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1 | INTRODUCTION

Congenital aniridia is a rare disease of the eye with an in-
cidence of 1:100000. It is a bilateral disease, which affects
almost all eye structures (Hingorani et al., 2012). The oc-
ular signs of congenital aniridia are aniridia associated
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Purpose: Congenital aniridia is a rare disease, which is in most cases related to
PAX6 haploinsufficiency. Aniridia associated keratopathy (AAK) also belongs
to ocular signs of congenital aniridia. In AAK, there is corneal epithelial thin-
ning, corneal inflammation, vascularization and scarring. In advanced stage
AAK, typically, conjunctival epithelial cells slowly replace the corneal epithe-
lium. Based on previous results we hypothesize that alterations of the conjuncti-
val cells in congenital aniridia may also support the corneal conjunctivalization
process. The aim of this study was to identify deregulated proteins in conjuncti-
val impression cytology samples of congenital aniridia subjects.

Methods: Conjunctival impression cytology samples of eight patients with
congenital aniridia [age 34.5+9.9 (17-51)years, 50% female] and eight healthy
subjects [age 34.1+11.9 (15-54) years, 50% female] were collected and analysed
using mass spectrometry. Proteomic profiles were analysed in terms of molecu-
lar functions, biological processes, cellular components and pathway enrich-
ment using the protein annotation of the evolutionary relationship (PANTHER)
classification system.

Results: In total, 3323 proteins could be verified and there were 127 deregulated
proteins (p<0.01) in congenital aniridia. From the 127 deregulated proteins
(DEPs), 82 altered biological processes, 63 deregulated cellular components, 27
significantly altered molecular functions and 31 enriched signalling pathways
were identified. Pathological alteration of the biological processes and molecu-
lar functions of retinol binding and retinoic acid biosynthesis, as well as lipid
metabolism and apoptosis related pathways could be demonstrated.
Conclusions: Protein profile of conjunctival impression cytology samples of an-
iridia subjects identifies alterations of retinol binding, retinoic acid biosynthe-
sis, lipid metabolism and apoptosis related pathways. Whether these changes
are directly related to PAX6 haploinsufficiency, must be investigated in further
studies. These new findings offer the possibility to identify potential new drug
targets.
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keratopathy (AAK), secondary glaucoma, cataract,
macular and optic nerve head hypoplasia (Thnatko
et al., 2013). In more than 90% of the cases, the cause of
this panocular disease is PAX6 haploinsufficiency.

In AAK, there is corneal epithelial thinning, corneal
inflammation, vascularization and scarring (Thnatko
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et al., 2013). So far, it has not been clarified whether the
development of an AAK is a consequence of the progres-
sive limbal stem cell insufficiency, or is rather related
to other factors (Lagali et al., 2013; Latta, Figueiredo,
et al., 2021; Latta, Knebel, et al., 2021; Latta, Ludwig,
et al., 2021). Typically, conjunctival epithelial cells slowly
replace the corneal epithelium, in advanced AAK stages
(Puangsricharern & Tseng, 1995). One hypothesis is that
the limbus is losing its natural ability to form a barrier
between the conjunctiva and the cornea, which results
in corneal conjunctivalization (Secker & Daniels, 2009).
Nevertheless, based on results of our previous study, we
also hypothesize that alterations of the conjunctival cells
in congenital aniridia may also support the conjunctival-
ization process (Katiyar et al., 2021; Latta, Figueiredo,
et al., 2021; Latta, Knebel, et al., 2021; Latta, Ludwig,
et al., 2021).

As congenital aniridia is a rare disease, very often
only a small amount of tissue or sample material is avail-
able for analysis. Nevertheless, it is important to exam-
ine as many different sample sources as possible and thus
systematically investigate the causes of the disease.

