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Purrose. Keratoconus (KTCN) is the most common corneal ectasia, characterized by
pathological cone formation. Here, to provide an insight into the remodeling of the
corneal epithelium (CE) during the course of the disease, we evaluated topographic
regions of the CE of adult and adolescent patients with KTCN.

MerHops. The CE samples from 17 adult and 6 adolescent patients with KTCN, and 5
control CE samples were obtained during the CXL and PRK procedures, respectively.
Three topograpbhic regions, central, middle, and peripberal, were separated toward RNA
sequencing and MALDI-TOF/TOF Tandem Mass Spectrometry. Data from transcriptomic
and proteomic investigations were consolidated with the morphological and clinical find-
ings.

Resurrs. The critical elements of the wound healing process, epithelial-mesenchymal
transition, cell-cell communications, and cell-extracellular matrix interactions were
altered in the particular corneal topograpbic regions. Abnormalities in pathways of
neutrophils degranulation, extracellular matrix processing, apical junctions, IL, and IFN
signaling were revealed to cooperatively disorganize the epithelial healing. Deregulation
of the epithelial healing, G2M checkpoints, apoptosis, and DNA repair pathways in the
middle CE topographic region in KTCN explains the presence of morphological changes
in the corresponding doughnut pattern (a thin cone center surrounded by a thickened
annulus). Despite similar morphological characteristics of CE samples in adolescents
and adults with KTCN, their transcriptomic features were different. Values of the poste-
rior corneal elevation differentiated adults with KTCN from adolescents with KTCN and
correlated with the expression of TCHP, SPATA13, CNOT3, WNK1, TGFB2, and KRT12
genes.

Concrusions. Identified molecular, morphological, and clinical features indicate the effect
of impaired wound healing on corneal remodeling in KTCN CE.

Keywords: cornea, corneal epithelium, corneal wound healing, keratoconus, MALDI-
TOF/TOF Tandem Mass Spectrometry, posterior corneal elevation, proteomics, transcrip-
tomics

eratoconus (KTCN) is the most common corneal ecta-
Ksia, characterized by the conical shape of the cornea,
leading to substantial vision impairment. KTCN is described
as bilateral, but often manifests as a highly asymmetric
disorder.! The disease usually occurs in adolescence and
progresses through the third or fourth decades of life.?
KTICN affects the general population with the preva-
lence assessed at 1.38 per 1000 individuals, but strongly
differs regarding gender and ethnicity.> There are no current
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data available concerning the KTCN prevalence in Poland.
The hospital-based epidemiological study had not revealed
KTCN frequency, however, showed that 64% of patients with
KTCN were male.* According to the Polish Health Problem
Card, the estimated prevalence of KTCN is 200 to 250 per
100,000 residents.

KTCN is a multifactorial disease with a nebulous etiol-
ogy. Environmental components including UV exposure and
lifestyle habits (eye rubbing, contact lens wear) have been
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thoroughly indicated.®” Also, a complex genetic background
comprising numerous identified KTCN loci, candidate genes,
and pathways have been revealed.~!!

In KTCN diagnosis, various diagnostic methods based on
the mapping of both epithelium and corneal thickness, as
well as the anterior and posterior corneal surface topogra-
phy assisted with advanced computer software, are being
used.!? Changes in the posterior surface of the cornea are
often the earliest observed feature of KTCN.'? In contrast, the
topographically “normal” eye of a patient with KTCN may
have features of KTCN detectable by the epithelial thick-
ness mapping.! The automated computerized algorithm’s
data allow pointing to a clear distinction between unaffected
and KTCN corneas based solely on epithelial and stromal
thickness parameters.

KTCN is the second leading cause of corneal trans-
plantation worldwide,'* although the traditional penetrat-
ing keratoplasty performed in the advanced disease state is
being frequently replaced by deep lamellar keratoplasty.'!
The management of mild to moderate KTCN is primar-
ily aimed at improving visual acuity with glasses, contact
lenses (rigid gas permeable), and intracorneal ring segments
implantation, or a combination of these modalities.’> In
addition, the corneal collagen cross-linking (CXL) has been
implemented successfully as a treatment option to stiffen the
cornea and halt the progression of KTCN.10-18

Histopathological abnormalities in KTCN corneas
comprise all corneal layers, of which the most characteristic
or symptomatic are epithelial thinning, breaks in Bowman’s
layer,'® the presence of apoptotic cells in physiologically
acellular Bowman’s membrane, and Descemet’s membrane
disruptions.?® Irregular cell arrangement and cell loss in the
corneal epithelium (CE) and stroma were also observed.?!

The KTCN cone, observed as a presumable consequence
of multilevel structural and functional changes in corneal
tissue, including those in the epithelium (superficial, wing,
basal),?*=> speaks for a study design based on separately
assessed, differently affected topographic regions of the CE.
In this study, taking into account corneal thickness, espe-
cially the epithelial thickness, including the thinnest epithe-
lium on the top of the KTCN cone, and the location of the
apex or center of the cone in the cornea, three topographic
regions of the CE, central, middle, and peripberal, were
chosen to be investigated separately in patients with KTCN,
and then compared with the adequate material derived from
control individuals.

We hypothesize that molecular abnormalities in the CE of
patients with KTCN are divergent in particular topographic
regions, and, therefore, they shape the doughnut pattern
in the morphologically disturbed CE in KTCN. Moreover,
these molecular and morphological changes in particular
regions of the CE may reflect an interplay between stroma
and epithelium. Because corneal curvature abnormalities
worsen as the disease progresses and to provide insight into
the role of CE remodeling in KTCN, we examined numer-
ous features comparing adolescent and adult patients. We
undertook histological and transcriptomic profiling of the
CE and proteomic assessments, pointing to discriminative
clinical and molecular features in the assessed topographic
regions of the CE in patients with KTCN.

Here we present the comprehensive evaluation of clinical,
morphological, transcriptomic, and proteomic data concern-
ing the three topographbic regions of the CE in adult and
adolescent patients with KTCN, evaluated together and sepa-
rately in the studied subgroups.
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METHODS

Ophthalmic Examination and Patients’ Inclusion
and Exclusion Criteria

We included three subgroups of patients: adults with KTCN,
adolescents with KTCN, and control individuals (the non-
KTCN mild myopia patients). Each individual underwent
a complete ophthalmological examination, including the
assessments of both uncorrected and best corrected visual
acuity, IOP, corneal tomography with rotating Scheimpflug
camera WaveLight Oculyzer II (Alcon, Fort Worth, TX,
USA), epithelial thickness mapping spectral-domain opti-
cal coherence tomography device (Zeiss Cirrus 5000, Carl
Zeiss Meditec, Dublin, CA, USA), slit-lamp, and dilated
funduscopic examination. The inclusion and exclusion crite-
ria for adults and adolescents with KTCN, and control
individuals are described in details in Supplementary
Material 1.1.

A questionnaire comprising the behavioral, environmen-
tal, and socioeconomic aspects, including eye rubbing, use
of contact lenses, atopy, UV exposure, smoking, reading
habits, time spent in front of a screen (computer, tablet,
smartphone, or electronic reader), hormone intake, educa-
tion level, and place of living, was completed by each partic-
ipant. JASP Software?® was used in statistical analyses of
clinical parameters, and the tests applied are described in
Supplementary Material 1.2.

CXL and Photorefractive Keratectomy (PRK)
Procedures

CXL in patients with KTCN was performed in accordance
with the standard Dresden protocol,”’~?° and PRK was
performed as a refractive error correction procedure® in
control individuals, as described in Supplementary Material
1.3 and 1.4.

Material Collection and Sample Preparation

Stamps toward the nose and eyebrow were made on the
CE before the excision in the CXL and PRK procedures to
enable correct tissue orientation during cutting and sepa-
ration of the topographic regions. The obtained tissues
were submersed in an RNA stabilization solution (RNAlater;
Qiagen, Hilden, Germany) immediately after excision and
stored at —80°C until nucleic acids and proteins isolation.
Further details of the sample preparation are included in
Supplementary Material 1.5.

