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Abstract

Keratoconus (KC) is a multifactorial progressive ectatic disorder characterized by local thin-
ning of the cornea, leading to decreased visual acuity due to irregular astigmatism and opac-
ities. Despite the evolution of advanced imaging methods, the exact etiology of KC remains
unknown. Our aim was to investigate the involvement of corneal epithelium in the patho-
physiology of the disease. Corneal epithelial samples were collected from 23 controls and
from 2 cohorts of patients with KC: 22 undergoing corneal crosslinking (early KC) and 6
patients before penetrating keratoplasty (advanced KC). The expression of genes involved
in the epidermal terminal differentiation program and of the oxidative stress pathway was
assessed by real time PCR analysis. Presence of some of the differentially expressed tran-
scripts was confirmed at protein level using immunofluorescence on controls and advanced
KC additional corneal samples. We found statistically significant under-expression in early
KC samples of some genes known to be involved in the mechanical resistance of the epider-
mis (KRT16, KRT14, SPRR1A, SPRR2A, SPRR3, TGM1and TGMS5) and in oxidative
stress pathways (NRF2, HMOX1 and HMOX2), as compared to controls. In advanced KC
samples, expression of SPRR2A and HMOX1 was reduced. Decreased expression of kera-
tin (KRT)16 and KRT14 proteins was observed. Moreover, differential localization was
noted for involucrin, another protein involved in the epidermis mechanical properties. Finally,
we observed an immunofluorescence staining for the active form of NRF2 in control epithe-
lia that was reduced in KC epithelia. These results suggest a defect in the mechanical resis-
tance and the oxidative stress defense possibly mediated via the NRF2 pathway in the
corneal keratoconic epithelium.
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Introduction

The corneal epithelium displays some similarities with the epidermis. Both are multilayer polar-
ized epithelia derived from the ectoderm and form, at the surface of eye or skin, a multifunctional
barrier that protects from harmful agents, such as microbes, chemicals and UV radiations. In the
epidermis, most of these functions are provided by the upper cornified layer. This layer is also
called stratum corneum and characterizes the ultimate step of the keratinocyte differentiation pro-
gram. In contrast, the corneal epithelium lacks a cornified layer. However, in rare corneal diseases
some degree of cornification has been reported [1, 2]. A shift of the corneal epithelium toward an
epidermis like phenotype has been found in mouse models of dry eye [3, 4].

Keratoconus (KC) is a progressive ectatic disease characterized by progressive thinning and
deformation of the cornea, causing corneal protrusion, irregular astigmatism and decreased
visual acuity. Eventually, corneal deformation and associated mechanical stress may result in
irreversible corneal opacities. KC is the most common corneal ectasia with an incidence of 1 in
2000 in the general population [5]. When visual acuity can no longer be corrected by contact
lenses or intracorneal rings, the only treatment consists in cornea transplantation. The etiology
of KC is unknown and suspected to be multifactorial, with the involvement of genetic and
environmental factors [6]. To date, several genes have been associated with this disease [7],
including, but not limited to, those of lysyl oxidase, interleukin-1 [8], visual system homeo-
box 1 [9], microRNA 184 [10], transforming growth factor beta [11], and zinc finger protein
469 [12]. Allergy, either ocular or general [13] (spring keratoconjunctivitis and atopic dis-
eases), mechanical microtrauma induced by contact lens and eye rubbing, and corneal thin-
ning following Laser-Assisted In-Situ Keratomileusis surgery are thought to be involved in the
disease progression and development.

KC is a complex disorder and appears to be the manifestation of various pathological pro-
cesses: tissue disruption impacting epithelial basal lamina and Bowman’s layer [5], keratocyte
apoptosis [14], enzymatic imbalances [15], inflammation [16], oxidative stress [17], autophagy
[18] and hormonal changes [19]. Recent studies support a chronic inflammatory process [20],
as well as a possible link with atopic dermatitis [21] in the pathogenesis of the disease. While
the stroma might be the essential layer of the disease development, corneal epithelium could
also play a secondary and preliminary role. Indeed, in keratoconic eyes, the corneal epithelium
presents a localized thinning at the level of the cone apex surrounded by a thickening ring with
a kind of donut pattern that is highly characteristic of this condition [22]. In KC, both epithe-
lial hyperplasia and hypoplasia have been described, associated or not with a rupture of the
basal lamina and Bowman’s layer. It has been suggested that the KC epithelium undergoes a
remodeling process to mechanically compensate the abnormalities of the stromal surface [23].
However, epithelium cornification has never been reported. We previously identified a num-
ber of differentially expressed genes in whole cornea of KC, suggesting an imbalance between
apoptosis and cellular proliferation and differentiation [24].