Thnatko et al. (2013) analysed protein expression in
tear fluid of aniridia subjects by mass spectrometry and
revealed an increased zinc-a2-glycoprotein and lacto-
ferrin and a decreased a-enolase, peroxiredoxin 6, cys-
tatin S, gelsolin and apolipoprotein A-1 protein level.
Another study verified involvement of the conjunctiva
is the disease process and described that these conjunc-
tival changes deregulate numerous genes at mRNA
level (Latta, Figueiredo, et al.,, 2021; Latta, Knebel,
et al., 2021; Latta, Ludwig, et al., 2021). Latta et al. de-
tected changes in miRNAs and transcripts regulating
retinoic acid metabolism in conjunctival cells of aniridia
subjects (Latta, Figueiredo, et al., 2021; Latta, Knebel,
et al., 2021; Latta, Ludwig, et al., 2021). Based on these
findings, it is known, that ocular surface changes in con-
genital aniridia are not only restricted to AAK, but there
are also additional changes in the conjunctival epithe-
lium. An additional important point is, that removal of
conjunctival cells using impression cytology means no
pain and nearly no risk for the patients, in contrast to
potential difficulties regarding corneal impression cytol-
ogy samples. However, this has not been further anal-
ysed at transcriptional level. Nevertheless, analysing the
overlap of deregulated genes and proteins would allow
us to draw conclusions about the pathogenesis of the

TABLE 1
Lagali et al. (2020).

disease and the related treatment options. It is of partic-
ular interest to know, which genes, proteins, and signal-
ling pathways are affected in case of congenital aniridia.

Our purpose was to analyse protein expression in con-
junctival cells of aniridia patients and healthy controls,
using mass spectrometry.

2 | MATERIALS AND METHODS

2.1 | Patient and subject samples

This study was approved by the Ethics Committee of
Saarland/Germany (No 110/17) and followed regulations
of the Declaration of Helsinki. Informed written consent
was obtained from all participants.

Eight aniridia subjects [age 34.5+9.91 (17-51)years,
50% female] and eight healthy subjects [age 43.1+11.9
(15-54)years, 50% female] have been recruited from the
Department of Ophthalmology, Saarland University
Medical Center, Homburg/Saar, Germany. Demographic
data of all congenital aniridia and healthy subjects are
displayed in Table 1. Conjunctival samples have been
collected using EYEPRIM™ (Opia, Paris, France), from
these 16 subjects. Thereafter, the samples were directly
transferred into Lysis Buffer, provided by the DNA/
RNA/Protein Purification Plus Micro Kit (Norgen
Biotek Corp., Canada) and were stored at —80°C until
RNA and protein extraction.

2.2 | Protein extraction

Proteins were extracted using the DNA/RNA/Protein
Purification Plus Micro Kit (Norgen Biotek Corp.), ac-
cording to the manufacturer's protocol.

2.3 | Protein measurement

For mass spectrometric analysis and Western Blot,
protein quantity was determined as duplicate using
Bradford assay, with bovine serum albumin as a stand-
ard. The measurements were performed following the
manufactures' protocols (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany). The absorbance was measured at
595nm and the concentrations were quantified.

Demographic data of aniridia and control subjects. The aniridia associated keratopathy (AAK) grading used classification of

AAK grade right eye/left

Subject number Sex Age eye Control Sex Age
AN2 M 42 2/3 Ctrl F 32
AN4 M 51 5/4 Ctr3 E 29
ANG6 F 35 4/4 Ctr5 M 27
ANS F 33 No information Ctr7 M 15
ANI0 M 26 4/4 Ctr9 F 51
ANI12 I5i 30 1/1 Ctrll M 54
AN14 F 17 2/2 Ctrl3 F 31
ANI16 M 42 No information Ctrl5 M 34
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2.4 | Mass spectrometric analysis of lysates of
conjunctival cells from aniridia patients and
control subjects

