicroscope equipped with a

DP58 camera (Olympus, Japan), as described previously [16]. Samples were imaged in 35-mm

Petri dishes containing 7 mL PBS. The lens-cortex opacity was measured in ImageJ as the

luminance (0–255) of the opaque lens area, and a weighted average was calculated [17].

Microarray data analysis

Microarray analysis was performed from Control samples cultured for 4 or 6 days (n = 2), cata-

ract-induced samples cultured in galactose medium for 6 days (n = 3), and samples treated

with 2ME2 (n = 2). A GeneChip Rat Gene 2.0 ST array chip (Thermo Fisher Scientific, USA)

was used for microarray experiments as described previously [16]. Preprocessing and data

analyses were performed using the R software (Version 4.0.3). First, data from all samples were

normalized using the Robust Multi-array Average algorithm, and probes not corresponding to

genes were excluded. Next, genes with signal values of<5 were excluded from all sample data-

sets. Signal values for each condition were normalized to the mean value of replicate samples.

Genes were selected as significant if their expression increased by more than two-fold between

the Control and Galactose groups and decreased by more than two-fold between the galactose

and 2ME2 groups. The extracted genes were subjected to functional analysis using STRING

(https://version-11-5.string-db.org/). Microarray data are available in the GEO repository

under the accession number GSE240617 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE240617).

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

Lens RNA extraction and real-time RT-qPCR were performed using the same methods as

described previously [33]. The primers used are listed in S1 Table. Gene expression levels were

normalized to Gapdh expression. To evaluate differences between the galactose group and the

control (6Days cultured) and 2ME2 groups, genes with more than 10% decrease in expression
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from the galactose group to the 2ME2 group relative to the amount of increase from the con-

trol sample to the galactose sample were considered important genes.

Results

HIF-1 inhibitors decrease opacity of galactose-induced rat cataracts

In a previous study, we reported that the ATM inhibitors, AZD0156 and KU55933, decreased

opacity in a rat lens model of galactose-induced cataract [17]. ATM is reported to stabilize

HIF-1α by phosphorylation [18]. Therefore, we investigated whether inhibiting HIF-1, which

consists of HIF-1α and HIF-1β, would reverse the opacity phenotype. First, lenses were

removed from Sprague-Dawley (SD) rats and cultured in galactose-containing medium for

2–3 days to form opacities in the equatorial cortex. Subsequently, the medium was changed,

and lenses were cultured for an additional 2–3 days in medium containing only galactose or

galactose supplemented by one of the ten HIF-1 inhibitors used (Fig 1A and 1B) [34–43]. The

HIF-1 inhibitors and concentrations used are listed in Table 1. In the galactose-only medium,

the opacity area was increased compared to that before medium exchange. 2-Methoxyestradiol

(2ME2), YC-1, and Bavachinin were the only HIF-1 inhibitors that could decrease opacity

(Fig 1B and S1 Fig). 2ME2 inhibits HIF-1α translation, YC-1 inhibits HIF-1 and p300 binding,

and Bavachinin, is a PPAR-agonist that activates the interaction between VHL and HIF-1α
[34–36]. In this study, we focused on 2ME2, which directly inhibits HIF-1α translation. We

tested 10 μM, 20 μM, and 40 μM of 2ME2 and observed that only 20 μM and 40 μM resulted in

a decrease in lens opacity (Fig 1B and S2 Fig). Next, we quantified the opacity change before

and after 2ME2 administration (Fig 1C), as previously established [17]. The quantification is

shown in Fig 1B and S2 Fig. As treatment with 40 μM 2ME2 resulted in the highest opacity

decrease, this concentration was used in subsequent experiments.

Identification of genes involved in opacity decrease using microarray

analysis

To identify genes involved in galactose-mediated opacity formation, as well as opacity reversal

upon 2ME2 addition, we conducted microarray analysis on the following sample groups: Pre-

vious study used sample incubated for 4 days without galactose [16], this study added a sample

incubated for 6 days without galactose, for a total of 2 samples (Control group), three samples

cultured for 6 days in galactose-containing medium to induce opacification (Galactose group),

and two samples cultured for 3 days in galactose-only medium and then a further 3 days in

galactose medium supplemented by 2ME2 (2ME2 group). A flowchart of the extraction pro-

cess is shown in Fig 2. First, after removing probes lacking gene names, out of the 36,685

probes, genes with signal values of<5 were excluded from the 21,282 genes to narrow down

the number of genes to 6,640. Subsequently, the average signal values between the Control,

Galactose, and 2ME2 groups were calculated. We identified 196 genes for which expression

levels were increased by more than two-fold between the Control and Galactose groups and

decreased by more than 1.5-fold between the Galactose and 2ME2 groups (S1 Dataset).