The procedure of designation of the particular topo-
graphic region is shown in Figures 1D, E, and Supple-
mentary Figure S1. Before the CE cutting, the epithelium
thickness values measured automatically using the OCT
for the particular regions of CE were evaluated. Then,
the specific topographic regions were assessed manually
together with the determination of cone and apex (for
KTCN and controls, respectively) location (central, supe-
rior or inferior, and nasal or temporal) at the same time
by the operating surgeon and the researcher processing the
material.

Assessment of Morphological Abnormalities in CE

Nuclei cell morphology and density in topographic regions
of the assessed epithelia, in both patients with KTCN and
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Ficure 1. Results of ophthalmological examination of KTCN and control individuals, and the designation of corneal topographic regions.
Differences between KTCN and control cornea in axial curvature, corneal thickness, anterior elevation, and posterior elevation levels are
presented, based on the corneal tomography results obtained with rotating Scheimpflug camera WaveLight Oculyzer II for (A) the KTCN adult
patient (4 OPT/KTCN/OD) and (B) control individual (1 OPT/M/OS). For the exact values of parameters evaluated, check the Supplementary
Table S2. In the control cornea, the steepest part of the organ, called the apex, is most often located centrally on the visual axis, in the case of
KTCN, the corneal apex is decentered off. (C) The cross-sectional image of the cornea and the segment of the anterior eye (spectral-domain
optical coherence tomography [SD-OCT]) with indicated three distinct fopographic regions (1, central; 2, middle; 3, peripheral) in KTCN
patient 17 OPT/KTCN/OS. The decreased epithelial thickness and stromal thinning at the central region are shown. (D, E). The topographic
regions—1, central; 2, middle; and 3, peripheral—are designated based on the steepness of epithelial thickness in KTCN (D, 4 OPT/KTCN),
and control individual (E, 1 OPT/M), respectively. (D) The red arrows indicate the stamps for the correct tissue orientation, made before the
CE removal during the CXL procedure. Then, the designated CE topographic regions were separated and processed further.
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controls, were evaluated as described in Supplementary
Material 1.6. At least 100 nuclei and the surface of 12,000
um? of each topographic region were screened.

RNA and Protein Extraction

Separated CE samples were transferred from the microscope
slides to the lysis solution (Norgen Biotek, Thorold, Ontario,
Canada). Total RNA, DNA, and proteins were extracted
and purified according to the instructions supplied with
the RNA/DNA/Protein Purification Plus Micro Kit (Norgen
Biotek). RNA extraction included DNase I treatment (RNase-
Free DNase Set, Qiagen). The quality and quantity of
the purified RNA and protein samples were assessed as
described in Supplementary Material 1.7.

Total RNA Library Preparation and Sequencing
and RNA Sequencing (RNA-Seq) Data Analyses

Total RNA libraries were prepared according to a previ-
ously established protocol,>® using TruSeq Stranded Total
RNA Library Prep Gold (Illumina, San Diego, CA, USA) in
accordance with the manufacturer’s protocol and details
presented in Supplementary Material 1.8. A 100-bp paired-
end sequencing run was performed on a NovaSeq 6000 plat-
form (Illumina). The CE samples were sequenced with an
average coverage of 100 million read pairs per sample. Bioin-
formatic analyses were executed according to a previously
established protocol*? with some modifications as presented
in Supplementary Material 1.8.

Genes were considered to be differentially expressed
based on the following cutoffs 0.01 false discovery rate
threshold value and 1.5-fold change (FC). Reactome®® path-
way enrichment analysis was performed using the CAMERA
method implemented in the limma package’* Pathways
were considered to be differentially expressed based on the
cutoff of the 0.01 false discovery rate. The enrichment anal-
ysis of hallmarks was executed using a published Hallmark
Gene Set Collection being a part of the Molecular Signa-
tures Database. In this approach, each hallmark consists
of defined and concise sets of genes to most adequately
summarize a specific biological state or process that, by
decreasing variation and redundancy, helps in uncovering
the most important but hidden molecular signatures.>

Bioinformatic analyses, including differential expression
analyses and/or hallmarks enrichment, were executed in the
following scheme: (1) central versus middle versus periph-
eral CE regions in each KTCN patient and control individual;
(2) central, middle, or peripheral CE region in adult KTCN
versus the central, middle, or peripheral region in control
individuals; (3) the central, middle, or peripberal CE region
in adolescent KTCN versus the central, middle, or peripheral
region in control individual; and (4) the central, middle, or
peripheral CE region in adolescent KTCN versus the central,
middle, or peripberal region in adult KTCN.

RNA-Seq Data Verification Using RT-Quantitative
PCR (RT-qPCR)

To verify the RNA-Seq data, the RNA samples used
in the original RNA-Seq assessment were reverse tran-
scribed to cDNA with the Maxima First Strand cDNA
Synthesis Kit for RT-qPCR, with dsDNase (Thermo Fisher
Scientific, Vilnius, Lithuania), according to the manufac-
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turer’s procedure. Expression levels of six candidate KTCN
genes—KRT12, IFI27, TGFB2, B4GALT1, SPATA13, and
WNK1—and two housekeeping transcripts—B2M and
GAPDH—were assessed using the FastStart Essential DNA
Green Master (Roche Diagnostics, Penzberg, Germany)
according to the manufacturer’s protocol, using the CFX96
Touch Real-Time PCR Detection System (Bio-Rad Laborato-
ries, Hercules, CA, USA) in a total volume of 20 pL with 0.5
ng cDNA. Each reaction was performed in duplicate. The
primer sequences and annealing temperatures are shown in
Supplementary Table S1.

The relative quantification of gene expression was
normalized to the level of the GAPDH and B2M transcripts
with the comparative CT method. The log2 transformed FC
values of gene expression levels between KTCN and control
samples were calculated for the RT-qPCR and RNA-Seq data.
Pearson correlations between log2 FC values for the evalu-
ated genes were calculated using the JASP Software .2

Matrix-Assisted Laser Desorption Ionization Time
of Flight (MALDI-TOF/TOF) Tandem Mass
Spectrometry Protein-Peptide Profiling,
Classification, and Identification of Discriminative
Peaks

The methodology is described in detail in Supplementary
Material 1.9. MALDI-TOF/TOF Tandem Mass Spectrometry
proteomic analysis was performed after tryptic digestion,
concentration, and purification of the samples. The research
was conducted with an UltrafleXtreme (Bruker Daltonics,
Billerca, MA, USA) mass spectrometer in the m/z (mass-to-
charge ratio) range of 700 to 3500. The proteomic identifica-
tion was based on the SwissProt protein sequence database.

Statistical analyses were performed in ClinProTools 3.0
(Bruker Daltonics) software with mathematical classification
algorithms. Discriminative peaks for CE samples of adoles-
cents with KTCN (compared with controls) were calculated
in JASP Software®® using statistical tests.

Pathways and Genes of Biological Importance

Consolidation of the obtained transcriptomic, proteomic,
and clinical data was performed. Relationships between
differentially expressed genes, gene pathways, and enriched
hallmarks, and proteomic profile of KTCN specific topo-
grapbic regions of the CE were identified using Venn
diagrams and Pearson correlation tests, with an indica-
tion of association networks (STRING tool,*> REACTOME
database,’” and gene ontology enrichment analysis®®). To
complement the results of these analyses, and indicate genes
in differentially expressed pathways recognized using the
CAMERA method and Hallmark Gene Set Collection, we
checked the expression of genes with a mean expression
level of at least 1 transcript per million from particular path-
way gene sets, comparing the data between the subgroups
of samples (the analysis was limited to males due to gender
bias), and defined as significant based on the following
cutoffs: P value < 0.05 (¢-test) and FC > 1.5 or FC < 0.5. The
STRING tool *® Pathway Commons database,” SignaLink 3.0
database,’® and SIGNOR tool?! were used for the reconstruc-
tion of selected pathways’ networks.

