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Abstract

Fuchs endothelial corneal dystrophy (FECD) is a genetic and oxidative stress disorder of post-

mitotic human corneal endothelial cells (HCEnCs), which normally exhibit hexagonal shape and 

form a compact monolayer compatible with normal corneal functioning and clear vision. FECD is 

associated with increased DNA damage, which in turn leads to HCEnC loss, resulting in the 

formation rosettes and aberrant extracellular matrix (ECM) deposition in the form of pro-fibrotic 

guttae. Since the mechanism of ECM deposition in FECD is currently unknown, we aimed to 

investigate the role of endothelial-mesenchymal transition (EMT) in FECD using a previously 

established cellular in vitro model that recapitulates the characteristic rosette formation, by 

employing menadione (MN)-induced oxidative stress. We demonstrate that MN treatment alone, 

or a combination of MN and TGF-β1 induces reactive oxygen species (ROS), cell death, and EMT 

in HCEnCs during rosette formation, resulting in upregulation of EMT- and FECD-associated 

markers such as Snail1, N-cadherin, ZEB1, and transforming growth factor-beta-induced (TGFβI), 

respectively. Additionally, FECD ex vivo specimens treated with MN displayed a loss of organized 

junctional staining of plasma membrane-bound N-cadherin, with corresponding increase in 

fibronectin and Snail1 compared to ex vivo controls. Addition of N-acetylcysteine (NAC) 

downregulated all EMT markers and abolished rosette formation. Loss of NQO1, a metabolizing 

enzyme of MN, led to greater increase in intracellular ROS levels as well as a significant 

upregulation of Snail1, fibronectin, and N-cadherin compared to normal cells, indicating that 

NQO1 regulates Snail1-mediated EMT. This study provides first line evidence that MN-induced 
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oxidative stress leads to EMT in corneal endothelial cells, and the effect of which is further 

potentiated when redox cycling activity of MN is enhanced by the absence of NQO1. Given that 

NAC inhibits Snail-mediated EMT, this may be a potential therapeutic intervention for FECD.
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Introduction

Human corneal endothelial cells (HCEnCs) are a monolayer of regular hexagonal cells that 

form the most posterior layer of the cornea, facing the anterior chamber of the eye. These 

cells are arrested in post-mitotic state and have minimal proliferative capacity in vivo [1–3]. 

The post-mitotic arrest is believed to be attributed to contact inhibition [4], transforming 

growth factor (TGF) -β in the aqueous fluid, and lack of paracrine stimulation by cell cycle 

promoting growth factors [5]. Fuchs endothelial corneal dystrophy (FECD) is the most 

common degenerative condition of corneal endothelium, manifesting in gradual and age-

related loss of HCEnCs and production of extracellular matrix (ECM) deposits in the form 

of guttae. These dome shaped excrescences protrude from the underlying Descemet’s 

membrane (DM), a basement membrane located between the corneal stroma and 

endothelium, and are thought to be secreted by degenerating endothelial cells [6].

Although little is known about the exact composition of guttae, studies have shown 

abnormal wide-spaced collagen in the posterior collagenous layer of DM [7, 8], as well as 

increased collagen VIII, collagen IV, laminin [9, 10], collagen I [11–13], collagen XVI [12], 

and fibronectin [12, 13]. Similar ECM changes have been associated with endothelial-

mesenchymal transition (EMT) occurring during tissue fibrosis and scar formation in other 

organ systems such as liver, intestine, kidney [14–16], lung [17–19], and heart [20, 21]. 

EMT is a repair-associated event that leads to organ fibrosis in response to pathological 

stress [20]. It generates activated mesenchymal-like cells that produce excessive amounts of 

collagen-rich ECM and results in upregulation of characteristic EMT markers such vimentin, 

Snail1, ZEB1, collagen 1A1, laminin, fibronectin, and N-cadherin [20–22]. Moreover, TGF-

β, the main modulator of EMT, is abundant in aqueous humor [23] and has been shown to 
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induce the production of TGFβI [24], which is known to be upregulated in FECD [25]. 

Increased levels of TGF-β1 and TGF-β2 have been noted in aqueous fluid of a subgroup of 

FECD patients [26]. Although components of EMT have been described in FECD, the 

etiology of purported EMT in endothelial cell degeneration needs further investigation. The 

mechanism of morphological and functional changes that accompany HCEnC loss and ECM 

deposition in the development of FECD is not yet known. Both the intracellular crosstalk 

and the microenvironmental triggers of EMT phenotypes are of particular interest in these 

mitotically incompetent cells.

One of the major inducers of EMT under pathologic conditions is oxidative stress [27, 28]. 

Previous studies have implicated oxidative stress and DNA damage in the pathogenesis of 

FECD [25, 29–34] and have shown that generation of intracellular ROS with menadione 

(MN) leads to DNA damage during rosette formation in normal HCEnCs, modeling the 

changes seen in FECD [35]. Rosette formation is prominent feature seen in FECD ex vivo 

specimens and signifies a degenerative process, during which the endothelial cells form a 

ring or rosette around the bases of dome-shaped extracellular matrix deposits [36]. In this 

study, we sought to investigate whether oxidative DNA damage induced by MN causes EMT 

during rosette formation and leads to cellular remodeling involved in the pathogenesis of 

FECD. MN is a quinone that is reduced and metabolized by NQO1 to menadiol by 2-

electron transfer, quenching ROS generation and macromolecular damage of un-metabolized 

quinones. NQO1, regulated by Nrf2 transcriptional activation, has a broad role in cellular 

protection from oxidative stress and has been shown to play a key role in oxidant-antioxidant 

imbalance seen in FECD [30, 37]. Furthermore, given that TGF-β is one of the main 

modulators of EMT, we aimed to evaluate the interplay between MN-induced oxidative 

stress and TGF-β in HCEnCs.