In order to further narrow down the number of genes with a large number of genes for RT-

qPCR, we extracted 80 genes, the expression levels of which were decreased by more than two-

fold between the Galactose and 2ME2 groups and increased by more than two-fold between

the Control and Galactose groups. After excluding functionally unknown genes, ribosomal-

protein genes, and genes with challenging primer design, 43 genes were selected for expression

level quantification by RT-qPCR (S2 Table). Thirty-two genes were not consistent with the

microarray results and eleven genes showed more than a 10% decrease in expression between
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Fig 1. Effect of 2ME2 on lens opacity. (A) Schematic representation of the SD rat lens experiment. (B) Rat lenses were cultured in

medium containing 30 mM galactose for 2–3 days (upper panel). After image acquisition, DMSO as a vehicle control or 10 μM, 20 μM,

or 40 μM 2ME2 in DMSO were added to the galactose-containing medium, and culture was continued for 2–3 days. The number of days

indicated in each panel represents the total days of incubation, “q” indicates samples used for RT-qPCR, and “M” indicates samples used

for microarray analysis. (C) The level of lens opacity with and without 2ME2, as well as the change in opacity before and after addition of
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the galactose and 2ME2 groups compared with the amount of increase between the control

and galactose groups, consistent with the microarray results (S3 Fig and Fig 3).

Functional analysis of genes involved in opacity decrease

To investigate the functions of these 11 genes, for which expression changes were identified by

RT-qPCR, we conducted protein-protein interaction analysis using STRING (S4 Fig). Among

them, ACTA1, ACTA2, MDK, TUBB2A, and TUBB3 formed a cluster. ACTA2, situated at the

center of the cluster, is a recognized mesenchymal cell marker, [44] and ACTA1, an actin-

binding protein, belongs to the actin family of cytoskeletal proteins [45]. MDK is a heparin-

binding growth factor and has been reported to promote EMT in cancer cells [46]. TUBB2A

and TUBB3, known as β-tubulin, are cytoskeletal components [47]. Thus, suppression of the

upregulation of EMT and cytoskeletal-component genes may have improved the opacity phe-

notype. We further exploited STRING’s ability to add predicted functional partners to investi-

gate putative participating proteins in this network (Fig 4). Interestingly, a cluster involving

GPX1 and TXNIP, which were also identified by RT-qPCR, was generated. Gpx1 encodes a

glutathione peroxidase involved in the degradation of hydrogen peroxide, and its expression

may have increased upon oxidative stress [48]. TXNIP regulates the intracellular redox state as

a thioredoxin-binding protein and is involved in the inhibition of cell proliferation and pro-

motion of apoptosis [49, 50]. Therefore, the HIF-1 inhibitor, 2ME2, may have decreased lens

opacity by preventing Txnip-mediated cell growth inhibition, apoptosis, and EMT induced

increase in Acta2 expression (Fig 5).

Discussion

Diabetic cataract is a high-risk disease that occurs even in young people, and its current main-

stream treatment involves surgically removing the lens and replacing it with an intraocular

lens (IOL). Although drugs such as glycation inhibitors and antioxidants have been shown to

prevent cataracts, no drugs have yet achieved fundamental therapy [51, 52]. While AR inhibi-

tors targeting the primary cause of diabetic cataract have shown efficacy in animal

the inhibitor, were calculated [17]. Data are expressed as the mean ± SE. The two additional samples used for the quantification are

shown in S2 Fig.

https://doi.org/10.1371/journal.pone.0299145.g001

Table 1. List of HIF-1 inhibitors used.

Name Place of purchase Concentration Therapeutic effect Source

2-Methoxyestradiol (2ME2) Selleck Chemical (USA) 10, 20, 40μM (20, 40μM) (34)

YC-1 Wako (Japan) 25, 40, 50, 100μM (25μM) (35)

Bavachinin Cayman Chemical (USA) 2.5, 5, 10, 20, 25, 50, 100μM (2.5, 5, 10μM) (36)

BAY87-2243 Selleck Chemical (USA) 10, 20, 40μM × (37)

Chetomin Cayman Chemical (USA) 50nM × (38)

ELR510444 Cayman Chemical (USA) 0.1, 1, 10μM × (39)

KC7F2 Cayman Chemical (USA) 10, 20, 40, 80μM × (40)

PX-478 Cayman Chemical (USA) 20, 40, 80μM × (41)

Topotecan Cayman Chemical (USA) 0.125, 0.5, 2μM × (42)

Vitexin Cayman Chemical (USA) 25, 50μM × (43)

The list summarizes the Therapy effect of 10 HIF-1 inhibitors. Concentration indicates the concentration of the drug used. Therapeutic effect column, "�" indicates that

the HIF-1 inhibitor had therapeutic effect, "×" indicates that the HIF-1 inhibitor had no therapeutic effect.

https://doi.org/10.1371/journal.pone.0299145.t001
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experiments, their side effects have not been characterized [53]. Therefore, in this study, we

examined whether HIF-1 inhibition could decrease lens opacity in an ex vivo model, in which

opacity is induced by culturing lenses in galactose-containing medium.

HIF-1 is a hypoxia-induced transcription factor. In recent years, disease therapies targeting

HIF-1 have attracted attention. HIF-prolyl hydroxylase (HIF-PH) inhibitors, which activate

HIF-1, are used to treat chronic kidney disease by enhancing endogenous erythropoietin

Fig 2. Flowchart for narrowing down the genes for which expression levels were altered upon 2ME2 addition.