The clinical data, including flat keratometric readings
(K1), steep keratometric readings (K2), maximum simu-
lated keratometry, anterior elevation, posterior elevation,
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difference in best fit sphere, thinnest corneal thickness, axial
length, IOP, difference in best fit sphere, and thickness of
the central, middle, and peripheral CE region values, were
examined in detail using Pearson correlation tests, if corre-
lated with transcriptomic data. Comparative analyses with
the data obtained during the assessment of whole thick-
ness corneas’!3%4243 are described in Supplementary Mate-
rial 1.10.

At the same time, the genetic assessment of studied CE
samples was performed. The CE samples from four unre-
lated adolescent patients with KTCN and two control indi-
viduals were analysed using the whole genome sequenc-
ing. The DNA samples were extracted according to the
instructions of the RNA/DNA/Protein Purification Plus Micro
Kit (Norgen Biotek), and their quantity was measured by
Qubit dsDNA HS Assay Kit (Invitrogen, Thermo Fisher Scien-
tific) and quality was assessed by 1% gel electrophore-
sis. Whole genome sequencing was performed with a
TruSeq Nano DNA HT Library Prep Kit (Illumina) and
the HiSegX platform (Illumina) with mean coverage depth
30x at CloudHealth Genomics (Shanghai, China). The short
reads were trimmed using the BBDuk2 program from the
BBTools suite (http://jgi.doe.gov/data-and-tools/bbtools/)
to remove Illumina adapters and poor-quality regions (mean
Phred quality, <5). Then, reads were mapped to reference
genome GRCh38 (source: Ensembl release 100) using BWA-
MEM.* Duplicated reads were marked using Sam Bamba.?
Single nucleotide polymorphisms and indel calling has been
performed using Platypus® and the detected variants were
annotated using Ensembl Variant Effect Predictor software.?’
The coding and noncoding sequence variation was assessed
to show the link with here reported transcriptomic outcomes
for the same CE samples.

Data Accessibility

Additional research data are presented in Supplemen-
tary Materials. Processed data of the RNA-Seq are shared
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in Mendeley Data Repository (https://data.mendeley.com/
datasets/stpz7s5s5j/draft?a=94dfc03c-4459-40b6-888f-6d40b
9a89249, DOI:10.17632/stpz7s5s5j.1). The other data
supporting the findings of this study are available from the
corresponding author upon reasonable request.

RESULTS
Clinical Characteristics of Patients

There were 17 adult patients with KTCN (2 females and
15 males), 6 adolescent patients with KTCN (2 females
and 4 males), and 5 control individuals with mild myopia
(2 females and 3 males) involved in this study. The clin-
ical characteristics of the examined individuals and eyes
subjected to the surgery are presented in Table 1, and
details are compiled in Supplementary Table S2A; Supple-
mentary Table S2B encompasses the information collected
for both eyes in the studied individuals. Examples of results
of corneal tomography with a rotating Scheimpflug camera
and corneal thickness mapping of the examined individuals
are presented in Figures 1A, B.

Different values of clinical parameters such as K1, K2,
maximum simulated keratometry, anterior elevation, poste-
rior elevation, difference in best fit sphere, TCT, and thick-
ness of central, middle, and peripberal CE regions were
found in the subgroups of adults and adolescents with
KTCN in comparison with control individuals. The differ-
ence between the posterior elevation in adults (58.24 +
13.89) and adolescents (35.00 + 13.11) was found (P =
0.0018) (Supplementary Fig. S2). Differences in average
values (with standard deviations) comparing the thickness
of central, middle, and peripberal CE regions were found
(Fig. 2). Other findings concerning both automatically and
manually assessed CE thickness values are shown in Supple-
mentary Table S3 and commented on in Supplementary
Material 2.1.

The cone and apex locations in the eyes subjected to
surgery for KTCN and controls, respectively, are reported in

Tasie 1. Clinical Characteristics of Examined Individuals and the Eyes Subjected to the Surgery

Adults with KTCN

Adolescents with KTCN Controls

Average = SD Median

Average = SD Median Average + SD Median

Age at examination 27.94 +
Age at diagnosis KTCN 24.56 +
K1,D 4577 +
K2, D 4559 +
Kmax, D 57.14 +
Anterior elevation, pm 26.88 +
Posterior elevation, pm 58.24 +
Diff BFS, pm 43.12 +
TCT, pm 459.35 +
AL, mm 24.59 +
I0OP, mm Hg 10.75 +
Thinnest epithelial thickness (in range 0.0-7.0 mm), pm  39.65 +
Average thickness of central region, pm 40.76 +
Average thickness of middle region, pm 53.24 +
Average thickness of peripheral region, pm 46.12 £+

796  25.0° 1533 &£ 1.97 15.0°  28.00 £ 4.30 30.0
7.92 22,5 14.83 + 2.14 15.0 n/a n/a
3.71 45.8" 44.8 + 2.46 44.2° 4272 + 2.29 43.3
1111 47.2° 47.72 + 4.00 46.3" 43.84 + 2.11 44.2
5.79 56.8 54.15 + 7.28 51.95" 44.14 + 2.25 44.4
7.03 24.0" 19.67 £ 12.19 13.0° 1.60 + 1.14 2.0
13.89 55.0°7F 35.00 £ 13.11 30.5°"F 1.00 + 2.74 1.0
19.35 41.0° 26.00 + 20.47 205" 1.40 + 1.52 1.0
40.06 461.0"° 44033 + 34.99 4435 5172 + 24.12 515.0
1.13  24.53 23.45 + 0.82 23.64  24.23 + 1.10 24.19
1.61 11.0 12.80 + 3.27 13.0 13.75 + 2.22 14.0
4.52 39.0° 38,50 + 3.10 39.5" 44.00 £ 1.79 45.0
4.13 40.0" 40.33 + 3.08 41.0° 50.00 + 2.35 49.0
3.11 52.0° 51.50 £+ 4.09 50.0" 47.2 + 1.92 47.0
1.69  46.0 4533 £ 1.37  45.0 448 + 319 450

K1, flat keratometric readings; K2, steep keratometric readings; Kmax, maximum simulated keratometry; diffBFS, difference in best fit
sphere; TCT, thinnest corneal thickness; AL, axial length; n/a, not applicable.
* Statistically significant differences between patients with KTCN and controls (P < 0.05).
T Statistically significant differences between patients adults/adolescents subgroups (P < 0.05).

P =0.0018.
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Ficure 2. Differences in thickness of central/middle/peripberal topographic regions of CE in patients with KTCN and controls, and between
patients with KTCN and controls. The average values with standard deviation are presented. *Statistically significant differences between
patients’ subgroups; for central CE region: adults with KTCN versus controls, P = 0.001, and adolescents with KTCN versus controls, P =
0.004; for middle CE region: adults with KTCN versus controls, P = 0.0008, and adolescents with KTCN versus controls, P = 0.0336.
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e KTCN CONTROLS
Central ~ Middle Peripheral | Central Middle  Peripheral
CE CE CE CE CE CE
region- 1 region-2 region-3 | region-1 region-2 region-3
nuclei density (nuclei/mm?) | 5250 7417 6250 5750 5750 5417
nucleus surface (um?) 101 88 96 95 106 117

Ficure 3. The morphology and density of the remodeled CE in KTCN in regions 1 (central) and 2 (middle) in KTCN (A) and control
individuals (B); staining with DAPI (A, B, D) and wheat germ agglutinin (WGA) conjugate (C) (Zeiss Imager Z2 with ApoTome.2).
(E) Average nuclei density and single nucleus surface in the central, middle, and peripberal topographic regions of CE, calculated for
two KTCN and two control individuals, based on the microscopic assessment of DAPI stained samples with a screening of 12,000 pm? of
each region’ surface, and counting of at least 100 nuclei per each CE region. Significant differences are bolded.