Materials and Methods

Human Tissue

This study was conducted according to the tenets of the Declaration of Helsinki and 

approved by the Massachusetts Eye and Ear Institutional Review Board. Written and 

informed consent was obtained from patients undergoing surgical treatment for FECD. After 

surgical removal, the tissue was immediately placed in storage medium (Optisol-GS; 

Bausch& Lomb) at 4°C. For western blot, human FECD endothelium was derived from 

post-keratoplasty specimens (n=4, age range 57–87). Normal donor corneas (n=4, age range 

68–75) were purchased from Northeast Pennsylvania Lions Eye Bank according to the 

criteria previously reported. Tissue used for immunofluorescence microscopy consisted of 

FECD endothelium (n =6, age range 54–80) and normal donor corneas (n=4, age range 52–

65).

Cell Culture

Normal HCEnC-21T cells were immortalized by retrovirus transfection containing pBABE-

puro-hTERT [38]. Cells were cultured in Chen’s medium (OptiMEM-I; Invitrogen, 

Carlsbad, CA), containing 8% fetal bovine serum (HyClone, Rockford, IL), 5 ng/mL 

epidermal growth factor (Millipore, Billerica, MA), 100 mg/mL bovine pituitary extract 

Katikireddy et al. Page 3

Free Radic Biol Med. Author manuscript; available in PMC 2019 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Invitrogen), 200 mg/L calcium chloride (Sigma-Aldrich, St. Louis, MO), 0.08% chondroitin 

sulfate (Sigma-Aldrich), 50 mg/mL gentamicin (Invitrogen), and 1:100 diluted antibiotic/

antimycotic solution (Sigma-Aldrich). Sub-culturing of HCEnCs was performed using 

0.05% trypsin (Invitrogen) for 5 minutes at 37°C. Initially, HCEnCs were plated in Chen’s 

medium for ~22 hours before incubation with 25 or 50 μM MN (Sigma-Aldrich) in DMEM 

(Life Technologies), with or without 10ng/ml TGF-β1 (Peprotech, Rocky Hill, NJ), for 1 to 

5 hours. To rescue cells from EMT, a supplement of NAC (5mM; Sigma-Aldrich) was used. 

Similarly, NQO1−/− and NQO1+/+ cells were plated in Chen’s medium and subjected to 50 

μM MN treatment for 1–5 hours. To enhance the effects of TGF-β1, cells were pre-starved 

in serum-free medium (low-glucose DMEM) for 24 hours prior to extended 24-hour 

incubation with 10ng/ml TGF-β1, and/or 3 hours of 25 μM MN treatment.

Generation of NQO1−/− Cells

To abrogate the expression of NQO1 in HCEnC-21T cells, NQO1 locus was targeted for a 

Crispr-Cas9 mediated excision by transfection of 2μg of either NQO1 Double Nickase 

plasmid (sc-400326-NIC, Santa Cruz) or Control Double Nickase plasmid (sc-437281, Santa 

Cruz) in low passage HCEnC-21T cells with 6μl of Lipofectamine 2000 in OptiMEM 

(Thermo Fisher, Waltham, MA). 48h post-transfection, cells were sorted for GFP expressing 

cells and were cultured in a 10cm tissue culture dish for one week. Control Double Nickase 

transfected cells were used for further experimentation as a non-targeted control for NQO1−/

− cells. HCEnC-21T cells transfected with NQO1 targeting plasmids were trypsinized and 

sorted at 100 cells/well in a 24-well and allowed to grow until 100% confluency. Cells from 

twenty- four wells were expanded further and tested for the expression of NQO1 on a 

western blot. 14/24 clones showed complete loss of NQO1 and the selected clones were 

used for further experiments.

Cellular Viability and Morphology

Cell number and viability were measured using an automatic cell counter (Countess; Life 

Technologies) and trypan blue dye exclusion, respectively. Phase-contrast microscopy (Leica 

DM IL LED) was employed to visualize cell morphology. Numbers of rosettes were 

quantified by treating cells in a 6-well plate and manually counting visible rosettes at low 

magnification from a minimum of 6 random areas at each time point. Rosette number was 

averaged for each treatment condition.

Detection of ROS in Live Cells

ROS production was measured using Image-iT LIVE Green Reactive Oxygen Species 

Detection Kit (Molecular Probes, Inc., Eugene, OR, USA). Post-treatment, HCEnCs were 

stained with 25μM 5-(and-6)-carboxy-2’, 7’-dichlorodihydrofluorescein diacetate (carboxy-

H2DCFDA) for 30 minutes at 37°C. Cells were harvested with a scraper, washed with warm 

HBSS, and centrifuged at 500g for 5 minutes. Cells were then re-suspended in 100 μL warm 

HBSS and transferred to a flat-bottomed black 96-well plate. The percentage of carboxyl-

H2DCF–stained cells was analyzed by measuring their fluorescence (485/520 nm), using a 

fluorescence microplate reader (BioTek-Synergy 2; BioTek Instruments, Inc., Winooski, VT, 

USA). Relative fluorescence units were normalized to the cell number.
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Immunofluorescent Labelling

HCEnCs cells were treated with 25 or 50μM MN with or without 10ng/ml TGF-β1 for 1–5 

hours. Pre-treated cells were fixed with cold methanol and acetone (1:1 ratio) for 1 minute, 

permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) in PBS for 20 minutes, and blocked 

for 1 hour with 5% BSA in PBS. FECD ex vivo specimens were fixed with 4% 

paraformaldehyde for 10 minutes at RT, permeabilized using 0.3% Triton X-100 in 10% 

normal goat serum for 1 hour at RT, and blocked for 30 minutes with 10% BSA. Both cells 

and tissue were incubated with primary antibodies (Supplement, Table 1) overnight at 4°C, 

followed by secondary antibody incubation for 2 hours at RT. Primary antibodies were 

omitted for negative controls. Nuclei were counterstained with ether DAPI (Mounted with 

Vectashield; Vector Laboratories, Burlingame, CA), or 100 μg/l PI (Sigma-Aldrich). Images 

were obtained with a laser scanning confocal microscope (Leica TCS 4D). For each sample, 

high-resolution images in Z-stacks were collected and a final image was obtained by 

reconstruction of all stacks with Leica LAS AF Lite software.