Probes without gene names were removed (21,282 genes remaining), genes with signal values of<5 were excluded

(6,640 genes remaining), genes exhibiting more than two-fold increase between the Control and Galactose groups as

well as decrease between the Galactose and 2ME2 groups were included (80 genes remaining), and genes of unknown

function, ribosomal-protein genes, and genes for which primer design was difficult were excluded (43 genes

remaining). Of these, 11 genes exhibited more than 10% expression decrease between the Galactose and 2ME2 groups

compared with amount of increase expression between the Control and Galactose groups by RT-qPCR, which were

consistent with the microarray analysis.

https://doi.org/10.1371/journal.pone.0299145.g002
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production [54]. In addition, experimental inhibition of HIF-1 has been shown to suppress can-

cer and inflammatory diseases [55]. Conversely, the relationship between cataracts and HIF-1

remains unclear. In age-related cataract, downregulation of Heat shock transcription factor 4

isoform b (HSF4b), which contributes to lens transparency maintenance, is believed to reduce

HIF-1α levels, potentially causing cortical and nuclear cataracts [30]. Vitamin C activates PHD,

Fig 3. RT-qPCR analysis of genes with altered expression levels. RT-qPCR on 43 genes selected from the microarray analysis, Results are shown as target

gene mRNA levels normalized by Gapdh mRNA levels. Data are expressed as the mean ± SE. Asterisks indicate more than a 10% decrease in expression

between the galactose and 2ME2 groups compared with the amount of increase between the control and galactose groups.

https://doi.org/10.1371/journal.pone.0299145.g003
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which causes HIF-1α degradation, and when added to human lens epithelial cells (HLEC), it

suppresses EMT, which contributes to posterior capsule opacification (PCO) [31].

In this study, rat lenses were cultured in galactose-containing medium to induce opacity.

Addition of the HIF-1 inhibitors, 2ME2, YC-1, and Bavachinin, could decrease the opacity

formed in the lens cortex (Fig 1B and S1 Fig). We have previously prepared lens tissue sections

of galactose samples and samples in which the addition of an inhibitor reduced opacity [56].

Observations showed that the lens cortex collapsed in the galactose sample, whereas in the

sample with the inhibitor and reduced opacity, the collapsed cells were pushed into the interior

by newly created cells, and the collapse of the lens cortex was apparently almost completely

Fig 4. STRING protein interaction analysis. STRING analysis of 11 genes, expression changes were confirmed by RT-qPCR, and their predicted

functional partners. The color of each edge shows the type of relationship in the following manner: 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.0299145.g004
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eliminated. Therefore, we believe that the disruption of the lens cortex caused by galactose was

normalized by the addition of the HIF-1 inhibitor, and the opacity was decreased.

Next, we conducted comprehensive gene expression analysis to identify genes related to

cataract therapy. 2ME2 treatment decreased lens opacity, and genes for which expression

increased upon galactose treatment and decreased upon inhibitor treatment were extracted.

RT-qPCR was used to confirm changes in their expression levels, and 11 genes were identified

(Fig 3). Among them, a cluster of genes related to the cytoskeleton and EMT were induced by

opacification and inhibited by 2ME2 (S4 Fig).

EMT is induced by TGF-β signaling, which leads to increased cell motility and accumula-

tion of extracellular matrix, suggesting that it is related to cell invasion and fibrosis [57]. EMT

is also involved in the pathogenesis of diabetic cataract [58]. ACTA2 encodes α-smooth muscle

actin (α-SMA), a mesenchymal cell marker [59]. Under high-glucose conditions, LEC upregu-

lates α-SMA, leading to EMT [60]. Furthermore, HIF-1α has been shown to promote EMT in

various types of tumors and fibrotic diseases [61]. After induction of EMT by TGF-β, HIF-1α
translational inhibition decreased α-SMA levels in HLEC [62], suggesting that increased Acta2
expression under galactose conditions, which known to induced by EMT, could contribute to

cortical cataract development. Therefore, reduced Acta2 expression in the presence of HIF-1

inhibitors is expected to lead to decreased opacity.

Fig 5. Predicted mechanism of HIF-1-induced diabetic cataract. HIF-1 is induced in high-sugar environments and

forms a complex with p300. Subsequently, cataract is caused by EMT induced increase in Acta2 expression, Txnip-

induced apoptosis, and inhibition of cell proliferation.

https://doi.org/10.1371/journal.pone.0299145.g005
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Next, we used STRING to analyze protein-protein interactions, including the predicted

related factors, and generated a cluster that contained TXNIP (Fig 4). TXNIP binds to and

inhibits thioredoxin, which possesses antioxidant activity [49], responding to endoplasmic

reticulum stress, and promotes apoptosis [50]. In fact, increased apoptosis of lens LEC has

been implicated in the development of diabetic cataract in both human and animal models

[63, 64]. TXNIP is induced by oxidative and high-glucose stresses [65, 66], and its expression

was higher in the Galactose than in the Control and 2ME2 groups. This suggests that HIF-1

inhibitors may decrease opacity by suppressing apoptosis and activating cell proliferation. In

addition, as TXNIP is thought to be involved in EMT [67], inhibition of both EMT and apo-

ptosis may be important for reversing lens opacification (Fig 5).