Supplementary Table S2A. Both, the central-temporal and
inferior—-temporal locations were found to be more common
in patients with KTCN compared with controls (P = 0.0048).
According to the project assumption, the analyzed subgroup
of adolescent patients with KTCN was definitely different
in age at examination (15.33 £ 1.97) compared with adults
with KTCN (27.94 £+ 7.96) and controls (28.00 £ 4.30). A
total of 84 samples of CE (3 topographic regions x 28 ascer-
tained individuals) were collected and proceeded in accor-
dance with a study scheme (Supplementary Fig. S1).

The Morphologically Different Middle Region of
KTCN CE

No morphological differences were found comparing the
three assessed topographic regions of the CE in controls.
The differences in average nuclei density and average single
nucleus surface of the middle CE region comparing the
patients with KTCN and control individuals were revealed

(Fig. 3). In line with observations of irregularities visible
at epithelial thickness maps, more nuclei (7417/mm? vs.
5750/mm?) and nuclei smaller in size (88 pm? vs. 106 pm?) in
the middle CE region in patients with KTCN, were observed.
We have not noticed morphological differences in the CE
samples comparing the adult and adolescent patients with
KTCN.

The Impact of Gender in Transcriptomic Profiling

We found that the gender of the studied patients influ-
enced the sample clustering into male and female subgroups
in the transcriptomic evaluation, as documented in
Supplementary Figure S3A. Consequently, because the
majority of our processed samples were derived from male
individuals, further bioinformatics analyses were narrowed
down to these samples. A UMAP plot after removing the
data derived from samples of female patients is presented in
Supplementary Figure S3B.
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KTCN-Specific Gene Expression Manifested in the
Peripberal CE Region of Adult Patients With
KTCN

In control samples, no differentially expressed genes were
identified in the opposing central, middle, and peripberal
topographic CE regions. However, comparing the partic-
ular topographic CE regions of patients with KTCN with
the corresponding CE regions of controls, the differen-
tially expressed genes were found, with the majority of
them observable in the peripberal topographic CE region
of adults with KTCN (compared with the peripheral CE
region in controls) (Supplementary Table S4), in which 258
genes were downregulated (130 protein coding), including
ADAMTS4, MEGF11, PROX1, RAX, ANK2, NLRP4, TRABD2B,
MUC13, V§X1, LTF, ROS1, and three upregulated, (RN7SL2,
STON2, and RN7SL4P). Moreover, the genes CDH13, EDNRB,
PTN, NUPR1, BCL11B, SGPP, CDH2, DCN, PIN, TRIL,
RTN4RL1, and LRRC3B showed decreased expression in the
central topographic region in adults with KTCN compared
with the peripberal region of CE in these individuals. In
contrast, CYFIP2, LEFTY1, CLMP, DSCAM, RGL3, and CHST2
were upregulated in the central region of the CE.

In adults with KTCN, we found 62 genes with downregu-
lated expression (25 protein coding) in the peripheral region
of CE, including KRTAP4-16, TBX5, ASB5, MT-TM, MT-TQ,
compared with adolescents with KTCN. No differentially
expressed genes for KICN CE middle region were recog-
nized compared with central or peripberal CE regions in
adults and adolescents with KTCN, and comparing the data
with the corresponding CE middie region of the controls.

Over-represented Immune System Pathways and
Under-represented Extracellular Matrix
Organization Pathways in CE in Patients With
KTCN

Of 984 the KTCN topographic-specific pathways, the 10 most
differentiated in the comparison of particular CE regions
between and within evaluated subgroups are presented in
Supplementary Table S5A-O. The IFN alpha-beta signaling,
IFN gamma signaling, and overall IFN signaling pathways
were enriched within upregulated genes in the central,
middle, and peripheral topographic regions of the CE of
adults with KTCNcompared with adequate CE regions of
controls, whereas, senescence pathways (cellular senes-
cence and senescence-associated secretory phenotype) were
mostly enriched in the peripberal CE region of adults with
KTCN (Supplementary Table S5C). Moreover, the analysis
revealed that the upregulated genes were associated with
DNA methylation pathway in the central CE region of the
adults with KTCN and adolescents with KTCN in comparison
with controls (Supplementary Table S5D). The same trend of
change was observable for the activated PKN1 stimulates
transcription of androgen receptor regulated genes KLK2
and KLK3 pathway (Supplementary Table S5A, D). In adoles-
cent patients with KTCN the middle CE region disclosed
features of the selenoamino acid metabolism and translation-
related pathways in analysis within genes with downregu-
lated expression (Supplementary Table S5E).

We also compared the enriched pathways by juxtapos-
ing the particular topographic regions with each other in
the analysed subgroups of patients (excluding results from
the control subgroup, since they may reflect physiologi-
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cally various gene expressions, Supplementary Tables S5]J-
0), as described in greater detail in Supplementary Materi-
als 2.3. The results of comparative analyses of CE data with
data corresponding with the whole thickness corneas are
described in Supplementary Materials 2.3.

Distinct Hallmarks of the Middle CE Region of
Adult Patients With KTCN

In the hallmark gene set analysis, the apoptosis and
G2M checkpoint gene sets were found to be upregulated
in central and peripheral CE, and unchanged in the middle
region in adults with KTCN, in comparison with the
adequate fopographic region in the CE samples derived
from controls. The same trend was revealed for androgen
response, DNA repair, MYC targets, peroxisome, protein
secretion, unfolded protein response, oxidative phospho-
rylation, reactive oxygen species pathway, and Wnt beta-
catenin signaling hallmarks. These findings do not apply
to CE samples derived from adolescents with KTCN. The
hallmarks of the IFN alpha response and IFN gamma
response were upregulated in all the topograpbic regions
of CE patients with KTCN, compared with controls (Table 2,
Supplementary Table S6).

RNA-Seq Data Verification Using RT-qPCR

A high positive correlation between the RNA-Seq and
RT-qPCR data was found, as presented in Supplemen-
tary Table S7. Shown is RT-qPCR data of GAPDH, B2M,
KRT12, IFI27, TGFB2, B4GALT1, SPATA13, and WNKI
gene expressions in each of the 84 originally collected
CE samples used for FC calculations. Further results are
presented in Supplementary Table S8 (log2FC values) and
Supplementary Figure S4 (R* = 0.7854; Pearson correlation
coefficient = 0.8857).

Discriminative Proteomic Features in the CE of
Adult Patients With KTCN

The total average proteomic spectra of the CE samples of
the adults with KTCN and controls are presented in Supple-
mentary Figure S5. Because the two applied chemometric
algorithms quick classifier and genetic algorithm are based
on different mechanisms, the peaks classified as discrimi-
native between these algorithms are divergent. We identi-
fied 11 unique proteins classified as discriminative between
the central CE region of adults with KTCN versus controls.
In a comparison of the middle CE region of adults with
KTCN versus controls, we identified five proteins differ-
entially expressed, and between peripheral CE region of
adults with KTCN compared with controls, we identified 14
discriminative proteins. Lists of discriminative m/z ions for
each algorithm together with values of chemometric param-
eters calculated for the algorithms are presented in Supple-
mentary Table S9. A list of identified proteins classified as
discriminative between particular CE regions of adults with
KTCN and controls, together with the direction of change is
presented in Table 3. The chemometric parameters (parame-
ters of cross-validation and recognition capability) calculated
for implemented algorithms in particular statistic schemes
(e.g., the central region of the CE samples of the adults with
KTCN vs. controls), assessing the accuracy of the obtained
models are indicated in Table 3.
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Tabie 2. Selected Hallmark Pathways Differentially Represented in Particular Regions of CE in Adults and Adolescents With KTCN, in

Comparison With Corresponding CE Regions of Controls

KTCN adult

KTCN adolescent

central

Hallmark region CE
APOPTOSIS

DNA_REPAIR

EPITHELIAL MESENCHYMAL TRANSITION
G2M_CHECKPOINT

GLYCOLYSIS

HYPOXIA

IL2_STAT5_SIGNALING

IL6 JAK STAT3 SIGNALING
INTERFERON_ALPHA RESPONSE
INTERFERON_GAMMA RESPONSE
MTORCI1_SIGNALING

MYC_TARGETS_ V1

MYC_TARGETS_V2
OXIDATIVE_PHOSPHORYLATION

P53 PATHWAY
REACTIVE OXYGEN SPECIES PATHWAY
UNFOLDED PROTEIN_RESPONSE
UV_RESPONSE_UP

WNT BETA CATENIN SIGNALING

middle

peripheral  central middle  peripheral

White boxes - no change

Median expression of pathway-related genes from central KTCN adult/adolescent region
were compared to the central control region, etc; analysis was restricted only to male

individuals due to sex bias.