RT-PCR

Cells treated with MN and TGF-β1 were lyzed with Trizol (Invitrogen), and aqueous phase 

was prepared according to the manufacturer’s protocol. The aqueous phase was mixed with 

70% ethanol, and RNA extraction was performed with RNeasy Micro Kit with in-column 

DNase I digestion according to the manufacturer’s protocol (Qiagen, Valencia, CA). RNA 

quality and quantity were measured using a NanoDrop (LabTech International, Uckfield, 

UK). Two micrograms of total RNA were reverse-transcribed in a 20μl reaction volume 

iScript cDNA synthesis kit (Bio- Rad, Hercules, CA), according to the manufacturers 

protocol. TaqMan primers listed in Supplementary Table 2 were obtained from Applied 

Biosystems (Foster City, CA). RT-PCR was performed in a Mastercycler Realplex2 

(Eppendorf, Hamburg, Germany) as triplicates with Probe Fast Master Mix (Kapa 

Biosystems, Wilmington, MA). No-template reactions were performed for each assay as 

negative controls. The results were normalized to their respective GAPDH comparative 

threshold (CT) values. Relative expression was calculated by subtracting normalized CT 

values of the reference sample (untreated cells) from the experimental value and expressed 

as 2ΔΔ−CT.

Western Blot Analysis

Whole cell extracts were lyzed with the protein extraction buffer ER3 (Biorad, Hercules, 

CA) and 1 mM tributyl phosphine. Proteins were loaded onto 10% Bis-Tris NuPAGE gels 

(Invitrogen). Peptides were transferred to a polyvinylidene difluoride membrane (Millipore, 

Billerica, MA) and nonspecific binding was blocked with 5% dry nonfat milk in PBS for 1 

hour. Membranes were incubated overnight at 4°C with purified mouse Anti-Actin Ab-5 

(BD biosciences) diluted 1:500 and rabbit polyclonal anti–glyceraldehyde-3-phosphate 

dehydrogenase (anti-GAPDH, 1:4000; Santa Cruz Biotechnology); was used to normalize 

protein loading. Blots were rinsed, re-blocked, and exposed for 1 hour to horseradish 

peroxidase–conjugated goat anti-mouse IgG, 1:1500 for Actin blots, and horseradish 

peroxidase-conjugated anti-rabbit IgG 1:1000 for GAPDH blots. After washing in 0.1% 

Triton X-100, antibody binding was detected with a chemiluminescent substrate (Thermo 
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Scientific, Pittsburgh, PA). Densitometry was analyzed with ImageJ software (developed by 

Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://

rsb.info.nih.gov/ij/index.html ), and protein content was normalized relative to GAPDH 

content. Experiments were repeated a minimum of three times. Results were averaged and 

SEM values were calculated.

Flow Cytometry

HCEnC-21T control (NQO1+/+) and NQO1−/− cells were seeded in a 6-well plate and 

cultured for 24 hours prior to treating with 50μM MN in low-glucose DMEM) and incubated 

for 5 hours. Cells were then trypsinized, washed in cold PBS, and incubated in the dark with 

3μl of Annexin-V/FITC (Ann) (Thermo Fisher, Waltham, MA) and 2μl of PI (Sigma-

Aldrich) in a total volume of 50μl for 30 minutes at room temperature. Cells were re-

suspended in 2ml of Isoflow sheath fluid (Beckman Coulter, Fullerton, CA) and 20,000 live 

cells were acquired on a LSR II (BD Biosciences) with DIVA software (BD Biosciences) 

gated for PI and Annexin V with unstained cells as negative control. Data were then 

analyzed with Summit 4.3 (Beckman Coulter, Fullerton, CA).

Statistical Analysis

Statistical significance was determined using a Student’s t-test for two-sample comparison, 

and one-way analysis of variance (ANOVA), with Dunnett’s or Tukey’s post-hoc analysis, or 

two-way ANOVA with Bonferroni post tests for comparison of multiple data sets. All 

statistical analysis was carried out using Graph-Pad Prism software (GraphPad Software 

Inc., San Diego, CA).

Results

MN and TGF-β induce ROS during rosette formation in HCEnCs

As FECD has been deemed as an oxidative stress disorder [29, 30, 39], it is important to 

investigate the mechanism of rosette formation in response to MN-induced intracellular ROS 

generation, and to assess the interplay between ROS and TGFβ. Our lab demonstrated that 

MN-induced DNA damage in HCEnCs leads to rosette formation, corresponding to findings 

in an ex vivo FECD specimen [35]. In order to investigate the role EMT in rosette formation, 

normal HCEnCs were grown in hexagonal monolayers and exposed to TGF-β1 and MN at 

doses used to induce DNA damage. The effect of intracellular ROS production on EMT was 

determined by investigating cellular viability and morphology.