There are multiple HIF-1 inhibitors, each with different targets. We find the presence or

absence of a decrease in lens opacity was observed depending on the different targets within

HIF-1 inhibition. The three HIF-1 inhibitors that showed a decrease in lens opacity in this

study are 2ME2, YC-1, and Bavachinin. 2ME2 depolymerizes microtubules in tumor cells by

interacting with colchicine binding site on β-tubulin, leading to the protein-level inhibition of

HIF-1α downstream [34]. However, the association between microtubule depolymerization

and the inhibitory mechanism of HIF-1α at the protein level is not yet clear at this stage. In the

gene expression analysis, the expression of cytoskeleton-related genes was decreased in the

samples treated with 2ME2 compared to the galactose-treated samples. This observation sug-

gests that the suppression of cytoskeletal remodeling and the regulation of EMT could contrib-

ute to the reduction of lens opacity. However, in this experiment, the addition of ELR510444,

which suppresses HIF-1α protein levels by depolymerizing microtubules as in 2ME2, did not

reduce lens opacity [39]. Based on the results of gene expression analysis, we believe that

2ME2 reduced lens opacity by decreasing gene expression of oxidative stress-related genes as

well as cytoskeleton-related genes. YC-1 enhances the binding of Factor Inhibiting HIF (FIH)

to the C-terminal transactivation domain (CAD) of HIF-1α, dissociates the binding of p300,

and contributes to the suppression of HIF-1 function [35]. Similarly, YC-1 inhibits the accu-

mulation of HIF-1α protein, suggesting that YC-1 suppresses HIF-1 activity by multiple targets

[68]. Bavachinin is thought to promote HIF-1α degradation by increasing its interaction with

VHL [36]. Bavachinin is also known as a PPAR agonist, and some PPAR agonists in our labo-

ratory have been shown to reduce opacity in galactose-induced cataracts [Unpublished data].

Therefore, targeting multiple targets in HIF-1 inhibition may have decreased lens opacity.

We have previously reported that histone acetyltransferase (HAT) and ATM inhibitors

decrease opacity in the galactose-induced cataract model [17, 56]. Among HAT inhibitors,

TH1834, which targets TIP60, has exhibited therapeutic effects by decreasing opacity [56]. Fur-

thermore, ATM is activated by autophosphorylation through acetylation by TIP60 [69]. In

fact, addition of AZD0156 and KU55933, which inhibit ATM, resulted in decreased opacity

similar to TH1834 [17]. Additionally, HIF-1α is stabilized by phosphorylation by ATM [18].

In this study, the addition of HIF-1 inhibitors decreased opacity. This suggests that the

TIP60-ATM-HIF-1 pathway may be involved in both the formation and reversal of galactose-

induced cataract.

We also compared genes exhibiting altered expression levels specifically in RT-qPCR exper-

iments upon HAT and ATM inhibition (opacity decrease) with 11 genes displaying altered

expression levels in this study. Common genes with regards to HAT inhibitors were Acta1,

Acta2, Hebp2, and Mdk. Regarding ATM inhibitors, the common genes identified were Acta1,

Acta2, and Tubb3. Furthermore, common genes among the analyses of 2ME2, HAT, and

ATM inhibitors were Acta1 and Acta2. This suggested that Acta1 is involved in the regulation

of the cytoskeleton, Acta2 is related to EMT, and LEC disruption is a common pathogenic

mechanism in galactose-induced cataractogenesis. In addition, regulation of EMT and the
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cytoskeleton through the above inhibitors could induce cell differentiation of normal LEC and

decrease opacity. Conversely, our analysis of HAT and ATM inhibitors showed no common

genes involved in apoptosis, suggesting that further investigation is needed to determine

whether apoptosis is suppressed by these inhibitors.

In this study, we found that HIF-1 inhibition decreased opacity in a galactose-induced cata-

ract model. Furthermore, gene expression analysis suggested that HIF-1 inhibition decreased

opacity by suppressing EMT and apoptosis. In future, drug treatment targeting HIF-1 and

downstream factors will be important for cataract therapy.
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lenses in 30 mM galactose-containing medium for 2–3 days. The lower panel shows the result
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and "M" indicates samples used for microarray analysis.
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S3 Fig. Results of RT-qPCR analysis. RT-qPCR on 32 genes which didn’t alter. Results are

shown as target gene mRNA levels normalized by Gapdh mRNA levels. Data are expressed as

the mean ± SE.
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S4 Fig. Results of protein-protein interaction analysis. Results of STRING analysis of 11

genes whose expression variation was confirmed by RT-qPCR (https://version-11-5.string-db.
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increase in expression from Control to Galactose. The column of Galactose vs. 2ME2 shows

the number of fold decrease in expression from Galactose to 2ME2.

(XLSX)

PLOS ONE HIF-1 and galactose-induced cataract

PLOS ONE | https://doi.org/10.1371/journal.pone.0299145 February 28, 2024 12 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299145.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299145.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299145.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299145.s004
https://version-11-5.string-db.org/
https://version-11-5.string-db.org/
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299145.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299145.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299145.s007
https://doi.org/10.1371/journal.pone.0299145


Acknowledgments

We thank Dr. Karaya for assistance and support with microarray data analysis.