In this study, 20 ug of protein lysates were denaturated
for 20min at 60°C in denaturing sample buffer (final
concentration: 60mM Tris HCI, pH6.8, 4% SDS, 10%
glycerol including 0.72M f-mercaptoethanol). Lysates
were shortly separated on NuPAGE® 4-12% gradient
gels (ThermoFisher Scientific, Karlsruhe, Germany)
until the bromophenol dye front migrated ~1.5cm
into the gel. After gel fixation (40% ethanol and 10%
acetic acid) for 30min proteins were visualized with
colloidal Coomassie stain [20% (v/v) methanol, 10% (v/v)
phosphoric acid, 10% (w/v) ammonium sulphate, and
0.12% (w/v) Coomassie G-250]. Four gel pieces were cut,
washed, reduced, carbamidomethylated, and trypsin
digested as described (Fecher-Trost et al., 2013). After
extraction, 6 pL of tryptic peptides from each band were
analysed by data-dependent nano-LC-ESI-HRMS/MS
analysis. The setup contained an Ultimate 3000 RSLC
nano LC equipped with an Ultimate3000 RS autosampler
coupled to a Thermo Scientific Orbitrap Eclipse Tribrid
mass spectrometer (Thermo Scientific). Peptides were
separated with a gradient generated with buffer A (0.1%
formic acid) and buffer B (90% acetonitrile and 0.1%
formic acid) at a flow rate of 300nL/min: 0—5min 4%
B, 5-80min to 31% B, 80-95min to 50% B, 95-100min
to 90% B, 100-105min hold 90% B, 105-106min to
4% B and 106-120min to 4% B. Tryptic peptides were
trapped on a CI8 trap column (75pmXx2cm, Acclaim
PepMapl00CI8, 3pum), and separated on a reverse phase
column (nano viper Acclaim PepMap capillary column,
C18; 2pm; 75pmx=50cm). The effluent was sprayed
into the mass spectrometer using a coated emitter
(PicoTipEmitter, 30pm, New Objective, Woburn, MA,
USA, ionization energy: 2.4keV). MS! peptide spectra
were acquired using the Orbitrap analyser (R=120k, RF
lens=30% m/z=375-1500, MaxIT: auto, profile data,
intensity threshold of 104). Dynamic exclusion of the 10
most abundant peptides was performed for 60s. MS?
spectra were collected in the linear ion trap (isolation
mode: quadrupole, isolation window: 1.2, activation:
HCD, HCD collision energy: 30%, scan rate: fast, data
type: centroid).

2.5 | Raw data analysis of mass
spectrometry results

Peptides and fragments were analysed using the TF
ProTEOME Discoverer (PD) 1.4 software (ThermoFisher,
Waltham, USA) using a MascoT algorithm (Matrix
Science). Briefly, peptides were matched to tandem
mass spectra by mascot version 2.4.0 by searching of a
SwissProT database (version2021_05, number of protein
sequences for all taxonomies: 564.638, for taxonomy
human: 20.397). Peptides were analysed with the follow-
ing mass tolerances: peptide tolerance: 10 ppm, fragment
tolerance: 0.7 D. The PD workflow included tryptic di-
gest and we allowed for up to two missed cleavage sites.

Cysteine carbamidomethylation was set as a fixed modi-
fication and deamidation of asparagine and glutamine,
acetylation of lysine, and oxidation of methionine were set
as variable modifications. The MmaAscoT output files (.dat)
were loaded in the software ScarroLp (4.11.1, Proteome
Softwarelnc., Portland, OR, USA) and spectra from the
four separate gel bands belonging to one sample were com-
bined with multidimensional protein-identification tech-
nology (MudPIT). Peptide identifications were accepted
if those could be established at greater than 91.0% prob-
ability to achieve an FDR <0.02% by the ScarroLD LocAL
FDR algorithm. Protein identifications were accepted if
those could be established at greater than 98.0% prob-
ability to achieve an FDR <4.4% and contained at least
two identified peptides. Protein probabilities were calcu-
lated using the PROTEIN PROPHET algorithm (Nesvizhskii
et al., 2003). Semi-quantitative analysis of the 16 patient
samples was performed with ScarroLD based on spectral
counting, using the same in the static and variable peptide
modifications as in the PD search. One patient sample
consists of four separate MS measurements, which were
combined by multiplexing; altogether we made 64 MS
sample runs for this study. Protein normalization was not
applied to any values. For further analysis, the data were
exported from ScarroLD to Excel.

2.6 | Bioinformatics

The gene ontology was analysed by the protein
annotation of the evolutionary relationship (PANTHER)
classification  system  (https:/www.pantherdb.org)
regarding molecular functions, cellular components,
biological processes and reactome pathway enrichment
analysis of deregulated proteins using the list of
deregulated proteins with a p-value <0.01, as input list.
To demonstrate biological variances between samples,
heat maps were created using MorpHEUS (http://software.
broadinstitute.org/morpheus).

2.7 | Validation of deregulated proteins using
Western blot

To validate protein expression, obtained from mass-
spectrometry, PAX6, ADH7 and CRABP2 Western blot
(WB) analysis has been performed, using 20 pg protein of
the respective sample. The same samples have been used
for mass-spectrometry and WB analysis.

PAX6 antibodies have been purchased from Sigma-
Aldrich, ADH?7 antibodies from Fisher Scientific
(ThermoFisher Scientific™ GmbH, Dreieich, Germany)
and CRABP2 from Abcam (Abcam, Berlin, Germany).