Based on these arguments, we hypothesized that the corneal epithelium could be involved
in early KC development. The aim of this study was to analyze the expression of genes related
to the epidermal terminal differentiation program in corneal epithelium of KC patients com-
pared to controls.

Materials and methods
Biological material

Control epithelium samples (CTRL group) were collected from patients undergoing Photo
Refractive Keratectomy procedure for mild myopia (less than 3 diopters): prior to the Excimer
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laser ablation, cornea was prepared by manual removal of the central (8 mm diameter) epithe-
lium. The epithelium was scraped off with Beaver-type blade, collected in a sterile RNAse-free
eppendorf, and immediately immersed in liquid nitrogen for transport. Before RNA extrac-
tion, the samples were stored at -80°C. Corneal epitheliums from patients with progressive KC
(early KC group) were collected during corneal crosslinking procedure used to halt the disease
progression. Manual de-epithelialization is necessary for the impregnation of the corneal
stroma with riboflavin before irradiation with UVA. The samples were thus collected, trans-
ported and stored with the same conditions as above. The third group of corneal epithelium
samples (advanced KC, stage IV i.e. with corneal opacities) was similarly obtained from
patients undergoing penetrating keratoplasty surgery. While samples were from different sur-
gical conditions, they were collected using the same technical procedure performed by the
same surgeon. Average age was 28.5 + 5.7 years in the CTRL group, 22 + 4.2 years in the early
KC group, and 45 + 7 years in the advanced KC group. Gender distribution was 63.6% men in
CTRL group and 68.2% in KC group. 40% and 50% respectively of CTRL and KC group
patients had history of allergies and/or atopy. 13.6% of KC group patients were using hard
contact lens.

For immunofluorescence (IF) analysis, 9 fresh corneas were used as healthy epithelial con-
trols. They came from 9 body donation for science. Each donor volunteered their body and
gave written consent to the Laboratory of Anatomy of Jean Monnet University. The fresh cor-
neas were included immediately in Tissue-Tek O.C.T. tissue embedding medium after dissec-
tion from the eyeballs, and then stored at -80°C. The mean donor age was 76.6 +4.5 years. The
time between death and tissue embedding was 17.3+2.6 hours. 3 KC corneas were collected
during corneal graft surgery with an average age at collection of 44+6 years. Samples were
placed in O.C.T. and immediately frozen in liquid nitrogen then kept at -80°C until further
use.

Human cornea epithelial samples used in this study were obtained from the Department of
Ophthalmology and from the French National Reference Center for Keratoconus, Toulouse
University Hospital between 2014 and 2019. All procedures were in accordance with the Dec-
laration of Helsinki of 1975 and its 1983 revision in protecting donor confidentiality. Informed
consent was obtained from all participants prior to sample collection with authorization from
the Patient Protection Committee (DC2012-1701).

Reverse transcriptase real time polymerase chain reaction

Total RNA was extracted with Qiagen MicroRNA extraction kit according to the manufactur-
er’s instructions (Qiagen S.A.S., Cortaboeuf, France). Reverse transcriptase was performed
using the Invitrogen Superscript IIT VILO kit according to the manufacturer’s recommenda-
tions (ThermoFisher Scientific, Villebon-sur-Yvette, France). Real time polymerase chain
reaction (RT-PCR) was performed on triplicate samples (50 pg cDNA) in a Roche LightCycler
480 using Roche supermix for PCR (Roche, Paris, France). Expression of 22 genes involved in
epidermal terminal differentiation, 6 genes involved in Nuclear factor erythroid 2-related fac-
tor 2 (NRF2) pathway, and of keratin 3 encoding gene (KRT3) as a tissue specific gene of the
corneal epithelium was investigated. We selected some markers of early and late keratinocyte
differentiation, based on our previous work [25]. Primer sequences are described in S1 Table.
The PCR conditions were: 95° C for 10 min, followed by 40 cycles of denaturation at 95° C for
15 s and annealing at 60° C for 20 s. We used three genes for normalization by geometric aver-
aging (encoding ubiquitin, TATA-box binding protein and beta 2 macroglobulin) determined
by a method previously described [25]. Fold-change in gene expression was calculated using
the 2-*4“" ratio according to the previously described method [26]. All PCR products were
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checked by sequencing and the primer efficiencies were examined using cDNA dilutions
(from 1/10 to 1/320) and Roche software analysis program.