Author Contributions

Conceptualization: Masaru Takashima, Masaya Nagaya, Yoshihiro Takamura, Masaru Ina-

tani, Masaya Oki.

Data curation: Masaru Takashima, Masaya Nagaya, Yoshihiro Takamura, Masaru Inatani,

Masaya Oki.

Formal analysis: Masaru Takashima, Masaya Nagaya.

Funding acquisition: Masaya Oki.

Investigation: Masaru Takashima, Masaya Nagaya, Masaya Oki.

Methodology: Masaru Takashima.

Project administration: Masaya Oki.

Supervision: Masaya Oki.

Writing – original draft: Masaru Takashima, Masaya Oki.

Writing – review & editing: Masaya Nagaya, Yoshihiro Takamura, Masaru Inatani, Masaya

Oki.

References
1. Cicinelli MV, Buchan JC, Nicholson M, Varadaraj V, Khanna RC. Cataracts. Lancet. 2023; 401

(10374):377–89. Epub 2022/12/25. https://doi.org/10.1016/S0140-6736(22)01839-6 PMID: 36565712.

2. Kohnen T, Baumeister M, Kook D, Klaproth OK, Ohrloff C. Cataract surgery with implantation of an arti-

ficial lens. Dtsch Arztebl Int. 2009; 106(43):695–702. Epub 2009/12/01. https://doi.org/10.3238/arztebl.

2009.0695 PMID: 19946433; PubMed Central PMCID: PMC2780012.

3. Peterson SR, Silva PA, Murtha TJ, Sun JK. Cataract Surgery in Patients with Diabetes: Management

Strategies. Semin Ophthalmol. 2018; 33(1):75–82. Epub 2017/11/18. https://doi.org/10.1080/

08820538.2017.1353817 PMID: 29144826.

4. Wang-Fischer Y, Garyantes T. Improving the Reliability and Utility of Streptozotocin-Induced Rat Dia-

betic Model. J Diabetes Res. 2018; 2018:8054073. Epub 2018/10/23. https://doi.org/10.1155/2018/

8054073 PMID: 30345315; PubMed Central PMCID: PMC6174751.

5. Ranaei Pirmardan E, Barakat A, Zhang Y, Naseri M, Hafezi-Moghadam A. Diabetic cataract in the Nile

grass rat: A longitudinal phenotypic study of pathology formation. Faseb j. 2021; 35(6):e21593. Epub

2021/05/16. https://doi.org/10.1096/fj.202100353R PMID: 33991133.

6. Jyothi M, Sanil R, Shashidhar S. Influence of galactose cataract on erythrocytic and lenticular glutathi-

one metabolism in albino rats. Indian J Ophthalmol. 2011; 59(4):287–90. Epub 2011/06/15. https://doi.

org/10.4103/0301-4738.81996 PMID: 21666313; PubMed Central PMCID: PMC3129753.

7. Saxena P, Saxena AK, Monnier VM. High galactose levels in vitro and in vivo impair ascorbate regener-

ation and increase ascorbate-mediated glycation in cultured rat lens. Exp Eye Res. 1996; 63(5):535–

45. Epub 1996/11/01. https://doi.org/10.1006/exer.1996.0144 PMID: 8994357.

8. 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.

9. Kyselova Z, Stefek M, Bauer V. Pharmacological prevention of diabetic cataract. J Diabetes Complica-

tions. 2004; 18(2):129–40. Epub 2004/05/04. https://doi.org/10.1016/S1056-8727(03)00009-6 PMID:

15120709.

10. Burg MB, Kador PF. Sorbitol, osmoregulation, and the complications of diabetes. J Clin Invest. 1988; 81

(3):635–40. Epub 1988/03/01. https://doi.org/10.1172/JCI113366 PMID: 3278002; PubMed Central

PMCID: PMC442508.

PLOS ONE HIF-1 and galactose-induced cataract

PLOS ONE | https://doi.org/10.1371/journal.pone.0299145 February 28, 2024 13 / 17

https://doi.org/10.1016/S0140-6736%2822%2901839-6
http://www.ncbi.nlm.nih.gov/pubmed/36565712
https://doi.org/10.3238/arztebl.2009.0695
https://doi.org/10.3238/arztebl.2009.0695
http://www.ncbi.nlm.nih.gov/pubmed/19946433
https://doi.org/10.1080/08820538.2017.1353817
https://doi.org/10.1080/08820538.2017.1353817
http://www.ncbi.nlm.nih.gov/pubmed/29144826
https://doi.org/10.1155/2018/8054073
https://doi.org/10.1155/2018/8054073
http://www.ncbi.nlm.nih.gov/pubmed/30345315
https://doi.org/10.1096/fj.202100353R
http://www.ncbi.nlm.nih.gov/pubmed/33991133
https://doi.org/10.4103/0301-4738.81996
https://doi.org/10.4103/0301-4738.81996
http://www.ncbi.nlm.nih.gov/pubmed/21666313
https://doi.org/10.1006/exer.1996.0144
http://www.ncbi.nlm.nih.gov/pubmed/8994357
https://doi.org/10.3109/09286589509071451
https://doi.org/10.3109/09286589509071451
http://www.ncbi.nlm.nih.gov/pubmed/7585233
https://doi.org/10.1016/S1056-8727%2803%2900009-6
http://www.ncbi.nlm.nih.gov/pubmed/15120709
https://doi.org/10.1172/JCI113366
http://www.ncbi.nlm.nih.gov/pubmed/3278002
https://doi.org/10.1371/journal.pone.0299145


11. Satish Kumar M, Mrudula T, Mitra N, Bhanuprakash Reddy G. Enhanced degradation and decreased

stability of eye lens alpha-crystallin upon methylglyoxal modification. Exp Eye Res. 2004; 79(4):577–83.