MN treatment resulted in morphological changes, including cell elongation and junctional 

disruption. Phase-contrast microscopy revealed that MN transformed the typical hexagonal 

shape of HCEnCs into spindle–like cells with elongated processes extending around the 

clear acellular centers; thus, forming a rosette (Fig. 1A–H). Rosette-like structures formed as 

early as 1 hour after 50 μM MN, 3 hours after 25uM MN, and progressively increased in 

number with incubation time (Supplemental Fig. 1). The centers of rosettes often exhibited a 

dying or a detaching cell with surrounding cell processes extending toward the detaching 

cells. (Fig. 1B, D, F). Furthermore, the progressive formation of rosettes within the cell 

monolayer with MN treatment in a time- and dose dependent manner was confirmed by 
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rosette counting, with 50μM MN treatment producing significantly higher numbers of 

rosettes after 3 (p < 0.01) and 5 (p < 0.01) hours, compared to 25μM doses. Rosette number 

increased sequentially with time, with the highest numbers of rosettes observed after 5 hours 

for all treatment groups (Fig. 2A). The formation of rosettes with MN was characteristic of 

the ones detected in ex-vivo specimens taken from FECD patients (Fig. 1I). The MN-treated 

cells exhibited similar fibroblastic morphology to FECD primary HCEnCs (Fig. 1J); both 

differing from a normal hexagonal monolayer.

Addition of TGF-β1 alone to HCEnC monolayer did not induce rosette formation 

(Supplemental Fig. 2). Treatment of TGF-β1 with MN led to similar morphological changes 

with cells assuming spindle shape, losing cell-cell junctions and forming rosettes (Fig. 1E–

H). However, TGF-β1 and MN treatment resulted in formation of thinner cell processes and 

more rounded-up cell shape indicative of diminished cell attachments and greater propensity 

for cell loss. Furthermore, addition of TGF-β1 led to more diffuse cellular morphological 

changes with cells assuming fibroblastic phenotype throughout the monolayer and less so in 

the confines of the rosette. Therefore, the numbers of distinct rosettes declined with addition 

of TGF-β1 to MN at 3 and 5 hours of treatment (Fig. 1G, H; Fig. 2A).

Cell viability was diminished at 3 and 5 hours with MN treatment in dose-dependent manner 

(Fig. 2B). Indeed, we detected higher level of cell loss when TGF-β1 was added to 25μM 

and 50 μM MN; such effect was greater at a 5-hour time point than at 3 hours (Fig. 1F, H; 

Fig. 2B). Therefore, the increase in cell loss after TGF-β1 addition to MN accounted for 

diminution of typical rosette formation seen in phase-contrast images of the cell monolayer. 

The highest loss of cell viability was with 50 μM MN and TGF-β1 compared to untreated 

cells (p <0.0001) (Fig. 2B). Loss of cell viability and increase in rosette formation correlated 

with increase in ROS production with MN only treatments in a dose-dependent manner (Fig. 

2C). A significant increase in ROS production was evident with 25μM MN (p < 0.05) and 

50μM MN (p < 0.001) compared to untreated HCEnC. Interestingly, TGF-β1 augmented 

ROS production with 25μM MN but not with 50 μM MN. NAC is an effective scavenger of 

ROS and has been shown to rescue the cells from MN-induced DNA damage [35]. Co-

treatment of MN with NAC quenched ROS formation, rescued cell viability, and prevented 

rosette formation (Fig. 2; Supplemental Fig. 2).

Upregulation of EMT markers in FECD ex vivo specimens

To determine whether EMT plays a role in rosette formation in ex vivo FECD specimens, we 

created tissue whole mounts of HCEnCs attached to native DM and evaluated the EMT 

protein levels and localization. FECD ex vivo specimens revealed diffuse rosette formation 

with loss of plasma membrane-bound N-cadherin staining seen in the normal mosaic of 

hexagonal cells (Fig. 3A). In FECD rosettes, N-cadherin displayed diffuse and punctate 

cytoplasmic staining with loss of organized junctional staining pattern seen in normal ex 

vivo controls, indicating altered adherens junctions and disrupted normal tissue integrity. 

Western blot analysis revealed overall increased levels of N-cadherin (p < 0.05) in FECD 

compared to normal specimens (Fig. 3C). E-cadherin, which is predominantly synthesized in 

the cells of epithelial lineage, was very low at basal levels in HCEnCs and was not further 

downregulated in FECD (data not shown). The upregulation and change in localization of N-
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cadherin indicates upregulation of EMT and conversion to fibroblastic cells with increased 

migratory characteristics in FECD [40, 41].

Since EMT process is known to be driven by Snail-mediated induction of genes associated 

with mesenchymal phenotype [42, 43], we evaluated Snail1 localization in FECD tissues. 

Although Snail1 was not synthesized in normal tissue specimens, it showed significant 

upregulation in FECD (Fig. 3B). Interestingly, we did not detect nuclear localization of 

Snail1 in FECD specimens; instead, Snail1 exhibited diffuse cytoplasmic staining with 

increased density around the edges of rosettes. Although nuclear translocation is necessary 

for Snail1 to be transcriptionally active, it is possible that there is a perturbation of nuclear 

import mechanisms in FECD as loss of ATP seen in FECD may preclude activity of import 

proteins [44]. Similarly, Snail has been shown to localize to the cytosol of several cancerous 

cell lines [45]. Moreover, we evaluated the level of fibronectin, which is known to be 

transcriptionally regulated by Snail1 [46, 47], and detected significant upregulation (p < 

0.05) in FECD ex vivo specimens compared to normal controls (Fig. 3C). Vimentin, a 

protein associated with enhanced motility during the EMT process, was not altered at the 

protein level in FECD (Fig. 3C).