Immunofluorescence (IF)

As previously described [27], corneal sections (10 um thick) were prepared using Cryostat
Microm HM550 (ThermoFisher Scientific). Frozen slides were warmed and dried at RT for 5
min then rehydrated for 5 min. Samples were then incubated at 37°c for 30 min in saturating
solution (PBS supplemented with 2% heat-inactivated goat serum (Eurobio-Ingen, Les Ullis,
France) and 2% bovine serum albumin (ThermoFisher Scientific)). Slides were incubated at
37°C for 1 hour with primary antibodies (anti-involucrin (IVL) clone SY5, Sigmal-Aldrich
1:400; anti-KRT3 clone AE5, Merk-Millipore 1:400; anti-KRT 16 clone LL025, Thermofisher
1:400; anti-KRT14 clone LL002, Merk-Millipore 1:400, anti-NRF2(phosphoS40) ab76026,
Abcam 1:400, anti-HMOX1 HPA000635, Sigma-Aldrich 1:400) diluted in saturating solution.
Nonspecific rabbit and mouse IgG (Zymed, Carlsbad, CA, USA) were used as primary anti-
bodies for negative controls. These two controls were performed for each cornea. Secondary
antibodies were Alexa Fluor 488 goat anti-mouse or anti-rabbit IgG for single staining and
Alexa Fluor 488 goat anti-mouse combined with Alexa Fluor 555 goat anti-rabbit IgG (Invitro-
gen, Eugene, OR, USA) for double staining. Secondary antibodies diluted by 1:1000 in saturat-
ing solution were incubated for 1 hour at 37°C. Lastly, nuclei were counterstained with
TO-PRO-3 Iodide (1/1000) (ThermoFisher Scientific) in PBS for 5 min at RT. Three rinses in
PBS were performed between each step except between blocking of nonspecific protein binding
sites and incubation with primary antibodies. Finally, the slides were mounted using Vecta-
shield medium (Vector Laboratories, Burlingame, CA, USA). Images were captured with a con-
focal microscope (IX83 Fluoview FV-1000, Olympus), equipped with the Olympus Fluoview
software. Setup were determined from the control conditions and applied to the other samples.

Statistical analyses

For all experiments group to group comparisons were performed and plotted with GraphPad
Prism 6 using a non-parametric Kruskal-Wallis test. P < 0.05 was considered as statistically
significant.

Results

Differentially expressed transcripts in KC versus control corneal
epithelium

The corneal epithelium of 23 CTRL and 28 KC patients (22 with a progressive form of the dis-
ease (early KC) and 6 with corneal opacities (advanced KC)) was collected. Gene expression
was analyzed using real time PCR.

We first evaluated the expression of 22 genes involved in epidermal terminal differentiation,
and of KRT3 as a typical gene of the corneal epithelium.

In the CTRL group, high expression of KRT3 was observed (Table 1). Concerning the epi-
dermal differentiation genes, three classes of transcripts based on their relative abundance to
normalization genes could be observed in the CTRL group (Table 1). Highly expressed genes
were those encoding desmoglein 1 (DSG1), claudin 1 (CLDN1), desmoplakin (DSP), keratin 14
(KRT14) and periplakin (PPL) (proteins of desmosomes, keratin filaments and tight junc-
tions). Medium expressed genes were those encoding desmoglein 2 (DSG2), desmoglein 3
(DSG3) and envoplakin (EVPL) (proteins of desmosomes); small proline-rich protein 2A
(SPRR2A), involucrin (IVL), small proline-rich protein 1A (SPRR1A), small proline-rich
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Table 1. Transcript relative expression of epidermal terminal differentiation genes in control corneal epithelium.