Epub 2004/09/24. https://doi.org/10.1016/j.exer.2004.07.003 PMID: 15381041.

12. Mulhern ML, Madson CJ, Danford A, Ikesugi K, Kador PF, Shinohara T. The unfolded protein response

in lens epithelial cells from galactosemic rat lenses. Invest Ophthalmol Vis Sci. 2006; 47(9):3951–9.

Epub 2006/08/29. https://doi.org/10.1167/iovs.06-0193 PMID: 16936110.

13. Lee AY, Chung SS. Contributions of polyol pathway to oxidative stress in diabetic cataract. Faseb j.

1999; 13(1):23–30. Epub 1999/01/05. https://doi.org/10.1096/fasebj.13.1.23 PMID: 9872926.

14. Kim J, Kim CS, Sohn E, Kim H, Jeong IH, Kim JS. Lens epithelial cell apoptosis initiates diabetic catar-

actogenesis in the Zucker diabetic fatty rat. Graefes Arch Clin Exp Ophthalmol. 2010; 248(6):811–8.

Epub 2010/02/18. https://doi.org/10.1007/s00417-010-1313-1 PMID: 20162295.

15. Ranaei Pirmardan E, Zhang Y, Barakat A, Naseri M, Russmann C, Hafezi-Moghadam A. Pre-hypergly-

cemia immune cell trafficking underlies subclinical diabetic cataractogenesis. J Biomed Sci. 2023; 30

(1):6. Epub 2023/01/25. https://doi.org/10.1186/s12929-023-00895-6 PMID: 36694206; PubMed Cen-

tral PMCID: PMC9872438.

16. 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.

17. Nagaya M, Kanada F, Takashima M, Takamura Y, Inatani M, Oki M. Atm inhibition decreases lens

opacity in a rat model of galactose-induced cataract. PLoS One. 2022; 17(9):e0274735. Epub 2022/09/

24. https://doi.org/10.1371/journal.pone.0274735 PMID: 36149903; PubMed Central PMCID:

PMC9506662.

18. Cam H, Easton JB, High A, Houghton PJ. mTORC1 signaling under hypoxic conditions is controlled by

ATM-dependent phosphorylation of HIF-1α. Mol Cell. 2010; 40(4):509–20. Epub 2010/11/26. https://

doi.org/10.1016/j.molcel.2010.10.030 PMID: 21095582; PubMed Central PMCID: PMC3004768.

19. Xu D, Yao Y, Lu L, Costa M, Dai W. Plk3 functions as an essential component of the hypoxia regulatory

pathway by direct phosphorylation of HIF-1alpha. J Biol Chem. 2010; 285(50):38944–50. Epub 2010/

10/05. https://doi.org/10.1074/jbc.M110.160325 PMID: 20889502; PubMed Central PMCID:

PMC2998109.

20. Semenza GL, Wang GL. A nuclear factor induced by hypoxia via de novo protein synthesis binds to the

human erythropoietin gene enhancer at a site required for transcriptional activation. Mol Cell Biol. 1992;

12(12):5447–54. Epub 1992/12/01. https://doi.org/10.1128/mcb.12.12.5447-5454.1992 PMID:

1448077; PubMed Central PMCID: PMC360482.

21. Wang GL, Semenza GL. General involvement of hypoxia-inducible factor 1 in transcriptional response

to hypoxia. Proc Natl Acad Sci U S A. 1993; 90(9):4304–8. Epub 1993/05/01. https://doi.org/10.1073/

pnas.90.9.4304 PMID: 8387214; PubMed Central PMCID: PMC46495.

22. Wang GL, Semenza GL. Purification and characterization of hypoxia-inducible factor 1. J Biol Chem.

1995; 270(3):1230–7. Epub 1995/01/20. https://doi.org/10.1074/jbc.270.3.1230 PMID: 7836384.

23. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 2003; 3(10):721–32. Epub 2003/09/

18. https://doi.org/10.1038/nrc1187 PMID: 13130303.

24. Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, et al. HIFalpha targeted for VHL-mediated

destruction by proline hydroxylation: implications for O2 sensing. Science. 2001; 292(5516):464–8.

Epub 2001/04/09. https://doi.org/10.1126/science.1059817 PMID: 11292862.

25. Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell SJ, et al. Targeting of HIF-alpha to the

von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. Science. 2001; 292

(5516):468–72. Epub 2001/04/09. https://doi.org/10.1126/science.1059796 PMID: 11292861.

26. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME, et al. The tumour sup-

pressor protein VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature. 1999;

399(6733):271–5. Epub 1999/06/03. https://doi.org/10.1038/20459 PMID: 10353251.