MN upregulates EMT during rosette formation

To determine whether MN activates EMT during rosette formation, we evaluated EMT 

marker protein levels in HCEnCs following 5 hours pre-treatment with 50 μM MN. When 

compared to untreated controls, MN induced an increase in fluorescence of N-cadherin and 

α-SMA during rosette formation (Fig. 4A). EMT is characterized by tight and adherens 

junction disassembly, redistribution, and the expression of the myofibroblast marker α-

SMA. We further investigated the levels of α-SMA, which is the major component of 

contractile microfilaments involved in cellular motility seen in EMT, and detected 1.4-fold 

upregulation of α-SMA at 4 hours (p = 0.033) and 1.7-fold at 5 hours (p = 0.030) of MN 

treatment compared to untreated cells (Fig. 4B and C).

As Snail1 was upregulated in ex vivo FECD specimens (Fig. 3B), we evaluated whether 

Snail1 is involved in MN-induced rosette formation and detected ~37-fold (p < 0.001) 

increase in Snail1 transcription after 2 hours MN treatment, indicating that Snail1 is key 

transcription factor in initiating oxidative stress-induced EMT in HCEnCs (Fig. 4D). 

Moreover, we detected subsequent upregulation of Snail-controlled factors, such as 

fibronectin (2-fold; p <0.001), N-cadherin (7-fold; p < 0.001) and ZEB1 (6-fold; p < 0.001) 

at a 5-hour time point of MN treatment. Our previous proteomic analysis detected an 

increase in various isoforms of TGFβI and clusterin in FECD specimens [25, 31]. Similarly, 

in this study, MN induced increased expression of TGFβI and clusterin mRNA at all time 

point, with the highest levels seen at 3, 4 and 5 hours (p < 0.001), compared to untreated 

controls. TGFβI is an extracellular matrix adhesion molecule that interacts with collagens, 

integrins, N-cadherin, and fibronectins [48], and its upregulation with MN is consistent with 

ex vivo specimen data noting coordinated upregulation of both EMT and FECD-specific 

proteins. Furthermore, addition of NAC rescued HCEnCs from undergoing EMT and 

decreased all EMT markers to the baseline levels.
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MN and TGF-β1 upregulate EMT transcriptional regulators in HCEnCs

Since TGF-β1 is highly concentrated in the aqueous fluid and is a known to be the main 

activator of EMT during fibrosis and scarring [49], we sought to evaluate the interplay 

between MN and TGF-β1 during rosette formation. As 50μM MN with TGF-β1 led to 

significant loss of cell viability, we first pursued the co-treatment experiments of lower-dose 

MN (25μM) with and without TGF-β1 for 1, 3, and 5 hours and evaluated the expression of 

key EMT transcriptional regulators involved in FECD (Fig. 5). There was an upregulation of 

Snail1 with MN at all time points compared to untreated cells (Fig. 5A); however, addition 

of TGF-β1 to MN led to the decline in Snail1 expression as compared to MN treatment 

alone at 3 and 5 hours (Bar 3 vs 4; p < 0.001 at 3 hours). Conversely, TGF-β1 had a 

synergistic effect with MN in upregulating ZEB1 expression at 3 (p < 0.01) and 5 hours (p < 

0.001; Fig. 5B), indicating a Snail1 independent mechanism. Additionally, co-treatment with 

TGF-β1 had a significant synergistic effect on upregulation of TGFβI at 1 (p < 0.05) and 3 

hours (p <0.001; Fig 5C), but no effect on N-cadherin expression (Fig. 5D). Addition of 

NAC to the MN alone, TGF-β1 alone, or MN and TGF-β1 co-treatment samples, led to a 

reduction in expression of Snail1, ZEB1, TGFβI, and N-cadherin mRNA to baseline levels 

(p < 0.001; Fig. 5A–D), indicating a ROS-dependent mechanism of EMT activation.

To evaluate whether different incubation conditions influenced Snail1 expression, we pre-

starved the HCEnCs in low nutrient medium, followed by treatment with TGF-β1 for 24 

hours and subsequent addition of lower-dose MN to capture potential synergistic effects of 

MN and TGF-β1 prior to threshold loss of cell viability. Pre-starvation and extended TGF-

β1 exposure resulted in a 2-fold increase in Snail1 expression (p <0.05; Supplemental Fig. 

3A). Like the previous treatment paradigm, 25μM MN exposure for 3 hours after pre-

starvation led to upregulation of Snail1 (p <0.01; Supplemental Fig. 3B). Cells treated with a 

combination of TGF-β1 and MN resulted in the highest expression of Snail1, providing 

evidence that TGF-β1 acts synergistically with MN in upregulating Snail1, when serum 

starvation and/or longer TGF-β1 exposure times are employed.

In order to examine the localization of Snail1 following MN and TGF-β1 treatment, we 

performed immunofluorescence analysis and detected increased production of Snail1 in the 

cytoplasm and nuclei of HCEnCs treated with MN (Fig. 6). The fluorescence increased as 

early as 1 hour after the MN treatment and persisted up to the 5-hour time point, consistent 

with early upregulation of Snail and sequential increase in Snail1- mediated factors FN, N-

cadherin, and ZEB1 (Fig. 4D). Furthermore, Snail1 expression appeared higher in cells 

surrounding rosettes. Addition of TGF-β1 did not manifest in a significant change of 

fluorescence intensity. The predominant cytoplasmic localization of Snail1 correlated with 

findings seen in FECD ex vivo specimens (Fig. 3B).