Genes Name dCT* SEM+
KRT3 -4.97 0.14
DSG1 -2.67 0.14

CLDNI -1.04 0.11
DSP -0.97 0.14
PPL -1.09 0.17

DSG2 1.06 0.25
KRT14 2.44 0.34
SPRR2A 3.55 0.37
DSG3 3.78 0.84
EVPL 3.79 0.19

TGM1 391 0.17
IVL 4.69 0.17

SPRRIA 4.44 0.69

KRTI16 5.12 0.19

TGM5 5.32 0.52

SPRR3 6.57 0.90
FLG 8.23 0.26

HRNR 9.96 0.28
LOR 10.08 0.34

DSCI Nd
CDSN Nd
FLG2 Nd
TGM3 Nd
KRTI0 Nd

* Mean expression normalized to that of housekeeping genes (geometric mean of UBB, TBB and B2M). dCT:
deltaCycleThreshold. t Standard error to the mean. Nd: not detected.

https://doi.org/10.1371/journal.pone.0273807.t001

protein 3 (SPRR3), four proteins of the epidermis cornified envelope, a peculiar pericellular
structure of cornified cells that replaces plasma membrane; transglutaminase 1 (TGM1) and
transglutaminase 5 (TGMS5), two enzymes involved in cornified envelope formation; and kera-
tin 16 (KRT16). Finally, poorly or not expressed genes were those of filaggrin (FLG), hornerin
(HRNR), loricrin (LOR), desmocollin 1 (DSCI), corneodesmosin (CDSN), filaggrin 2 (FLG2),
transglutaminase 3 (TGM3) and keratin 10 (KRT10).

We then compared the expression of this set of genes between CTRL and early KC groups
(Fig 1, Table 2), considering as differentially expressed, genes with a fold change either > 2
or < 0.5 with a P value < 0.05. We observed in the early KC a significant decrease in the
expression of KRT16, KRT14, SPRRIA, SPRR2A, SPRR3, TGM1 and TGMS5 (fold change of
0.09, 0.31, 0.21, 0.11, 0.10, 0.27 and 0.14, respectively, P value of <0.0001, 0.044, 0.0022,
<0.0001, 0.0006, <0.0001 and 0.009, respectively). We performed partial subset analysis com-
paring atopic/allergic to non-atopic/allergic individuals (number of samples was low for some
subgroups), without finding major differences of expression in these subgroups compared to
the general analysis (S2 Table).

The same analysis was then performed in advanced KC (Fig 1 and Table 2). A decreased
expression of SPRR2A was observed compared to CTRL (fold change 0.24, P value of 0.011). A
tendency of decreased expression of SPRRIA, SPRR3, TGM1 and TGM5 was noted, but statis-
tical significance was not reached.
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Fig 1. Differentially expressed transcripts in early and advanced keratoconus. Box and whiskers plots of gene
expression in the corneal epithelium of control (CTRL; n = 23), early keratoconus (eKC; n = 22) and advanced
keratoconus (aKC; n = 6). Transcript level expressed as mean of delta cycle threshold (dCT) normalized to
housekeeping genes. Non-parametric Kruskal-Wallis test. P < 0.05 was considered as statistically significant.”, P
value < 0.05.

https://doi.org/10.1371/journal.pone.0273807.g001

Differentially expressed proteins

We then analyzed, by confocal microscopy, the immunofluorescence staining of several anti-
bodies targeting proteins for which we observed a variation in mRNA expression (Fig 2). We
first observed, as expected [28], differences in the KC epithelial thickness on the same section
with areas of hyperplasia and areas of hypoplasia (see S1 Fig). In the CTRL group, IVL was
highly detected in the upper cell layers of the epithelium (apical and underlying intermediate).
In the advanced KC group, IVL was detected only in the most apical cell layer.

KRT16 was detected in the upper epithelial cell layers of the CTRL group whereas it was
not or barely detected in the advanced KC group.

KRT14 was found all over the cornea and especially in the basal layers of control samples,
while we observed a signal disappearance in KC samples from the periphery toward central
cornea (S2 Fig).

Finally, KRT3 was strongly expressed in the corneal epithelium of both groups without any
visible differences.