27. Ohh M, Park CW, Ivan M, Hoffman MA, Kim TY, Huang LE, et al. Ubiquitination of hypoxia-inducible

factor requires direct binding to the beta-domain of the von Hippel-Lindau protein. Nat Cell Biol. 2000; 2

(7):423–7. Epub 2000/07/06. https://doi.org/10.1038/35017054 PMID: 10878807.

28. Arany Z, Huang LE, Eckner R, Bhattacharya S, Jiang C, Goldberg MA, et al. An essential role for p300/

CBP in the cellular response to hypoxia. Proc Natl Acad Sci U S A. 1996; 93(23):12969–73. Epub 1996/

11/12. https://doi.org/10.1073/pnas.93.23.12969 PMID: 8917528; PubMed Central PMCID:

PMC24030.

29. Brennan L, Disatham J, Kantorow M. Hypoxia regulates the degradation of non-nuclear organelles dur-

ing lens differentiation through activation of HIF1a. Exp Eye Res. 2020; 198:108129. Epub 2020/07/07.

https://doi.org/10.1016/j.exer.2020.108129 PMID: 32628953; PubMed Central PMCID: PMC7508769.

PLOS ONE HIF-1 and galactose-induced cataract

PLOS ONE | https://doi.org/10.1371/journal.pone.0299145 February 28, 2024 14 / 17

https://doi.org/10.1016/j.exer.2004.07.003
http://www.ncbi.nlm.nih.gov/pubmed/15381041
https://doi.org/10.1167/iovs.06-0193
http://www.ncbi.nlm.nih.gov/pubmed/16936110
https://doi.org/10.1096/fasebj.13.1.23
http://www.ncbi.nlm.nih.gov/pubmed/9872926
https://doi.org/10.1007/s00417-010-1313-1
http://www.ncbi.nlm.nih.gov/pubmed/20162295
https://doi.org/10.1186/s12929-023-00895-6
http://www.ncbi.nlm.nih.gov/pubmed/36694206
https://doi.org/10.1038/s41598-019-56414-x
http://www.ncbi.nlm.nih.gov/pubmed/31882756
https://doi.org/10.1371/journal.pone.0274735
http://www.ncbi.nlm.nih.gov/pubmed/36149903
https://doi.org/10.1016/j.molcel.2010.10.030
https://doi.org/10.1016/j.molcel.2010.10.030
http://www.ncbi.nlm.nih.gov/pubmed/21095582
https://doi.org/10.1074/jbc.M110.160325
http://www.ncbi.nlm.nih.gov/pubmed/20889502
https://doi.org/10.1128/mcb.12.12.5447-5454.1992
http://www.ncbi.nlm.nih.gov/pubmed/1448077
https://doi.org/10.1073/pnas.90.9.4304
https://doi.org/10.1073/pnas.90.9.4304
http://www.ncbi.nlm.nih.gov/pubmed/8387214
https://doi.org/10.1074/jbc.270.3.1230
http://www.ncbi.nlm.nih.gov/pubmed/7836384
https://doi.org/10.1038/nrc1187
http://www.ncbi.nlm.nih.gov/pubmed/13130303
https://doi.org/10.1126/science.1059817
http://www.ncbi.nlm.nih.gov/pubmed/11292862
https://doi.org/10.1126/science.1059796
http://www.ncbi.nlm.nih.gov/pubmed/11292861
https://doi.org/10.1038/20459
http://www.ncbi.nlm.nih.gov/pubmed/10353251
https://doi.org/10.1038/35017054
http://www.ncbi.nlm.nih.gov/pubmed/10878807
https://doi.org/10.1073/pnas.93.23.12969
http://www.ncbi.nlm.nih.gov/pubmed/8917528
https://doi.org/10.1016/j.exer.2020.108129
http://www.ncbi.nlm.nih.gov/pubmed/32628953
https://doi.org/10.1371/journal.pone.0299145


30. Chen Y, Wu Q, Miao A, Jiang Y, Wu X, Wang Z, et al. Effect of HSF4b on age related cataract may

through its novel downstream target Hif1α. Biochem Biophys Res Commun. 2014; 453(3):674–8. Epub

2014/08/05. https://doi.org/10.1016/j.bbrc.2014.07.118 PMID: 25088997.

31. Zhao L, Quan Y, Wang J, Wang F, Zheng Y, Zhou A. Vitamin C inhibit the proliferation, migration and

epithelial-mesenchymal-transition of lens epithelial cells by destabilizing HIF-1α. Int J Clin Exp Med.

2015; 8(9):15155–63. Epub 2015/12/03. PMID: 26628999; PubMed Central PMCID: PMC4658888.

32. Han X, Wang XL, Li Q, Dong XX, Zhang JS, Yan QC. HIF-1α SUMOylation affects the stability and tran-

scriptional activity of HIF-1α in human lens epithelial cells. Graefes Arch Clin Exp Ophthalmol. 2015;

253(8):1279–90. Epub 2015/04/17. https://doi.org/10.1007/s00417-015-2999-x PMID: 25877955.