After boiling the samples for Smin at 95°C, pro-
teins were separated using NuPAGE™ bis-tris pre-
cast 4%—12% gels (ThermoFisher Scientific™ GmbH).
Following protein separation, the proteins were trans-
ferred onto a nitrocellulose membrane with the Trans
Blot Turbo Transfer System (BioRad, Hercules, CA,
USA). Following blotting procedure, membranes were
incubated with No-Stain™ Protein Labeling Reagent
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(ThermoFisher Scientific™ GmbH). No-Stain™
Protein Labeling Reagent was used to visualize pro-
teins on the membrane and to perform a total protein
normalization, instead of a reference protein. Without
additional destaining steps, primary antibodies were
diluted in WesternFroxx anti-rabbit HRP solution,
containing blocking reagent and secondary antibody
(BioFroxx GmbH, Einhausen, Germany) and were
added to the membrane, which was incubated over-
night at 4°C. Visualization was performed using an
imaging system (iBright, Thermo Fisher Scientific,
Darmstadt, Germany). The IBRIGHT software performs
densitometry on the No-Stain fluorescence of each
lane's total protein and assigns a normalization fac-
tor of 1.0 of a chosen lane. The densitometric values
of each lane were compared and each lane received an
own normalization factor (Diller et al., 2021).

2.8 | Statistical analysis for Western
blot evaluation

For statistical analysis, the GRAPHPAD Prism 7.04 was
used. Statistical analysis was performed using an un-
paired #-test to compare both groups. p Values below
0.01 were considered statistically significant.

3 | RESULTS

3.1 | Proteomics data
Figure 1 summarizes our workflow and explains all the
performed procedures more in detail.

We used a high-resolution mass spectrometric ap-
proach to investigate the protein expression profiles of
conjunctival cells from control and aniridia patients. A
total of 3323 human proteins were identified in both pa-
tient groups (Figure 2a; Table S1). In this study, 3142 pro-
teins were detected in the conjunctival cells of aniridia
patients, whereas 2438 proteins were identified in control
patient samples (aniridia patients, n=8, control patients,
n=_8). Among the 3142 proteins identified in the aniridia
patients, 885 were detected exclusively in this group,
although equal amounts of protein were used as input
and comparable numbers of MS spectra were measured
within both sample groups. Table S1 displays a list of all
detected proteins, a list of proteins exclusively detected
in aniridia samples and a list of proteins exclusively
detected in control samples. Using a cut off of p<0.01,
127 proteins were indicated as differentially abundant
(Figure 2b). We next compared the semi-quantitative
protein abundance of all proteins in the lysate by com-
paring the spectra counts of identified tryptic peptides

Study workflow

Conjunctival samples
using EYEPRIM™

8 8

control group Aniridia group
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>

nano-LC-ESI-HRMS/MS

©
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FIGURE 1

Scheme of nano-LC-ESI-HRMS/MS. Following sample collection, proteins were extracted, quantified and fractionated. After

cleaning steps, samples were analysed by data-dependent nano-LC-ESI-HRMS/MS analysis. Peptides and fragments were analysed using
the TF ProTEOME DiscoverRER (PD) 1.4 software using a MascoT algorithm (Matrix Science). The mascot output files (.dat) were loaded in the
software ScAFFOLD and sPECTRA from the four separate gel bands belonging to one sample were combined with multidimensional protein-
identification technology (MudPIT). For further analysis, the data were exported from ScarroLD to Excel and heatmaps, pathway analysis,
enrichment analysis were for data interpretation. (Created with BioRender.com).
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FIGURE 2 Proteins identified by nano-LC-MS/MS and differentially expressed proteins in aniridia and control conjunctival cells. The
Venn diagram shows the number of MS identified proteins in protein lysate fractions from aniridia (n=8) and healthy control (n=38) subjects.
Overall, 3142 proteins were analysed in the conjunctival cells of aniridia patients, whereas 2438 proteins were identified in control samples (a).
The volcano plot of p-value versus log,-fold change (total spectra counts, semi-quantitative) summarizes the proteins differentially expressed
in conjunctival cells of aniridia patients (b). Proteins are significantly (two-tailed Student's z-test, p<0.01) more abundant (upper-right) or less
abundant (upper-left) in aniridia sample cells, in comparison to control cells. A complete list of proteins is summarized at Table S1.