p-value scale for  p-value scale for

upregulated downregulated
hallmarks hallmarks

0.05 0.05
- <0.0001 <0.0001

TasLe 3. Identified Proteins Classified as the Discriminative for Adults With KTCN Using Chemometric Algorithms
Central CE Region Middle CE Region Peripberal CE Region
Direction 1 N N 4 N
algorithm
Genetic algorithm ENO1 HEATR4 IGHV3-30 ZBTB4 TKT IQCF2
PGBD2 CSDE1 HSPB1 WNK4
TTBK1 CLU
SDHA CHERP
SELENOO
TCF20
Quick classifier KRT12 HEATR4 NDOR1 LENG9 SCN5A RMI1
SLC8A1 SDHA PTPRU ABCA13
F199X TBC1D4 CLU
IL1RAP ANKRD36C
F5
Parameter Cross-validation (%) Recognition Cross-validation (%) Recognition Cross-validation (%) Recognition
capability (%) capability (%) capability (%)
Genetic algorithm 95.8 100.0 78.2 100.0 86.5 95.8
Quick classifier 86.8 97.1 67.4 70.3 75.0 91.7

Arrows show the direction of change comparing the specific CE region of adults with KTCN to the corresponding CE region of controls.
Values of chemometric parameters calculated for algorithms are indicated.

Molecular Indicators of Specific Clinical Features
of KTCN

Based on the correlations of the transcriptomic findings with
the clinical data we found the expression of TCHP (R =

—0.47; P =0.029), SPATA13 (R = —0.75; P= 6.6e-05), CNOT3
(R = —0.25; P = 0.26), WNKI (R = —0.34; P = 0.12), TGFB2
(R = —0.59; P = 0.0035), and KRT12 (R = —0.43; P = 0.046)
genes to be correlated with the posterior elevation (Fig. 4A).
In addition, considering exclusively clinical data of adults
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FiGure 4. Pearson’ correlation results between expression of selected genes, TCHP, SPATA13, CNOT3, WNK1, TGFB2, KRT12, ENO1, and
CLTB (in TPMs), in the central CE region and particular clinical features: (A) posterior elevation (in micrometers), and (B) K1 (in D). (A) The
color of dots and their shape indicate the studied subgroups and the grade of KTCN, respectively. (B) Plots show the regression analysis
results in the subgroup of adults with KTCN only. Values of regression and statistical significance are presented in the plots.
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TaBLE 4. Pathways and Genes of Biological Importance from Transcriptomic (RNA-Seq) and Proteomic (MALDI-TOF/TOF Tandem Mass
Spectrometry) Assessments

Investigative Ophthalmology & Visual Science

KTCN ADULT KTCN ADOLESCENT
Pathway Module, Central CE Middle CE  Peripberal CE Central CE Middle CE Peripberal CE
Pathway Study Region Region Region Region Region Region
Cytokine signaling, RNA-Seq  IRF9, OAS2, IRF9, OAS2, IFI27,ROS1°, IFIG, IRF9, IRF1 IRF9, IFI27, HLA-H
IFN alpha/beta IRF1, IFI27  IFI27,1SG15, ANP32B HLA-H,
HLA-A, MX2, MX1
HLA-F,
STING1
MALDI-MS KRT12 KRT12
Cytokine signaling, RNA-Seq  IRF9, 0OAS2, IRF9, 0AS2, VCAMI1’ ROS1’, B2M, IRF9, IRF1 IRF9, PML, HLA-H
IFN gamma IRF1, GBP1, HLA-A, CES1 HLA-H,
CES1 HLA-F, HLA-DRA
FAM220A,
CES1
MALDI-MS
Innate immune system, RNA-Seq B4GALT1 B4GALT1, ADAMTS4", PGM2, S100A9, S100A9, HLA-H,
neutrophil STING1, CXCL1", LTF', ADAM10, B4GALT1, S100A9,
degradation HLA-A MMP20", B4GALT1, HLA-H, SRP14,
S100P, MGST1 TICAM2, B2M, STING1, EEF2,
SERPINBG SERPINBO, SNAP23
ALOX5
MALDI-MS ABCA13 ABCA13
Adaptive immune RNA-Seq MYDSS, HLA-A, HLA-F, CCDCI135’, B2M, S100A9, HLA-H, HLA-H,
system, class I MHC ZBTB16, CD74 ANK2", ASB5, ZBTB16, FBXO2 S100A9 S100A9,
antigen processing PRKN ZBTB16 PAG1,
and Presentation ZBTB16,
SNAP23
MALDI-MS
Signal transduction, RNA-Seq MT1A ACTB PGR’, HGF’, CHEK1, ADAM10, ID3, PAG1, CHEK1
signaling by receptor PTN’, STMNI1, PRKCA,
tyrosine kinases, NTRK3', ID4, PPP2R1B, PCSKS5, NRG2,
(including signaling FGF23, PCK1 PDGFA,
by EGFR) ERBB4, FUS, ID1,
HNRNPM, HBEGF,
PCK1 ACTB,
DUSP7
MALDI-MS HSPB1 PTPRU
Signal transduction, RNA-Seq TGFB2 CDKN2A  BMP10', TGFB2, ITGBG6, RBL1, EMB EMB
signaling by TGFB TCF4
MALDI-MS NDOR1
Signal transduction, RNA-Seq AXIN2", LGRG", H2BCS8, H2BC7, PRKCA, H4C12,
signaling by WNT PRKCG”, H4C13, H2AC17, WNT9A, PLCBI1, EMB
TBX3', PPP2R1B, EMB, H4C12,
TRABD2B', PCK1, H2AC18 H4C13
ZEB2, MYEF2,
PLCB1, TCF4,
PCK1
MALDI-MS PTPRU
Cell—cell RNA-Seq AJAP1, AJAP1, MAGI2, CDH2", PRR4, B4GALT1 ZYX, ACTB,
communications, B4GALT1 B4GALT1, CDH13" KRT?7,
cell-cell junction ZYX, ACTB B4GALT1
organization
MALDI-MS ENOI1, KRT7, SH3GLB2 PTPRU, WNK4, KRT7, SHROOM2 SHROOM2 SHROOM2
SHROOM2 ENO1
ECM organization, RNA-Seq MMP20",
collagen formation COLS8A1,
TIMP3
MALDI-MS
ECM organization, RNA-Seq TGFB2, ADARB1 MUSK’, DCN’, ITGB6
ECM proteoglycans TGFB2