33. Yamaoka R, Kanada F, Nagaya M, Takashima M, Takamura Y, Inatani M, et al. Analysis of cataract-

regulated genes using chemical DNA damage induction in a rat ex vivo model. PLoS One. 2022; 17

(12):e0273456. Epub 2022/12/09. https://doi.org/10.1371/journal.pone.0273456 PMID: 36477544;

PubMed Central PMCID: PMC9728860.

34. Mabjeesh NJ, Escuin D, LaVallee TM, Pribluda VS, Swartz GM, Johnson MS, et al. 2ME2 inhibits tumor

growth and angiogenesis by disrupting microtubules and dysregulating HIF. Cancer Cell. 2003; 3

(4):363–75. Epub 2003/05/03. https://doi.org/10.1016/s1535-6108(03)00077-1 PMID: 12726862.

35. Li SH, Shin DH, Chun YS, Lee MK, Kim MS, Park JW. A novel mode of action of YC-1 in HIF inhibition:

stimulation of FIH-dependent p300 dissociation from HIF-1{alpha}. Mol Cancer Ther. 2008; 7

(12):3729–38. Epub 2008/12/17. https://doi.org/10.1158/1535-7163.MCT-08-0074 PMID: 19074848.

36. Nepal M, Choi HJ, Choi BY, Kim SL, Ryu JH, Kim DH, et al. Anti-angiogenic and anti-tumor activity of

Bavachinin by targeting hypoxia-inducible factor-1α. Eur J Pharmacol. 2012; 691(1–3):28–37. Epub

2012/07/05. https://doi.org/10.1016/j.ejphar.2012.06.028 PMID: 22760073.

37. Ellinghaus P, Heisler I, Unterschemmann K, Haerter M, Beck H, Greschat S, et al. BAY 87–2243, a

highly potent and selective inhibitor of hypoxia-induced gene activation has antitumor activities by inhibi-

tion of mitochondrial complex I. Cancer Med. 2013; 2(5):611–24. Epub 2014/01/10. https://doi.org/10.

1002/cam4.112 PMID: 24403227; PubMed Central PMCID: PMC3892793.

38. Kung AL, Zabludoff SD, France DS, Freedman SJ, Tanner EA, Vieira A, et al. Small molecule blockade

of transcriptional coactivation of the hypoxia-inducible factor pathway. Cancer Cell. 2004; 6(1):33–43.

Epub 2004/07/21. https://doi.org/10.1016/j.ccr.2004.06.009 PMID: 15261140.

39. Carew JS, Esquivel JA 2nd, Espitia CM, Schultes CM, Mülbaier M, Lewis JD, et al. ELR510444 inhibits

tumor growth and angiogenesis by abrogating HIF activity and disrupting microtubules in renal cell car-

cinoma. PLoS One. 2012; 7(1):e31120. Epub 2012/02/02. https://doi.org/10.1371/journal.pone.

0031120 PMID: 22295124; PubMed Central PMCID: PMC3266297.

40. Narita T, Yin S, Gelin CF, Moreno CS, Yepes M, Nicolaou KC, et al. Identification of a novel small mole-

cule HIF-1alpha translation inhibitor. Clin Cancer Res. 2009; 15(19):6128–36. Epub 2009/10/01. https://

doi.org/10.1158/1078-0432.CCR-08-3180 PMID: 19789328; PubMed Central PMCID: PMC2770235.

41. Koh MY, Spivak-Kroizman T, Venturini S, Welsh S, Williams RR, Kirkpatrick DL, et al. Molecular mech-

anisms for the activity of PX-478, an antitumor inhibitor of the hypoxia-inducible factor-1alpha. Mol Can-

cer Ther. 2008; 7(1):90–100. Epub 2008/01/19. https://doi.org/10.1158/1535-7163.MCT-07-0463

PMID: 18202012.

42. Puppo M, Battaglia F, Ottaviano C, Delfino S, Ribatti D, Varesio L, et al. Topotecan inhibits vascular

endothelial growth factor production and angiogenic activity induced by hypoxia in human neuroblas-

toma by targeting hypoxia-inducible factor-1alpha and -2alpha. Mol Cancer Ther. 2008; 7(7):1974–84.

Epub 2008/07/23. https://doi.org/10.1158/1535-7163.MCT-07-2059 PMID: 18645007.

43. Choi HJ, Eun JS, Kim BG, Kim SY, Jeon H, Soh Y. Vitexin, an HIF-1alpha inhibitor, has anti-metastatic

potential in PC12 cells. Mol Cells. 2006; 22(3):291–9. Epub 2007/01/05. PMID: 17202857.

44. 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.

45. Suresh R, Diaz RJ. The remodelling of actin composition as a hallmark of cancer. Transl Oncol. 2021;

14(6):101051. Epub 2021/03/25. https://doi.org/10.1016/j.tranon.2021.101051 PMID: 33761369;

PubMed Central PMCID: PMC8008238.

46. Li X, Zhao S, Bian X, Zhang L, Lu L, Pei S, et al. Signatures of EMT, immunosuppression, and inflam-

mation in primary and recurrent human cutaneous squamous cell carcinoma at single-cell resolution.

Theranostics. 2022; 12(17):7532–49. Epub 2022/11/29. https://doi.org/10.7150/thno.77528 PMID:

36438481; PubMed Central PMCID: PMC9691356.
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