(Figure 3). Total spectra of proteins identified by nano-
LC-HR-MS/MS analysis are displayed from PAX6 and
ADH7, CRABP2 and RBPI1 as representative examples
of deregulated proteins in Figure 3a—-d.

Table S2 displays a list of all detected proteins, and a
list of proteins belonging to different p-values.

Setting the final cut off for p-value <0.01, 127 pro-
teins were used for enrichment analysis for biological
processes, molecular function, cellular components and
pathway analysis using the PANTHER classification
system. From the 127 deregulated proteins (DEPs), 82 al-
tered biological processes, 63 deregulated cellular com-
ponents, 27 significantly altered molecular functions
and 31 enriched signalling pathways were identified. The
detailed list is shown at Table S3.

The valine catabolic process, the lipoprotein cata-
bolic process, the branched-chain amino acid metabolic
process, and the retinoic acid metabolic process have
been identified between the 10 most deregulated biolog-
ical processes (Figure 4a). For cellular components, the
DEPs associated with aniridia were primarily enriched
in mitochondrial complex and tricarboxylic acid (TCA)
cycle enzyme complexes (Figure 4b). The most import-
ant molecular functions of the identified DEPs were
porin activity, palmitoyl hydrolase activity and retinol
binding (Figure 4c).

To provide insight into biological pathways associated
with deregulated proteins identified in conjunctival cells
of aniridia patients, reactome pathway analysis has been
chosen, using the PANTHER classification system (version

17). The results indicated that apoptosome related path-
ways and pathways concerning amino acid catabolism
were predominantly enriched (Figure 4d).

We have plotted the DEPs with a p<0.01 (127 proteins)
in a heat map to demonstrate the distribution of up- and
downregulated proteins in aniridia patients (Figure 5).

To determine whether the deregulated mRNAs from
our previous study were also reflected in deregulated pro-
teins of the current study, we performed an overlap anal-
ysis using VENNY (https:/bioinfogp.cnb.es/tools/venny/
index.html). For this analysis, for a better comparison
to our previous study (Latta, Figueiredo, et al., 2021;
Latta, Knebel, et al., 2021; Latta, Ludwig, et al., 2021),
we set a cut off p<0.05 and FC<0.5 and >2 for both an-
iridia and control groups. We compared 511 deregulated
mRNAs with 255 deregulated proteins. An overlap anal-
ysis of 511 deregulated mRNAs and 255 deregulated pro-
teins revealed 12 overlaps (Table 2). In addition, in case
of upregulated mRNAs, there were always upregulated
proteins, and in case of downregulated mRNAs, there
were always down-regulated proteins. Among these 12
overlaps were retinol-binding protein 1 (RBP1; FC=14,
p=0.00069), cellular retinoic acid binding protein 2
(CRABP2; FC=3.7, p<0.0001) and aldehyde dehydroge-
nase 7 (ADH7; FC=0.5, p=0.0068).

Western blot analysis was done as an independent
method for protein validation, to detect the expression
of PAX6, ADH7 and CRABP2 in patient samples (see
Figure S1). Western blot signals were obtained for ADH7
and PAX6, and densitometric analysis showed that
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FIGURE 3 Comparison of individual protein expression levels in conjunctival cells of control and aniridia patients. The number of
total tryptic spectra identified by nano-LC-HR-MS/MS analysis are displayed from PAX6 and ADH7, CRABP2 and RBPI as representative

examples of deregulated proteins (a—d).

expression levels did not differ between the two groups.
CRAPBP2 protein was not detectable in conjunctival
cell lysates by western blot analysis, whereas it was un-
ambiguously identified by MS/MS analysis.

4 | DISCUSSION

The present study identified proteins from conjunctival
impression cytology samples of aniridia subjects using
high-resolution mass spectrometry (nano-LC-HR-MS/
MS). Protein analysis is a useful tool to identify poten-
tial treatment targets. Patient samples display more the
real situation, than cell or animal models, which can
only provide an approximation. Based on these data,
we may be able to reveal the potential causative fac-
tors of AAK development and thus may be able to pro-
vide possible treatment options for patients with AAK.
Since we know from our previous study, that there are
also pathological changes of the conjunctival epithe-
lium in aniridia patients, we aimed to analyse the pro-
teome of conjunctival impression cytology samples of
the same subjects, in the current study.