MALDI-MS
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TaBLe 4. Continued

KTCN ADULT KTCN ADOLESCENT
Pathway Module, Central CE Middle CE Peripberal CE Central CE Middle CE Peripberal CE
Pathway Study Region Region Region Region Region Region
ECM organization, RNA-Seq ADARBI, ADAMTS4", ADAM10
degradation of ECM KLKB1 MMP20",
ELN", DCN*
MALDI-MS ADAM17 ADAM17 ADAM17
ECM organization, RNA-Seq ADARB1 ZYX VCAM1*, ITGB6
integrin cell surface ANP32B,
interaction COL8A1
MALDI-MS
Programmed, cell RNA-Seq DAPK2, VIM® H1-0, TICAM2, TICAM1, HMGB2
death, apoptosis TICAM1, RIPK1 H1-0,
CDKN2A DAPK2
MALDI-MS HSPB1 IL1RAP
DNA repair, base RNA-Seq MT1A ISG15, ACTB, PLSCR4, CDC45 H2BCS8, H2BC7, ACTB, H4C12,
excision/double- GTF2H2 H4C13, H2AC17, H4C12, CHEK1
strand breaks POLE2, POLQ, H4C13
repair/mismatch CDK1, CHEK1,
repair H2AC18
MALDI-MS TCF20 RMI1 SUMO2 RBBP8 RBBP8
Transcription, RNA-Seq ZBTB16 ACTB', ZBTB16', BLK", H2BCS8', H2BC7', H4C12", H4C12F
positive/negative TP53INP2 GPC5’, H4C137, H2AC177, H4C13'
regulation GAD2', H2AC18", ZBTB16
DLX6", TAL1",
ZNF521",
ANP32B
MALDI-MS CSDE1, TTBK1 ZBTB4"
Cell cycle, mitosis/cell RNA-Seq MAP9 CDKN2A MAP9, AURKA, BUB1B, PRKCA, EMB, CHEKI,
cycle checkpoints GABRGT", CHEK1, CENPH, KIF2C, DMC1,
IRGM’, $GO2, BUBI, CENPA, CENPH,
NEFM’, MAD2L1, SPC24, CDC45,
CDK11A, NUF2, PPP2R1B, SMC4,
CDC45, CDK1, CENPE, QIYNTJ3,
CENPM CENPF, CENPA, SMC2
SKA2, CCNB2,
ZWINT, NEK2,
CENPJ, MAD2LI1,
SPC24, CCNB2,
RBL1, CENPE,
CENPF, CENPA,
NCAPG, BUB1B,
TOP2A, SGO2,
HMMR, ESCO2,
POLE2, EMB,
CDKN1C
MALDI-MS RMI1 RBBPS8 RBBP8
Developmental biology, RNA-Seq KLK13 KLK13, KRT24, KLK13, KRT24,
Keratinization KRT26" ,KRTAP4- KRTS8 KRT7, SPINKS5,
16", KLK5, KRT24, KRTGA
KRT13 SPINKS,
KRT6A
MALDI-MS KRT7, KRT12 KRT3 KRT7, KRT12 KRT78 KRT78

Presented are genes/proteins with upregulated (FC of >1.5) or downregulated (FC of <0.5) expression/protein levels in the particular CE
regions of adults or adolescents with KTCN, attributed to biological pathways revealed as significant in pathway enrichment and hallmarks
analyses. In RNA-Seq we performed the differential expression analysis using limma package. Additionally, we calculated the expression of
genes [with a mean expression level of >1 transcript per million (TPM) from a particular pathway gene set, and defined it as significant
based on the following cutoffs: P < 0.05 (¢ test) and FC of >1.5 or <0.5. For MALDI-TOF/TOF tandem mass spectrometry data analyses,
we implemented mathematical algorithms (quick classifier [QC] and genetic algorithm [GA]) regarding CE samples of adults with KTCN and
controls, whereas discriminative peaks for CE samples of adolescents with KTCN (compared with controls) were calculated in JASP Software.
Extended list of pathways and genes of biological importance is presented in Supplementary Table S10.

MALDI-MS, MALDI-TOF/TOF Tandem Mass Spectrometry.

Bold text indicates the upregulated expression/level of gene/protein.

" Differentially expressed genes revealed using limma package.

T Genes involved in the regulation of gene expression by methylation.
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Ficure 5. Hypothetical mechanism of CE remodeling in KTCN (white vertical lines indicate boundaries of the corneal topographic regions).
In KTCN, the physiological conditions of cornea biomechanics, dynamic interactions of cells, and homeostasis of cytokines and growth
factors are disturbed. The progressive biomechanical weakening of the cornea, being a consequence of changes in collagen fibers and
other elements of extracellular matrix in the stroma, contributes to the additional tension of the cornea and results in increased posterior
elevation, anterior elevation, and keratometry as well as the decreased corneal thickness. The CE remodeling is triggered by constant
wounding stimulated by both eye rubbing and dysregulated immune responses. Simultaneously, the released growth factors, cytokines, and
products of neutrophil degranulation induce apoptosis, mesenchymal differentiation, and wound healing. Additional dysregulation of the
cell migration process causes a constant, instead of a transient, wound healing state. The initially protective inflammation contributes to
the progressive corneal weakening manifested by cone formation, which constitutes the most susceptible zone for further corneal injuries.
Intensified cell migration from the peripheral to the middle topographic region of CE and simultaneously reduced migration of cells from
middle to central topographic region, modifications of mitotic spindle’ orientation from horizontal to vertical, as well as changes in cell cycle
checkpoints, DNA repair, and apoptosis cause the accumulation of cells and increased epithelial thickness in the middle topographic region
of CE. Concurrently, these factors lead to decrease in the cell number and epithelial thickness in the central topographic region.

with KTCN, the relationships with clinical outcomes showed
the following expression products correlating with K1: ENO1
(K1; R = 0.51; P = 0.52) and CLTB (K1; R = 0.84; P = 9.2e-
05) (Fig. 4B).

Pathways and Genes of Biological Importance:
Abnormal Immune Responses, ECM Organization,
and Cell Cycle, and Mechanisms of CE Remodeling

Results of the transcriptomic and proteomic data consol-
idation are presented as 17 pathways’ branches in Table
4, and in the extended version of this table in Supple-
mentary Table S10 (28 pathways’ branches). Indicated path-
ways correspond with Supplementary Figure S6, as a visu-
alization of networks for particular topographic regions of
the CE. Deregulation of biological pathways such as IFN
alpha/beta signaling, IFN gamma signaling, and neutrophil
degranulation was revealed. Moreover, the decrease in
the elements of the ECM (integrin cell surface interac-
tion, collagen formation, and proteoglycans) was disclosed.
Cell cycle and transcription, as well as DNA repair, were
the processes substantially upregulated in the central
and middle CE regions of adolescent patients compared
with both adults with KTCN and controls. Combined
data regarding the selected distinguishing pathways,
together with the identified alternations are presented in
Supplementary Figure S7, and the remaining results are
compiled in Supplementary Figure S8. Additionally, the

discovered high-impact and missense variants revealed in
the four youngest patients with KTCN in our study group,
assumed to contribute to the molecular picture of KTCN
discussed here, in particular CE, are presented in Supple-
mentary Table S11.

The hypothetical mechanism of formation of the CE
doughnut, embracing elements of the corneal biomechan-
ical weakening, dysregulation of immune responses, and
altered cell migration, resulting in constant wounding and
wound healing of CE and remodeling of CE, are presented
and described in detail in Figure 5.

Di1scuUsSION

Thus far, pathological changes in the cornea during KTCN
development, leading to keratoconic cone formation, have
been explained frequently by the incorrect arrangement of
the stroma, and thus impairment of its physiological func-
tion.®®>° To compliment previous, solely clinical findings,
we delved into the corneal topograpbic regions of the KICN
cornea.

Discriminating Clinical Features, Epithelial
Dougbnut, and Corneal Topographic Regions

In line with previously reported epithelial thickness irreg-
ularity and asymmetry, as discriminating factors between
keratoconic and healthy eyes,’!:>> we found a decrease in the
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average epithelial thickness at the corneal apex in adults and
adolescents with KTCN compared with unaffected eyes. Our
finding of the most common cone locations in central tempo-
ral and inferior temporal, in both adults and adolescents with
KTCN, corresponds with previously described keratoconic
cones decentered to the inferior temporal location.>!+>3

On the maps of the epithelial thickness of our adult
and adolescent patients with KTCN, the central cone, which
is the thinnest region, was found to be surrounded by a
thickened middle region of full- or open-ring shape, which
has been reported and named as an epithelial dough-
nut.?15153 Despite that well-known pattern, aspects of clini-
cal, morphological, and molecular abnormalities in the CE
of patients with KTCN and especially in the topographic
regions of the CE have not been evaluated extensively. These
days, first experiments are being performed based on the
separation of corneal layers®> or single-cell approaches?
toward a more detailed assessment, but the design of
these studies have not reflected the KTCN-specific dough-
nut pattern.