Decreased expression of genes related to oxidative stress resistance

In early KC, we observed a decreased expression of NRF2 mRNA (fold change of 0.46, P value
0f 0.0486). NRF2 target HMOX1 mRNA, encoding heme oxygenase 1, was also strongly under-
expressed in early and advanced KC samples (fold change of 0.14 and 0.27, respectively; P
value of <0.0001 and 0.016 respectively), while HMOX2 mRNA was only underexpressed in
early KC vs CTRL (fold change of 0.41, P value of 0.012). Other genes encoding either regula-
tors (Cullin 3 (CUL3) and Kelch-like ECH-associated protein 1 (KEAPI)) or targets (NQOI
encoding NAD(P)H deshydrogenase (quinone) 1) of NRF2 had a similar expression in both
groups (Fig 3 and Table 3).

Immunofluorescence staining produced by an antibody targeting the active form of NRF2,
i.e., the S40 phosphorylated NRF2, revealed a strong expression in control material with a
nuclear localization as expected (Fig 4). In KC material, phosphorylated NRF2 staining was
reduced with only a few cells stained in their nucleus (Fig 4).

Table 2. Genes with significant differential transcript expression in early and advanced keratoconus.

Gene Name CTRL (dCT)* £$ eKC (dCT)* +$ Fold Change p value aKC (dCT)* +$ Fold Change p value
KRTI6 5.12+0.19 8.61+0.38 0.09 <0.0001 6.42+1.09 0.41 0.5125
KRT14 2.44+0.34 4.11+0.42 0.31 0.044 1.30+0.97 2.20 1

SPRRIA 4.44+0.69 6.72+0.3734 0.21 0.0022 6.3210.61 0.25 0.056

SPRR2A 3.55+0.37 6.7410.46 0.11 <0.0001 5.61+0.59 0.22 0.011
SPRR3 6.57+0.9079 9.89+0.31 0.10 0.0006 9.24+0.79 0.13 0.11
TGM1 3.91+0.17 5.81+£0.29 0.27 <0.0001 4.62+035 0.69 0.086
TGM5 5.32+0.52 8.19+0.54 0.14 0.009 6.76+0.27 0.37 0.081

* Mean expression normalized to that of housekeeping genes (geometric mean of UBB, TBB and B2M). dCT: deltaCycleThreshold.
$ Standard error to the mean. CTRL, control; eKC, early keratoconus; aKC, advanced keratoconus. Differentially expressed genes (0.5 > fold change > 2 and P
value < 0.05) are indicated in grey. Non-parametric Kruskal-Wallis test. P < 0.05 was considered as statistically significant.

https://doi.org/10.1371/journal.pone.0273807.t1002
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CTRL aKC

IVL

KRT16

KRTI14 |

Fig 2. Differentially expressed proteins in advanced KC. Sections of normal (CTRL; n = 3) and advanced
keratoconus (KC; n = 3) corneas were analyzed by indirect immunofluorescence (green) with the indicated antibodies.
Nouclei were stained with TO-PRO Iodide (blue). Scale bar = 100 pm.

https://doi.org/10.1371/journal.pone.0273807.9002
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Fig 3. Comparative expression of NRF2 pathway genes in early and advanced keratoconus. Box and whiskers plots
of gene expression in the corneal epithelium of control (CTRL; n = 20), early keratoconus (eKC; n = 11) and advanced
keratoconus (aKC; n = 6). Transcript level expressed as mean of delta cycle threshold (dCT) normalized to

housekeeping genes. Non-parametric Kruskal-Wallis test. P < 0.05 was considered as statistically significant.”, P
value < 0.05.

https://doi.org/10.1371/journal.pone.0273807.9003

Table 3. Transcript relative expression of NRF2 pathway genes in control and keratoconus corneal epithelium.

Genes Name CTRL (dCT*+$) dCT eKC* Fold change P value dCT aKC* Fold change P value
NRF2 0.17+0.24 1.3+0.38 0.46 0.028 0.15+0.39 1.03 1
CUL3 1.77+0.37 2.63+0.49 0.55 0.147 0.61+0.21 1.75 0.4533
KEAPI 4.17+0.3526 4.54+0.34 0.77 0.57 3.59+0.26 1.54 0.605
HMOX1 5.77+0.36 8.61+0.35 0.14 <0.0001 7.66+0.59 0.25 0.0317
HMOX2 2.39+0.24 3.66+0.34 0.41 0.012 2.18+0.25 1.29 0.709
NQOI1 -3.25+0.18 -3.33+0.13 1.06 0.58 -3.40+X 0.97 0.55

* Mean expression normalized to that of housekeeping genes. dCT: deltaCycleThreshold.