Loss of NQO1 potentiates MN-induced EMT

We have previously shown that there is a dysregulation of Nrf2-mediated antioxidant 

defense in FECD, including a deficiency in one of its major transcriptional targets, NQO1 

[30, 50]. Since NQO1 is the main metabolizer of MN, we employed Crispr-Cas9 mediated 

excision and developed an NQO1 knock-down cell line and, after exposure to MN, 

investigated cellular behavior (Fig. 7). Treatment of NQO1−/− cells with 50 μM MN over a 
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5-hour period resulted in similar EMT-like morphological changes as those observed in 

HCEnC. Rosettes began to form after 1 hour and increased in number in a time-dependent 

manor (Fig. 7A). After 5 hours, fibroblast-like elongated cell processes were evident, in 

addition to extensive cellular apoptosis. NQO1 knock-down was validated by Western blot 

(Fig. 7B). Cell viability and ROS measurements revealed that the number of live cells were 

significantly decreased (by 20%) after 5-hour MN treatment in NQO1−/− cells, compared to 

NQO1+/+ (p < 0.001; Fig. 7C), correlating with an increase in intracellular ROS levels (p 

<0.001) (Fig. 7D), highlighting the antioxidant role of NQO1. To further evaluate the role of 

NQO1 on oxidative-stress-induced apoptosis, control and NQO1−/− cells were pretreated 

with 50μM MN for 5 hours. At baseline, there were no significant differences between 

control and NQO1−/− in all population gated for either Ann+, PI+, or both (Fig. 7E, F). 

However, loss of NQO1 resulted in an increase in late apoptotic cells represented in the PI+ 

and Ann+ population (91.8%) compared to the control cell line (81.9%) when treated with 

MN (p = 0.011, Fig. 7E, F), indicating heightened susceptibility to apoptotic cell death 

caused by NQO1 deficiency.

Next, we then sought to investigate whether loss of NQO1 influences EMT induction in 

response to MN treatment. Snail1 expression increased sequentially with MN exposure time 

in NQO1−/− cells, showing significantly higher expression after 5 hours (p < 0.01) compared 

to control cells, which reached highest Snail1 expression after 3 hours MN (Fig. 7G). 

Moreover, N-cadherin (p < 0.01) and fibronectin (p < 0.05) mRNA levels were higher after 5 

hours of MN; however, no difference was observed in ZEB1 expression (Fig. 7H). This data 

indicates that oxidative stress-induced EMT occurs at an increased rate, at the 5-hour time 

point, in cells with diminished NQO1. Furthermore, Snail1 and TGFβI expression increased 

to a significantly higher level in NQO1−/− cells compared to NQO1+/+, when exposed to 

10ng/ml TGF-β1 for 24 hours (p < 0.05), indicating a differential susceptibility based on 

NQO1 presence (Fig. 7I).

Discussion

Corneal endothelium consists of a post-mitotic cell type which is exposed to oxidative stress 

via chronic exposure to UV light, exuberant metabolic activity of pumping ions to maintain 

corneal deturgescence, and high mitochondrial respiratory demands. Loss of regular 

hexagonal mosaic has been the major cause of loss barrier and pumping functions of 

HCEnCs resulting in corneal edema in FECD [51]. In FECD, excessive deposition of ECM, 

in the form of guttae, leads to destruction of adjacent endothelial cells and eventual failure of 

monolayer functioning. In this study we have shown that oxidative stress-induced EMT is 

the primary mechanism of cellular remodeling involved in the pathogenesis of FECD. 

Herein, we identified factors associated with tissue fibrosis and inappropriate repair 

processes that are specifically upregulated by oxidative DNA damaging stimuli, altering 

HCEnC behavior and mimicking morphological changes observed in human specimens. 

Loss of NQO1 potentiated the intrinsic susceptibility of FECD HCEnCs to oxidative stress 

and further exacerbated the EMT findings, indicating a pivotal role antioxidant defense plays 

in supporting the differentiated and functioning tissue phenotype.
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The reprogramming of gene expression profiles characteristic of EMT were achieved by 

inducing endogenous stress via intracellular ROS production by MN. When studied in 

naturally proliferating cell lineages, MN has been shown to reduce EMT characteristics and 

growth potential in cancer cells, providing evidence for use of quinones in anticancer 

therapies [52, 53]. However, in the post-mitotic cells of ocular tissue, the endogenous ROS 

production led to the loss of cell-cell junctions, cytoskeletal rearrangements, and changes in 

basement membrane interactions with increase in migratory characteristics and upregulation 

of Snail-mediated EMT. This is the first study to show that MN triggers cell behavior 

changes by inducing Snail and its downstream targets, such as fibronectin, N-cadherin, and 

ZEB1, all of which are involved in EMT activation during abnormal tissue fibrogenesis. 

Similarly, a previous study implicated EMT in FECD by showing upregulation of ZEB1 and 

Snail1, where normal and FECD cell lines were used [13]. In the current study, we 

undertook a mechanistic approach to induce EMT with a DNA damaging agent and 

corroborated findings with native specimens, where endothelial cells retained intrinsic 

attachments to their abnormal basement membrane and formed rosettes. We detected a 

parallel between intrinsic upregulation of EMT proteins in the ex vivo specimens and in 

HCEnCs after exposure to an exogenous DNA damaging stressor, stipulating a mechanistic 

understanding of the involvement of oxidative stress in the disease process.

Oxidative stress has been shown to be a critical factor for development of various EMT-

driven disorders, such as pulmonary, liver, and renal fibrosis [54]. In this study we have 

shown that corneal endothelial cell degeneration in FECD via EMT is likely driven by 

dysfunction in Nrf2-NQO1 axis and excessive ROS generation. Similarly, Nrf2 has been 

shown to modulate EMT in renal fibrosis [55, 56], and suppression of Nrf2-dependent 

enzymes correlated with increased renal fibrosis in Nrf2 null mice [57]. In our experimental 

model, we generated an NQO1 knockout cell line, the major Nrf2 transcriptional target, and 

detected enhanced endothelial cell susceptibility to MN-induced ROS generation and cell 

death compared to control cells. MN is a known substrate for NQO1, which cells 

ubiquitously utilize for quenching of intracellular ROS; thus, the deficiency in NQO1 vastly 

potentiates the redox imbalance that triggers cellular acquisition of EMT. A previous study 

in renal cells has underlined the important role that Nrf2-dependent heme oxygenase-1 plays 

in inhibiting EMT in renal fibrosis [57]. More recently, in a bleomycin-induced pulmonary 

fibrosis model, activation of NQO1 with β-lap led to attenuation of EMT in vivo [58]. 