Moving toward unraveling the novel mechanistic aspects
of KTCN development in the CE, we designated central,
middle, and peripheral topographic regions of the CE based
on the CE thickness irregularity observed in adults and
adolescents with KTCN, and we compared the obtained data
with the corresponding topographic regions of the CE in
controls to determine biological diversity. To date, there was
no KTCN study assessing three distinct topographic regions
of the CE based on the CE thickness maps. While in two stud-
ies the separation of two topographic regions, the conical
and nonconical zones has been implemented, the distinc-
tive pattern of the epithelial doughnut in KTCN has not
been evaluated.’*>® Molecular analyses restricted to selected
genes,’® no details of the clinical examination of control indi-
viduals,*® and lack of separation of control corneas into the
two examined cone and non-cone zones> were additional
limitations of these studies.

Morphological Diversity of the CE Topographic
Regions

Morphological examination of the CE samples of controls
showed a balance in the number of cells, confirmed by the
nuclei number measurements, between the particular fopo-
grapbic regions. In contrast with controls, in the CE samples
of patients with KTCN, an imbalance in the number and size
of nuclei, with the greatest increase of number and decrease
of size of nuclei in the middle CE region was observed. As
predicted, a decrease in nuclei number in the central region
of the CE was found. Morphological alterations were also
visible in the peripheral CE region, somewhat reminiscent of
the changes observed in the middle region, and in particular
as an increase in the number and a decrease in the size of
the cells. The identified features of the peripheral CE region
of patients with KTCN were not detectable in the epithelial
thickness mapping.

Deregulated Immune Responses in KTCN CE

Since 2017, we have been constantly confirming the hypoth-
esis that the deregulated pathways, and not the disturbance
of the expression of individual genes, constitute the molecu-
lar signature of KTCN.>!42% Consequently, here, by consol-
idation of multi-omic data, we demonstrated the overall
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upregulation in IFNs alpha/beta and gamma signaling in
both evaluated subgroups of patients with KTCN, which
corresponds with previous reports on cytokines profile in
the tear fluid.>”->® However, in addition to the IFNs, we
have found dysregulation of antigen processing and presen-
tation pathway and allograft rejection hallmark. Addition-
ally, the molecular changes found on genomic level indi-
cate a more complex inflammatory background in KTCN
as previously anticipated (Jaskiewicz et al. 2022, unpub-
lished data). The presence of variants in genes involved
in antigen processing and presentation (Jaskiewicz et al.
2022, unpublished data), together with the eye rubbing
and allergy, could contribute to chronic corneal epithelial
injury and trigger constant stimulation of wound healing in
KTCN, as previously suggested.”® In line with these results,
here we presented the decreased level of clusterin (CLU)
protein in the peripheral region of CE, which was previously
demonstrated to be repressed during closure of wounds in
tissue-engineered human cornea,”® and the increased level
of keratin 12 (KRT12) protein in the central region of CE,
earlier reported as an effect of repairing response after
injury.®!

Impaired Wound Healing Process in KTCN CE

Because of constant wounding and stimulation of wound
healing in KTCN,” and prolonged inflammation leading
even to corneal scarring and vision impairment,®? a properly
functioning repair mechanism is crucial to provide home-
ostasis in CE.% Here, the expression of genes involved in
response to wounding (ITGB1, LOX, CD44, PECAM1, DST,
DCN, B4GALT1, WNT5A, and TNFSRF12A) was identified
to be upregulated in the central and middle CE regions,
but downregulated in the peripberal region of KTCN CE,
suggesting that this process is differentially altered, depend-
ing on the region. Also, by combining the clinical and molec-
ular data, we revealed the correlation between posterior
corneal elevation and expression of the WK1 gene, which
was previously found to contribute to the healing of corneal
wounds in the tissue-engineered human cornea.®* Addition-
ally, in the peripberal region of CE of adults with KTCN, we
found downregulated expression of the HGF gene, which
could explain dysregulation of the migration of epithelial
cells® and corneal epithelial wound healing.®® Moreover, a
previously not reported in the CE pathology aspect concern-
ing the neutrophil degranulation pathway was found to be
upregulated in the central and middle regions of the CE,
but downregulated in the peripberal region of the CE of
adults with KTCN. The role of neutrophils in stromal wound
healing has been established previously.”” At this point,
we hypothesize that the observed dysregulation may be
an effect of the interplay of stromal and epithelial wound
healing rather than the infiltration of neutrophils into the
CE from the stroma. Moreover, the revealed single high-
impact sequence variants (CEP290, MMRN1, and FN1), and
missense variants (PECAM1, VWF, CD109, HRG, TLN1, HPSE,
EPO, SIGLEC10, DOCKS8, ERBB3, and AP3B1) in CE samples
of adolescents with KTCN (Jaskiewicz et al. 2022, unpub-
lished data) confirm the importance of this supposition,
as may have contributed to this molecular dysregulation
of wound healing, although we have not determined their
impact.

Because wound healing induces cell migration,®® its effi-
cacy could be also affected by the epithelial-mesenchymal
transition and cell-cell communications, including the
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cell—cell junctions and cell-ECM interactions.®® In the periph-
eral region of CE of adults with KTCN, we found decreased
expression of fibronectin (FNDC1), previously described
as contributing to the scaffold of ECM and reported to
be a mesenchymal marker.”” Additionally, the hallmark of
epithelial-mesenchymal transition was recognized to be
elevated in the central and middle CE regions of adults
with KTCN and in the central CE region of adolescents with
KTCN. Regarding the aspect of the cell-cell communications,
we revealed the upregulated pathways of tight and adher-
ent junctions’ organization in the middle CE region of adults
with KTCN. Also, the claudin-related genes’ expression was
mostly increased in the middle CE region of adults with
KTCN. Given both pro-proliferative and antiapoptotic func-
tions of these genes,”® this factor may explain the observ-
able morphological pattern of CE in the middle CE region in
patients with KTCN.

The cell-ECM interdependencies are another recognized,
crucial element of cell migration.”! The disruption of the
organization of ECM was one of the features previously
revealed in the transcriptome or pathways analysis in whole-
thickness corneas,?'# cultured stromal cells from KTCN
corneas,’? and now in CE of patients with KTCN. Here, the
downregulation of integrin cell surface interactions, colla-
gen formation, ECM proteoglycans, and degradation of the
ECM in the peripheral CE region of patients with KTCN
was revealed as the most significant finding. Moreover, in
the aspect of integrins-mediated cell adhesion to the ECM
substantial overlap between transcriptomic and genomic
findings (Jaskiewicz et al. 2022, unpublished data), which
emphasize the importance of these results. Summarizing
here, the revealed impaired ECM organization and cell—cell
communication in the central and middle CE regions of
adults with KTCN might cause the decreased epithelial cell
motility in these regions through deregulation of cells migra-
tion, as previously found in rabbit normal corneas,®® and
corneal epithelial cell line.”> Downregulated expression of
cadherin CDH13 taken together with the decreased levels
of ENOI1 protein (as elements of cell adherent junctions)
and WNK4 protein (as an element of tight junctions) in the
peripberal region, could intensify cell migration from the
peripheral to middle CE region, leading to an accumula-
tion of cells in the middle region of the CE and forming
the aforementioned doughbnut pattern. Also, based on the
obtained results, we take into consideration that the dough-
nut pattern may result from an alteration in the cells’ prolif-
eration and cell cycle progression through the upregulation
of apoptosis, G2M checkpoints, and DNA repair pathways
in the central and peripheral CE regions. Additionally, in
the aspects of cell proliferation, we found the upregulated
hallmark of the mitotic spindle in all the fopograpbic regions
of adults with KTCN and in the central region of adolescents
with KTCN. Previously, the vertical and horizontal orienta-
tion of the mitotic spindle has been described in normal
CE as a feature possibly influencing both cell migration and
cell division.”* Delving into the genetic aspects we identi-
fied high impact variants in INSC gene in CE samples of
adolescents with KTCN (Jaskiewicz et al. 2022, unpublished
data), which is involved in spindle orientation during mito-
sis.”” However, we have no evidence to verify the observ-
able increase in the number of cells in the middle region
compared with the central and peripheral region of CE, and
to confirm whether it is a result of an increased prolifer-
ation of cells or their arrest at a given stage of the cell
cycle.
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Dysregulated Gender-related Pathways

We also focus on sex hormones, which were reported as the
players in epithelial-mesenchymal transition,”® cytoskeleton
modulators,”” and transcriptional activators.”®”? The influ-
ence of gender on expression of more than 600 genes in
CE of unaffected individuals®® and patients with KTCN>’
was previously reported. Because such gender depen-
dence embraces the genes responsible for cell growth,
migration, and proliferation, we limited our further anal-
yses to males instead of discriminating off all genes with
gender-dependent expression. Regardless of the fact that
female patients were excluded from molecular analyzes, we
observed disturbances in hormone-related pathways, with
the activated PKN1 stimulates transcription of androgen
receptor regulated genes KLK2 and KLK3 pathway as the
most upregulated in the CE of patients with KTCN.