% Standard error to the mean. CTRL, control; eKC, early keratoconus; aKC, advanced keratoconus. Differentially expressed genes (0.5 > fold change > 2 and P
value < 0.05) are indicated in grey. Non-parametric Kruskal-Wallis test. P < 0.05 was considered as statistically significant.

https://doi.org/10.1371/journal.pone.0273807.t003
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CTRL aKC

Fig 4. NRF2 active form staining in human corneal material. Sections of normal (CTRL; n = 5) and advanced keratoconus (KC;
n = 3) corneas were analyzed by indirect immunofluorescence with an antibody targeting the active phosphorylated form of NRF2

(green). Nuclei were stained with TO-PRO Iodide (blue). Scale bar = 100 pm. Figure show three representative controls and
keratoconus.

https://doi.org/10.1371/journal.pone.0273807.9004
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Discussion

In our previous transcriptome analysis of KC versus normal whole corneas, we reported that
in KC there was an imbalance in apoptosis, proliferation and differentiation pathways. In this
work, we hypothesized that corneal epithelium might have a more important role in KC devel-
opment that what is actually described. Thus, we decided to investigate corneal epithelium
transcripts of KC patients when the KC is evolutive and before major stromal changes (when
stromal depth is still superior to 400um), patients we named “early KC”. As little is known
about the terminal differentiation program of the corneal epithelium, we based our investiga-
tion on epidermal terminal differentiation genes as epidermis is better described and shares
some common feature with cornea. Transcript expression analysis revealed that some but not
all keratinocyte terminal differentiation genes are also expressed in the normal cornea epithe-
lium. Not surprisingly, most of the cornification related genes were not or barely detected
(FLG, FLG2, LOR, HRNR, CDSN, DSCI and TGM3). Interestingly, we detected a set of tran-
scripts (IVL and SPRRs) encoding proteins that, in the epidermis, are part of cornified enve-
lope. This is a resistant highly cross-linked structure that replaces the plasma membrane of
corneocytes, the end products of keratinocyte differentiation. IVL protein expression was con-
firmed by immunohistochemistry (S3 Fig). Our results are in agreement with those of Tong
etal. [29]. We also detected mRNAs encoding the enzymes necessary for cornified envelope
formation, namely transglutaminases 1 and 5. However, cornified envelopes appear to be
absent in the corneal epithelium. Indeed, we were not able to observe them after applying to
corneal epithelium the procedure currently used to purify epidermal cornified envelopes [30],
(S4 Fig). Thus, the role of IVL and SPRRs in the cornea is not clear. They may be associated
with cell mechanical resistance properties as previously suggested [29]. As we found these tran-
scripts underexpressed in KC corneas, this could suggest that biomechanical properties of epi-
thelial cells are impaired in KC. In agreement to this statement, we observed decreased
expression of other structural proteins, i.e., intermediate filament components KRT16 and
KRT14, accordingly to mRNA variation. Little is known about KRT16 function in the cornea.
KRT16 has been found to be overexpressed in epidermis diseases in hyperproliferative areas
[31] and during corneal wound healing [32]. Whether KRT16 expression is associated to the
proliferative state of the cell or to the loss of phenotype remains unclear [32]. Two previous
proteomic analyses have reported an overexpression of KRT16 in KC corneas [33, 34]. The dis-
crepancy between this and our results could be explained by differences in disease severity
[35]. Moreover KRT14 was also underexpressed. KRT14 is often associated with mitotic active
cells [36] both in the epidermis and the cornea.