Impression cytology is a technique used for the evalu-
ation of several ocular surface disorders like keratocon-
junctivitis sicca, cicatricial pemphigoid, atopic diseases

or limbal stem cell deficiency. It could be observed that
in advanced AAK stages the corneal epithelium pos-
sesses a more conjunctival phenotype. Therefore, it may
be difficult to differentiate between conjunctival and
corneal epithelium.

The analysis of the current study resulted in the iden-
tification of a total of 3323 proteins and with a cut off
p-value of <0.01, 127 proteins could be identified which
are significantly deregulated in aniridia samples in com-
parison to controls. The identification of pathological
alterations of the biological processes and molecular
functions annotated in the Gene Ontology (GO), re-
vealed alterations in lipoprotein catabolic processes,
retinol binding functions, retinoic acid biosynthesis and
defective intrinsic pathways for apoptosis for the 127
proteins, among others.

Under the 10 most deregulated biological processes
analysed in the current study are protein depalmitoyla-
tion, branched-chain amino acid catabolism, and reti-
noic acid biosynthesis. Due to the increased catabolism
of branched-chain amino acids in conjunctival cells of
aniridia subjects, there could be alterations in fatty acid
synthesis. Valine and leucine are in particular essential
for this synthesis (Bishop et al., 2020) and lipids are nec-
essary in order to recruit vesicle membranes during pro-
tein transportation from the endoplasmic reticulum to
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FIGURE 4 Profiling of the 10 most deregulated proteins (DEPs) in conjunctival epithelial cells of aniridia patients. The gene ontology
categories of DEPs are (a) biological processes, (b) cellular components and (c) molecular functions. The 10 most enriched pathways are

displayed in (d), using Reactome Pathway Database.

the Golgi apparatus. It is assumed that the composition
of these lipids can regulate vesicle transport (Bonifacino
& Glick, 2004). Cycles of depalmitoylation provide a
mechanism for membrane sampling and trafficking of
peripheral membrane proteins to the plasma membrane
and are responsible for central regulators of cell growth
and organization (Won et al., 2018).

Membrane lipids are constructed of fatty acids. These
are required for cell and vesicle membranes, which trans-
port proteins from the endoplasmic reticulum to the
Golgi complex (Bonifacino & Glick, 2004). The Gene
ontology of the DEPs of conjunctival epithelial cells of

aniridia patients indicated that some cell structures or
cell components were altered in this disease. These in-
clude the mitochondrial prohibiting complex, and the
tricarboxylic acid cycle (TCA cycle), which is directly
related to various metabolic signalling pathways. The
TCA cycle is a key metabolic pathway that connects car-
bohydrate, fat and protein metabolism (Martinez-Reyes
& Chandel, 2020).

The reactome pathway enrichment analysis showed
that under the 10 most enriched pathways the carnitine
synthesis and the defective intrinsic pathway of apop-
tosis are altered. Carnitine is induced in antiapoptotic
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FIGURE 5 Heatmap reporting semi-quantitative analysis of
proteins identified by mass spectrometry in conjunctival cell lysates
of control and aniridia patients. The Z-scores of total spectral
counts (PSM) summarized from eight individual samples/group
(AN=aniridia, ctr=control) are shown. Deregulated proteins with

a p-value <0.01were used for analysis. Rows are identified by Entrez
gene names. Intensities are shown by a colour range, from red (row
max) to white (row average) and to blue (row minimum). The graphic
was assessed by the software MorpHEUS (http://software.broadinsti
tute.org/morpheus).

processes like inhibition of oxidative stress induced apop-
tosis in corneal epithelial cells (Khandekar et al., 2013). It
is known that aniridia epithelial cells show an increased
apoptosis rate (Calvao-Pires et al., 2014). Thnatko et al.
(2013) assumed that in corneal epithelial cells of aniridia
patients the increased oxidative stress resulted in in-
creased apoptosis and abnormal wound healing (Thnatko
et al., 2013). If several signalling pathways are altered,
this certainly leads to increased cell stress and thus to
an increased apoptosis rate. In PAX6"" mice, corneas
showed higher rates of apoptotic stromal cells compared
to wild-type mice (Ramaesh et al., 2006). We may sum-
marize that in conjunctival cells of aniridia patients the
apoptotic processes are also activated.