Impact of the Stage of Progression in KTCN,
Indicators, and Translational Relevance

Because the same morphological abnormalities of the CE
were demonstrated in adults and adolescents with KTCN,
to differentiate these patients’ subgroups the transcriptomic
and proteomic features together with clinical findings were
evaluated, also in direction of identification of KTCN-specific
indicators. In the comparison between adolescents and
adults, the enrichment in transcription and mitosis path-
ways in adolescents were revealed, whereas other features
were specific for adults with KTCN, including the ECM
organization, epithelial-mesenchymal transition, inflamma-
tory response, and TGF-f signaling. We noticed significantly
higher values of posterior elevation in adults with KTCN in
comparison with adolescents with KTCN.

Although the difference in the posterior elevation
between adults with KTCN and adolescents with KTCN may
be explained by the CXL procedure performed before the
advanced stage of pediatric KICN owing to the high risk
of rapid progression,®-8 the clinical-transcriptomic corre-
lations found in this study allowed us to point to the KTCN
indicators. Because posterior elevation has been reported
as a strong discriminating factor of normal and KTCN eyes
allowing the diagnosis before a patient becomes symp-
tomatic,** and we pointed to the correlations of clinical
and transcriptomic elements, the latter might be of trans-
lational relevance. For example, we can apply a noninva-
sive method, an impression cytology, to harvest CE cells.
Here, we demonstrated a significant negative correlation
between the expression of proapoptotic TCHP® regulat-
ing cell migration SPATA13° promitotic CNOT3,5” wound
healing-related WNK1,* cells’ growth affecting TGFB2,%®
involved in CE organization KRT12,* and the value of poste-
rior corneal elevation. We also found other correlations of
clinical-transcriptome elements that, however, do not differ-
entiate adults and adolescents with KTCN. The expression of
ENOI1 involved in allergic responses®® and CLTB involved in
clathrin-dependent endocytosis’! showed a strong positive
correlation with the K1 value.

Mechanism of CE Remodeling in KTCN

Finally, summarizing all the findings, we propose the mech-
anism of cell and molecule migration in the three topo-
graphic regions leading to CE remodeling. Under physio-
logical conditions, the proper dynamics of cells, cytokines,
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growth factors, and lipids between the epithelium and the
stroma promote epithelial integrity and protective inflam-
mation, as well as limiting corneal fibrosis.”>* In KTCN, the
physiological conditions of cornea biomechanics, dynamic
interactions of cells, and homeostasis of cytokines and
growth factors are disturbed. In KTCN, the progressive
biomechanical weakening of the cornea, being a conse-
quence of changes in collagen fibers and other elements of
extracellular matrix in the stroma, contributes to the addi-
tional tension of the cornea and results in increased poste-
rior elevation, anterior elevation, and keratometry, as well
as decreased corneal thickness.”*** The contribution of CE
to the overall biomechanical properties of the cornea has
been confirmed in studies showing the association between
corneal stiffness parameters A1 and corneal epithelial thick-
ness®’ or even removal of epithelium.”> Interestingly, in
KTCN the CE is able rebuild in response to underlying stro-
mal irregularities, allowing the creation of a symmetrical
optical surface.>>%® This remodeling is triggered by constant
wounding stimulated by both eye rubbing and dysregu-
lated immune responses. Disturbance of the immunological
homeostasis may cause stimulation of the keratocyte into
myofibroblast, due to a release of TGF-82 from CE cells,”’
whereas loosing of TNF-« expression in stromal cells results
in thinning of CE.”? The released growth factors, cytokines,
and products of neutrophil degranulation induce apoptosis,
mesenchymal differentiation, and wound healing. Neverthe-
less, additional dysregulation of the cell migration process
causes a constant, instead of a transient, wound healing state.
Initially protective inflammation contributes to the progres-
sive corneal weakening manifested by keratoconic cone
formation, which is the most susceptible zone for further
injuries. Intensified cell migration from the peripheral to
the middle topographbic region of CE and simultaneously
decreased migration of cells from middle to central topo-
grapbic region and modification of mitotic spindle orienta-
tion from horizontal to vertical, as well as changes in cell
cycle checkpoints, DNA repair, and apoptosis, cumulatively
cause the accumulation of cells and increased epithelial
thickness in the middle topographic region of CE. Concur-
rently, these factors lead to a decrease in the cell number
and epithelial thickness in the central topographic region.

Taking into account the multiple molecular and isolated
clinical differences between adults and adolescents with
KTCN, the disease duration and the likely sequence of
changes in the layers of the cornea during disease devel-
opment (changes in the posterior surface of the cornea are
the earliest observed feature of KTCN'?), we concluded that
the recognized correlations of posterior elevation and tran-
scriptome features might have translational relevance. In our
study, the doughnut pattern of the CE was observed in both
subgroups of patients with KTCN; therefore, we assume that
morphological compensation of CE occurs quickly after the
first lesions of the posterior surface of the cornea, which is
in line with previous data.!'!> Subsequently, further progres-
sion of KTCN in adults, as the increased steepening of poste-
rior surface curvature leading to aggravating of cornea’s
properties, results in increased biomechanical and molec-
ular interactions between the stroma and epithelium.

We are aware of the limitations of our study. It is not
possible to obtain the CE from healthy individuals for
research purposes; this is why patients with mild myopia
undergoing the PRK surgery as non-KTCN controls were
ascertained, as previously practiced by Pahuja et al.,>® You et
al.,”> and Karolak et al.*? Moreover, obtaining the CE samples
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from the control individuals toward transcriptomic assess-
ment was especially challenging, because this type of mate-
rial could be collected during a PRK procedure only, which
nowadays is rarely performed, having been replaced with
the newer techniques of vision correction in which the CE
is not removed. The PRK procedure is performed only in
adult individuals and this fact also results in the lack of age-
matched controls in analyzes embracing adolescents with
KTCN. We were able to collect only the samples of CE; there-
fore, our suggestions regarding the interaction between CE
and subsequent corneal layers are based only on clinical data
and need to be verified in further study involving both CE
and stroma samples. More men than women were identi-
fied in the examined study subgroups, which is in line with
the predominance of male patients among 110 individuals
undergoing the CXL procedure in 2020 through 2022 in the
Optegra Clinic (19 female and 91 male patients, unpublished
data, Dr. Maleszka-Kurpiel, personal communication), and
with other reports.”8-1%

To conclude, we found characteristic and distinguish-
ing features for particular CE topographbic regions in KTCN,
pointing to their involvement in the stated mechanism of
CE remodeling. The revealed changes in the CE molecu-
lar profiles are a consequence of the progression of KTCN
rather than the cause of the disease. The presented molec-
ular, morphological, and clinical evidence supports our
hypotheses regarding the impaired wound healing in KTCN,
the disturbed epithelial-stromal interactions, and biome-
chanical compensation of the posterior corneal surface.
Importantly, the clinical-molecular indicators identified here
are the measurable findings related to KC pathogenesis.
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