However, as a number of mechanical partners of IVL and SPRRs are missing in the corneal
epithelium, this leads us to consider alternative function for these genes in the cornea. Indeed,
some SPRRs are able to quench reactive oxygen species [37-39] thus we propose that they may
display oxidative stress protecting properties in the cornea. Moreover, SPRRs promoter con-
tain an AP1 response element, which could explain their reduced expression in KC corneas as
we and others have previously demonstrated [24, 40], that this transcription factor is underex-
pressed in KC corneas. Some SPRRs genes are also under the control of NRF2 transcription
factor [37]. NRF2 is known to target several anti-oxidative stress enzymes, namely HMOX1,
HMOX2 and NQOYI, that we found to be also expressed in the corneal epithelium. We then
compared the expression levels of these transcripts between CTRL and early KC corneal epi-
thelium. We here described for the first time that in KC epithelium, transcripts of NRF2 and
its target genes HMOX1 and HMOX2 are downregulated. These data suggest an increased sen-
sitivity of KC corneal epithelium to oxidative stress. HMOX enzymes are important as they
mediate the first step of heme catabolism [41]. Iron deposition and reduced oxidative stress
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response are observed in Hmox1 knock-out mice [42]. Interestingly iron accumulation is fre-
quently observed in KC corneas [43]. Moreover, HMOX1 promoter also contains an AP1
response element, which is the other pathway used to activate this enzyme. Unfortunately, we
have not been able so far to evidence HMOXI1 protein in our material. More work is needed to
clearly validate HMOX1 as an interesting candidate. A recent RNA sequencing study by
Shinde et al. also demonstrated an involvement of NRF2 pathway [44]. While the authors did
not observed a variation of NRF2 mRNA itself, they identified changes in the NRF2 pathway
by gene ontology analysis and confirmed NRF2 underexpression at the protein level in KC
corneas. Similar to our work, they found some targets of NRF2 to be underexpressed in KC
samples [44]. Moreover, several recent studies support these findings. Stachon et al found that
primary culture of stromal fibroblasts from KC patient were not able to increase anti-oxidant
pathways following hypoxic stress [45]. Lopez-Lopez et al. in a tear proteomics study observed
a decreased expression of proteins involved in iron homeostasis and inflammatory response
[46]. In this context, it is interesting to note that in mouse, sulforaphane-induced increase in
KRT16 expression is dependent on NRF2 [47]. Whether the strong inhibition of KRT16 that
we noted is related to the down regulation of NRF2 remains to be tested. More work is needed
to characterize downstream regulation of NRF2. A recent review pointed out all the targets
already investigated in KC with different techniques [48]. However for all targets results have
conflicted (up or down regulation depending of the studies). In our study, we bring a new
brick as we showed that NRF2 active form was expressed in CTRL epithelia while it was not or
barely detectable in KC epithelia.

Analysis in advanced KC mRNA did not provide a lot of useful data, while IF was more
convincing. Only HMOXI mRNA was found underexpressed. We hypothesized that it might
be due to a lack of power. As these materials are coming from less and less used surgery proce-
dure, it will take longer time to pursue these investigations on advanced KC mRNA.

All these data strongly suggest that in KC epithelia, several pathways that are working
together to protect the cornea from oxidative stress and mechanical injury are severely
impaired in early stages. Functional investigations are now required for understanding
whether this impairment is directly due to KC epithelium defects or is indirectly driven by oth-
ers sources (tears, nerves, stroma, etc.).

Supporting information

S1 Fig. Variation in epithelial thickness on the same section of the corneal epithelium in
keratoconus. Representative immunodetection of KRT3 (green) on frozen sections of human
corneal epithelium of keratoconus patients (n = 3). Nuclei were stained with TO-PRO Iodide
(blue). A-C, Enlargements of the indicated areas. A: peripheral hyperplasic zone, B: intermedi-
ate zone, normal thickness, C: corneal apex hypoplasic zone.

(TIF)

$2 Fig. Variation in KRT14 expression in the corneal epithelium in keratoconus. Represen-
tative immunodetection of KRT14 (green) on frozen sections of human corneal epithelium of
keratoconus versus control patients. Nuclei were stained with DAPI (blue). A: control patient;
B: keratoconus patient.

(TIF)

$3 Fig. Involucrin (IVL) protein expression. Proteins of control (CTRL) and early keratoco-
nus (eKC) samples were immunoblotted with antibodies specific for IVL and actin, respec-
tively (one representative blot with 4 samples of each condition). Densitometry quantification
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of western-blots using Image J;n = 12, P = 0.27.
(TIF)

S4 Fig. Cornified envelopes extraction from human abdominal epidermis and human cor-
neal epithelium. Optical microscope observation. X20 magnification.
(TIF)

S1 Methods. Immunoblotting analysis.
(DOCX)

S1 Table. Sequences of primers used for qPCR.
(DOCX)

$2 Table. Differential expression analysis of different subgroups of patient.
(DOCX)

S1 Raw images.
(PDF)
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