Using the criteria p<0.01 and FC <0.5|>2, our study
revealed that the most upregulated protein is retinol
binding Protein 1 (RBP1; FC=14.0).

RPBI binds to retinol and prevents retinoids from
being non-specifically oxidized. RPBI1 then transports
the retinoids for further synthesis into retinoic acid (Yu
et al., 2022). In PAX6™" mice RBPI was found to be ex-
pressed at low levels (Holm et al., 2007). Interestingly, in
our current study, we demonstrate the opposite expres-
sion in PAX6 haploinsufficient aniridia patients. This
may happen due to the counter-regulation of the remain-
ing PAX6 gene, nevertheless the question remains, why
an increased RBP1 expression is required. To answer this
question, further research needs to be conducted.

Under down-regulated proteins the Rho GTPase-
activating  protein35 (ARHGAP35) (FC=0.001),
neprilysin (MME; FC=0.2), and all-trans-retinol dehy-
drogenase 7 (ADH7; FC=0.5) have been verified.

ARHGAP35 is fundamental in eye development and
responsible for ocular disorders like microphthalmia
and anophthalmia (Reis et al., 2023). It plays a role in
cell migration, invasion and division and can directly
regulate the cytoskeleton reorganization. A decreased
ARHGAP35 level is correlated with a decreased E-
cadherin level, which is associated with a decreased
cell survival (Sun et al., 2022). Neprilysin, or MME, is
a membrane metallo-endopeptidase and its expression
is elevated in kidney biopsies of patients with chronic
kidney disease, which is associated with kidney fibrosis.
Inhibition of neprilysin can lead to reduced levels of in-
flammation related markers like TNF-a, IL-1p and IL-6
(Lai et al., 2023). As mentioned before, ADH7 is reduced
in aniridia limbal epithelial cells and contributes to reti-
nol oxidation. The enzyme encoded by the ADH7 gene is
most active as a retinol dehydrogenase; thus, it may par-
ticipate in the synthesis of retinoic acid, which is import-
ant for cellular differentiation, which has been shown to
be pathologically altered in aniridia corneal epithelial
cells and affected by PAX6 (Collinson et al., 2004).

Patients with congenital aniridia almost all develop
AAK in the course of the discase. AAK severity cor-
relates with degradation of palisade structures and there-
fore, with limbal stem cell deficiency (Lagali et al., 2013).
Analysing our congenital aniridia samples, we could
identify valine catabolic process, the lipoprotein cat-
abolic process, the branched-chain amino acid meta-
bolic process, and the retinoic acid metabolic process,
between the 10 most deregulated biological processes,
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TABLE 2 Comparison of deregulated mRNAs and proteins detected in conjunctival samples of aniridia subjects.

mRNAs identified by mRNA-array (Latta,

Proteins identified by nano-LC-

Protein name Entrez identifier Ludwig, et al., 2021) HR-MS/MS (current study)
ADH7 P40394 l |
CHLI1 000533 l l
MME P08473 l l
EFEMPI Q12805 | l
S100P P25815 1 T
TUBB2A Q13885 T T
SERPINB2 P05120 i T
CRABP2 P29373 T T
GCNT3 095395 1 1
KRT6B P04259 ) T
RBP1 P09455 1 1
MUC4 Q99102 T T

Note: There were 12 overlapping mRNA/protein identifiers after analysing 511 deregulated mRNAs from an earlier study Latta, Ludwig, et al. (2021) and 255

proteins from the current study (criteria: p<0.05 and FC<0.5|>2).

which may also be related to limbal stem cell deficiency.
Nevertheless, these biological processes, and their cor-
relation with limbal stem cell deficiency needs more
detailed analysis in the future. In congenital aniridia sub-
jects, there is also dry eye disease, with impaired corneal
epithelial cell differentiation and impaired wound heal-
ing of the corneal surface (Yazdanpanah et al., 2020).
Progressive AAK is accompanied by a decrease of visual
acuity, in AAK Stage 4 with a vascularized corneal scar,
including the optical axis (Ihnatko et al., 2016).