However, we found that NQO1 deficient cells had a greater upregulation of Snail1 than 

normal when exposed to MN for 5 hours, indicating that NQO1 may regulate the expression 

of Snail. Heightened generation of ROS in NQO1 deficiency led to differential upregulation 

of Snail1 and its main downstream targets N-cadherin and fibronectin, but not ZEB1, which 

likely has other transcriptional controls outside of Snail. Therefore, our study is the first one 

to point that NQO1 has a critical role in mediating EMT via activation of Snail1 in post-

mitotic corneal cells, thus contributing to the pathogenesis of FECD.

One of the major cytokines in fibrosis development is TGF-β [59], and studies have shown 

that inhibition of Nrf2 mediated antioxidant response leads to an increase in TGFβ-1-

mediated EMT in renal cells [55]. Interestingly, when added to MN, TGF-β decreased cell 

viability but did not contribute significantly to rosette formation or morphological changes 

seen in FECD ex vivo. However, NQO1−/− cells were differentially susceptible to TGF-β in 
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upregulating Snail. TGF-β1 is a known modulator of EMT [60, 61] and may be involved in 

potentiating the Nrf2-NQO1-mediated EMT seen in FECD, given that Snail1 and TGFβI 

expression was higher in cells lacking NQO1 when treated with TGF-β1 for 24 hours. Since 

aqueous humor has abundant concentration of TGF-β [62–64], therapeutic modalities aimed 

at reducing TGF-β activity hold a great promise for stalling fibrogenesis progression in 

FECD [65].

Our study has shown that therapeutic modalities with NAC, which suppresses ROS 

generation, has a great promise in ameliorating EMT by reducing rosette formation and 

suppressing activation of pro-fibrosis factors and FECD-specific proteins [25]. Previous 

studies have shown that upregulation of Nrf2 defense [66, 67], and/or quenching ROS 

production [55, 68], is strongly protective of and even capable of reversing EMT. Moreover, 

Nrf2 agonist sulforaphane, has been shown to suppress EMT activation in pulmonary 

fibrosis model by regulating Snail [69]. NAC is a thiol compound that provides a cysteine 

residue to stimulate glutathione redox capacity and has been shown to upregulate Nrf2 

antioxidant defense [70–72]. Our study shows that NAC, similar to other Nrf2 agonists, 

inhibits Snail-mediated EMT induced by oxidant-antioxidant imbalance; thus, providing a 

promise for halting fibrogenesis in the ocular tissues known to have Nrf2 deficiency [30, 50, 

73]. Moreover, various ophthalmic formulations of NAC have been a widely utilized for 

other corneal disorders [74, 75].

Conclusions

By using an in vitro model that recapitulates characteristic rosette formation in HCEnCs, we 

detected that oxidative stress induces EMT, causing loss of cell–cell adhesion, acquisition of 

fibroblastic morphology, and upregulation of Snail1, ZEB1, fibronectin, and N-cadherin in 

human corneal endothelium. This effect was potentiated when redox cycling activity of MN 

was enhanced by the absence of NQO1. This data highlights the regulatory role of 

intracellular changes in inducing EMT in post mitotic corneal cells, which are highly 

dependent on hexagonal morphology and strong junctional structures for normal 

functioning. When this is lost during EMT, endothelium is unable to maintain corneal 

deturgescence and clear vision is greatly diminished. As NAC was shown to inhibit Snail-

mediated EMT, this may be a potential therapeutic intervention for FECD.
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BSA bovine serum albumin

DAPI 4, 6-diamidino-2-phenylindole
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DM Descemet’s membrane

DMEM Dulbecco’s modified Eagle’s medium

EMT endothelial-mesenchymal transition

ECM extracellular matrix

FECD Fuchs endothelial corneal dystrophy

FN fibronectin

HBSS Hanks balanced salt solution

HCEnC human corneal endothelial cell

MN menadione

NAC N-acetylcysteine

NQO1 NAD(P)H-dependent quinone oxireductase

Nrf2 nuclear factor erythroid 2-related factor

PBS phosphate-buffered saline

PI propidium iodide

ROS reactive oxygen species

SEM standard error of the mean

RT-PCR Real-time reverse transcription–polymerase chain reaction

TGF-β transforming growth factor-beta

TGFβI transforming growth factor-beta-induced

ZEB1 zinc-finger E-box binding homeobox

1 α-SMA alpha-smooth muscle actin
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Highlights

• Menadione-induced oxidative stress activates EMT in HCEnCs

• Menadione-induced EMT is potentiated by the absence of NQO1

• Menadione-induced EMT is inhibited with the addition of NAC
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Figure 1. 
Cell morphological changes following MN and TGF-β treatment observed using phase-

contrast microscopy. HCEnCs treated with MN alone (25μM or 50μM) (A–D), or with a 

combination of MN and TGFβ (E–H), resulted in the formation of rosette structures (stars), 

where cells formed elongated processes (white arrowheads). Rosettes formed within cell 

monolayers in a time- and dose-dependent manor. Similar morphological characteristics 

were observed in ex vivo FECD specimens, with HCEnCs surrounding guttae on the native 

DM (stars) (I). Cultured primary FECD cells at p0 display a fibroblastic morphology (J). 
Scale bars = 50μm.
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Figure 2. 
MN induces rosette formation and elevated ROS levels in HCEnCs. A. Number of rosettes 

formed in response to varying treatment exposure times (1–5 hours), observed with phase-

contrast microscopy. Multiple comparisons were carried out using two-way ANOVA with 

Bonferroni post-tests, showing a significant interaction (p < 0.0001) between time (p < 

0.0001) and treatment condition (p < 0.0001) on rosette number. B. Assessment of cell 

viability using trypan blue dye exclusion assay following 3 or 5 hours with MN and/or TGF-

β1 treatment. Statistical significance tested with one-way ANOVA with Tukey’s post-hoc 

test. C. HCEnC intracellular ROS production assessed with DCFDA assay after 5 hours 

following pre-treatment with MN and/or TGF-β1. Statistical significance tested using one-

way ANOVA with Dunnett’s post-hoc test comparing all groups to untreated controls. 

Significant increase in number of rosettes, cell death, and intracellular ROS levels were 

prevented with the addition of NAC (A,B,C). Data expressed as mean values ± SE (n=6). 

(*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 3. 
Expression of endothelial mesenchymal markers in human ex vivo specimens. 

Immunofluorescence distribution, observed by confocal microscopy, of anti-N-cadherin (A) 

and anti-Snail (B) reactivity in HCEnCs attached to FECD ex vivo specimens compared to 

normal controls, showing diffuse rosette formation (stars). A. A loss of organized junctional 

N-cadherin staining was observed in FECD ex vivo specimens. B. Snail1 protein was highly 

expressed in the cytoplasm of HCEnCs attached to FECD ex vivo specimens compared to 

normal control. Cells were stained with propidium iodide (PI) to localize nuclei. No staining 

was visible in the negative controls. C. Western blot analysis of fibronectin and N-cadherin 

protein levels reveal a significant increase in FECD tissue. Data are expressed as the mean ± 

SE (n=4). Students t-test was used to test statistical significance (* p < 0.05). Scale bars = 

50μm.
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Figure 4. 
EMT and FECD marker expression after 50μM MN exposure in HCEnCs. A. 

Immunofluorescent labelling, observed with confocal microscopy, reveals N-cadherin and 

α-SMA protein expression increases following 5 hours pre-treatment with 50μM MN 

compared to untreated controls. Nuclei were counterstained with propidium iodide (PI) or 

DAPI. B, C. Quantification of Western blot α-SMA levels in HCEnCs after 1–5 hours 50μM 

MN exposure reveals a significant increase at 4 and 5 hours compared to untreated controls. 

Statistical significance tested using a Student’s t-test. D. Changes in EMT and FECD marker 

mRNA levels in response to MN treatment assessed over a 5-hour period using RT-PCR, 

with a supplement of NAC added at the 5-hour time point. Relative mRNA expression was 

normalized to GAPDH. One-way ANOVA followed by Dunnett’s post-hoc test was used to 

assess statistical significance, with all data time points compared to the 0-hour control. Bar 

graphs represent mean values ± SE (n=6). Scale bars = 50μm.
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Figure 5. 
Relative expression of EMT transcriptional regulators in response to 1–5 hours 25μM MN 

and/or 10ng/ml TGF-β1 treatment. RT-PCR quantification of relative Snail 1 (A), ZEB1 (B), 

TGFβI (C), and N-cadherin (D) mRNA levels. MN increased the expression of all markers 

at every time point, whereas TGF-β1 alone only induced a significant upregulation of ZEB1 

and TGFβI. Likewise, combining TGF-β1 with MN had a synergistic effect for ZEB1 and 

TGFβI expression. Upregulation of each gene was inhibited with the addition of NAC to 

each treatment condition. Data is normalized to GAPDH and expressed as mean values ± SE 

(n=6). Statistical analysis carried out on each time point using one-way ANOVA with 

Tukey’s post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 6. 
Localization of Snail1 protein in HCEnCs treated with MN and TGF-β1. Representative 

images of Snail1 (green) visualized over a 5-hour period using confocal microscopy, 

showing an upregulation in response to 25μM MN or a combination of both MN and 

10ng/ml TGF-β1. The addition of TGF-β1 to MN did not appear to potentiate Snail1 

expression at any time point, compared to treatment with MN alone. Results were obtained 

from three biological replicates. Nuclei (red) were counterstained with propidium iodide. 

Scale bars = 50μm.
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Figure 7. 
Loss of NQO1 potentiates 50μM MN-induced EMT. A. NQO1−/− cells observed with phase-

contrast microscopy following 1–5 hours MN treatment. Untreated (0 hour) NQO1−/− cells 

were used as a control. B. Representative Western blot showing knock-down of NQO1 

protein. C. Cell viability (D) and intracellular ROS comparison between MN treated 

NQO1−/− and control cells assessed. E. Control and NQO1−/− cells were pretreated with 

50μM MN for 5 hours and stained with Annexin-V (Ann) and propidium iodide (PI). 

Representative images of flow cytometry analysis gated for vital (Ann-/PI-), early apoptotic 

(Ann+/PI-), late apoptotic (Ann+/PI+), and necrotic (Ann-/PI+) cell populations in control 

and NQO1−/−cells are shown. F. The percentage of late apoptotic cells (PI+ and Ann+). G. 
Snail1 relative mRNA expression changes over 1–5 hours MN exposure in NQO1−/− and 

controls cells. H. Relative changes in N-cadherin, fibronectin, and ZEB1 mRNA expression 

after 5 hours MN treatment. I. Cells were pre-starved in serum-free media before 24 hours 

TGF-β1 exposure. Snail 1 and TGFβI mRNA levels were assessed in NQO1−/− and control 

cells. Student’s t-test or one-way ANOVA with Tukey’s post-hoc test was performed to 

identify the statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001). All RT-PCR data 

is expressed as fold change and normalized to GAPDH. Bar graphs represent mean values ± 

SE (n=6). Scale bars = 100μm.
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