So far, there is no standardized treatment of AAK.
This can be explained by the fact that congenital an-
iridia is a rare disease, making it difficult to establish
treatment guidelines. In addition, the exact causes of the
development of an AAK cannot be precisely defined ei-
ther, yet. Therefore, it would be of utmost importance
to identify the trigger, resulting in differentiation dis-
order of the corneal epithelium. The amount of PAX6
protein in aniridia patient corneal epithelial cells with
PAX6 haploinsufficiency is usually 60%-70% of those in
healthy subjects (Leiper et al., 2006). At the same time,
keratin 12 protein expression, which is considered as a
marker for corneal epithelial cell differentiation, is lack-
ing in aniridia corneal epithelial cells (Dua et al., 2003).
Nevertheless, other signalling pathways like Notch, Wnt
and TGF-f signalling pathways, which also have a role
in cell differentiation, may also be affected by the per-
sistently reduced PAX6 protein supply (Li et al., 2015).
Zhang et al. showed that in mouse embryonic stem cells,
PAX6 mRNA expression increased after retinoic acid
administration and could trigger cell differentiation
(Okada et al., 2004) (Wu et al., 2016). This may also be an
explanation for the insufficient differentiation of corneal
epithelial cells of congenital aniridia subjects. Of course,
PAXG6 deficiency due to haploinsufficiency and an ad-
ditional disturbance of retinoic acid metabolism could
result in a severe disturbance of corneal epithelial cell
differentiation. Most interestingly, aniridia associated
keratopathy has also been treated by topical all-trans
retinoic acid (ATRA) in some cases (Tan et al., 2016).

A further interesting finding is the difference in ker-
atin expression of aniridia and control conjunctival
samples. There were six keratins, which were exclusively
expressed in aniridia-samples: KRT6C, KRT20, KRT23,
KRT31, KRT85 and KRT86, whereas KRT74 was only
detected in control samples. The keratinization is a typ-
ical phenomenon in AAK and can be observed at mi-
croscopic examination (Lee et al., 2008). Nevertheless,
KRT3 and KRTI12, which are regulated by PAX6, were
expressed in the aniridia and the control groups, without
a significant difference.

Our previous findings described pathological expres-
sion of several mRNAs in the transcriptome of conjunc-
tival epithelial cells of aniridia subjects. Therefore, we
planned to evaluate the proteome of conjunctival epithe-
lial cells of aniridia patients, as well.

The conjunctival goblet cells (CGCs) are conjunc-
tival cells producing soluble mucins like MUCS5AC.
Their lower density can result in corneal keratinization
and opacity, which phenomenon is also observed in an-
iridia subjects. The number of goblet cells is negatively
correlated with the progression of conjunctival inflam-
mation (Swamhynathan & Wells, 2020). Nevertheless,
with higher AAK grades, the density of inflamma-
tory cells also increases (Lagali et al., 2013). Although
MUCSAC protein expression of conjunctival cells of
our studied aniridia patients was slightly increased
compared to controls, this did not reach statistical
significance. Therefore, at least using this method, we
cannot prove a change of goblet cell density in AAK
subjects.

It is worth to notice that 885 proteins, are exclusively
detected in aniridia samples, using a cut-off of p<0.0l.
Tubulin beta-2A chain is the protein with the most spec-
tra and relates to cellular proliferation, movement and
adhesion (Shin et al., 2020). Interestingly, tubulin be-
ta-2A was also upregulated at transcriptional level in our
previous study (Latta, Ludwig, et al., 2021). Therefore,
tubulin beta-2A function also needs further clarification
in congenital aniridia.
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The group of Soria analysed conjunctival cells from
patients with dry eye and meibomian gland dysfunction
using 2D-DIGE (Soria et al., 2018). The proteome of tears
in aniridia patients was observed by Ihnatko et al. (2013).
Nevertheless, to the best of our knowledge, there is no
previous study that has examined the proteome of con-
junctival cells from aniridia patients, using mass spec-
trometry. Our data provide a useful basis for further
research in finding therapeutic targets, which could
reduce cell stress in aniridia subjects, thus facilitating
treatment in AAK and slowing down its pathogenesis.

4.1 | Limitation of the study

Epithelial cell samples were collected from the conjunc-
tiva of aniridia patients, for the present study. Therefore,
unfortunately, no direct correlations regarding conjunc-
tival and corneal epithelial changes can be drawn from
the present data.

5 | CONCLUSIONS

In summary, conjunctival epithelial cells of aniridia pa-
tients show alterations in retinol and lipid metabolism
and an increased propensity to apoptosis at protein level.
The collected data provide an important basis for fur-
ther studies to understand the pathomechanism and to
find possible treatment targets in AAK.
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