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A B S T R A C T

Purpose: To evaluate conjunctival cell microRNA (miRNAs) and mRNA expression in relation to observed
phenotype of progressive limbal stem cell deficiency in a cohort of subjects with congenital aniridia with known
genetic status.
Methods: Using impression cytology, bulbar conjunctival cells were sampled from 20 subjects with congenital
aniridia and 20 age and sex-matched healthy control subjects. RNA was extracted and miRNA and mRNA
analyses were performed using microarrays. Results were related to severity of keratopathy and genetic cause of
aniridia.
Results: Of 2549 miRNAs, 21 were differentially expressed in aniridia relative to controls (fold change ≤ -1.5
or ≥ +1.5). Among these miR-204–5p, an inhibitor of corneal neovascularization, was downregulated 26.8-fold
in severely vascularized corneas. At the mRNA level, 539 transcripts were differentially expressed (fold
change ≤ -2 or ≥ +2), among these FOSB and FOS were upregulated 17.5 and 9.7-fold respectively, and JUN
by 2.9-fold, all being components of the AP-1 transcription factor complex. Pathway analysis revealed enrich-
ment of PI3K-Akt, MAPK, and Ras signaling pathways in aniridia. For several miRNAs and transcripts regulating
retinoic acid metabolism, expression levels correlated with keratopathy severity and genetic status.
Conclusion: Strong dysregulation of key factors at the miRNA and mRNA level suggests that the conjunctiva in
aniridia is abnormally maintained in a pro-angiogenic and proliferative state, and these changes are expressed in
a PAX6 mutation-dependent manner. Additionally, retinoic acid metabolism is disrupted in severe, but not mild
forms of the limbal stem cell deficiency in aniridia.

Introduction

PAX6 is considered the master gene controlling eye development
and is expressed across ocular surface epithelia such as the corneal
epithelium and conjunctiva. These cell types are regarded as distinct
cell lines although they both derive from ocular surface ectoderm in the

vertebrate eye [1,2]. In congenital aniridia, a rare disease caused in the
majority of cases by mutations in PAX6, it is observed that, aniridia-
associated keratopathy (AAK) is characterized by a time-dependent loss
of the limbal stem cell niche and function in the cornea [1]. Despite the
morphological changes in limbal stem cell niche, however, there is no
definitive proof that limbal stem cells themselves decay in aniridia or
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whether other cell types could have a potential role in the observed
progression of AAK.

Because of its similar clinical phenotype to other forms of limbal
stem cell deficiency [2] such as in chemical burns, a major emphasis on
aniridia associated keratopathy (AAK) has been placed on limbal epi-
thelial stem cells [3]. However, the corneal epithelium is continuous
with the conjunctival tissue at the ocular surface. Although trans-dif-
ferentiation experiments have shown corneal and conjunctival cells
belong to different cell lineages [4,5], PAX6 is expressed in both cell
types [6] while lineage segregation of corneal from conjunctival epi-
thelium appears after PAX6 induction. Given the close apposition of the
conjunctiva with the limbal region, it is likely that some functional
overlap for PAX6 exists in these closely related tissues. Moreover, the
corneal epithelial and conjunctival cells exist in a delicate balance that
is disturbed during the pathogenesis of AAK, leading to a gradual re-
placement of corneal epithelium by conjunctival cells [7] and kerati-
nization of the ocular surface [8,9].

Conjunctival ingrowth to the cornea in aniridia is further char-
acterized by a fibrovascular pannus overriding the cornea's normal
angiogenic privilege. There is growing evidence that microRNAs
(miRNAs) play an important role in corneal neovascularization
[10–16]. Of note, PAX6 has been shown to regulate or to be regulated
by several miRNAs, such as mir-204–5p which has been described to be
regulated by PAX6 and is important for lens development [17,18], and
MiR-7 which has been reported to regulate PAX6 protein expression in
pancreatic cells through binding in the 3′UTR region [19,20]. The role
of miRNAs in aniridia, however, has not been well-studied.

Accordingly, it was the aim of this study to investigate the potential
role of conjunctival cells in the pathogenesis of AAK, by examining both
their gene (mRNA) and miRNA expression pattern. In contrast to the
difficulties with sampling limbal stem cells and corneal epithelium from
human subjects, conjunctival epithelial sampling by impression cy-
tology can provide a suitable RNA source for transcriptional studies
[21,22] while its minimally-invasive nature and peripheral location
facilitates sample collection in a procedure that can be applied to sen-
sitive eyes, even in children. By additionally examining AAK with dif-
ferent clinical grading and from different genetic backgrounds, the
impact of disease severity and PAX6 mutations was studied at the
transcriptional level.

Materials and methods

Subjects and sample collection

20 subjects with aniridia and 20 healthy controls were recruited at
the Department of Ophthalmology, Saarland University Medical Center,
Homburg/Saar. Aniridia subjects recruited in this study were part of a
larger cohort, where clinical and genetic data and subject numbering
are consistent with cohort data reported elsewhere [23]. The control
group consisted of age- and sex-matched healthy subjects without eye
pathology (self-reported). Conjunctival impression cytology was per-
formed using the EYEPRIM™ tool from Opia (Paris, France). The probes
were directly transferred with fine forceps to a 2 ml tube, submerged in
700 μl QIAzol (Qiagen, Hilden, Germany) and stored at −80 °C.

The collection of specimens, clinical and genetic data for this study
were approved by the Ethics Committee of the Medical Association of
Saarland (Protocol No. 144/15 and No. 110/17). Written informed
consent to participate in the study was obtained from all subjects (or
guardians in the case of children) following the tenets of the
Declaration of Helsinki.

RNA isolation and quality control

Total RNA including miRNA was isolated from all impression cy-
tology samples using miRNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer's recommendations including the

optional step of on column DNA digestion. In short, the previously
preserved probes were homogenised and lysed in Qiazol (Qiagen,
Hilden, Germany) using a Tissue lyzer for 5 min at 50 Hz. After addition
of chloroform and phase separation by centrifugation at 12.000 rpm at
4 °C for 15 min, all the aqueous phase was harvested and mixed with
1.5 vol of 100% EtOH, and the mixture loaded onto a silica column. The
column was washed twice with wash solution and RNA including
miRNA was eluted in 30 μl RNAse free water. RNA concentration was
measured using Nanodrop 2000 (Thermo Fisher Scientific, Waltham,
MA, USA). RNA integrity was assessed using Agilent Bioanalyzer and
RNA Nano Kit (Agilent Technologies, Santa Clara, CA, USA) and was
>9 for all analyzed samples therefore all samples could be included in
downstream analyses.

MiRNA microarray profiling

Expression of all 2549 human mature miRNAs listed in miRBase v21
(http://www.mirbase.org/) was measured using Agilent SurePrint G3
miRNA microarray and Complete Labeling and Hybridisation Kit
(Agilent Technologies, Santa Clara, CA, USA) according to the manu-
facturer recommendations. In short, 100 ng total RNA including
miRNAs was dephosphorylated using calf intestine phosphatase and
subsequently labeled using Cy3-pCp. Labeled RNA was hybridized to
the microarray for 20 h at 55 °C and 20 rpm in a hybridisation oven.
After hybridization, microarrays were washed, dried and then scanned
using Agilent microarray scanner (G2505C, Agilent, Santa Clara, USA)
with a resolution of 3 μm in the double-path mode. Resulting TIFF files
were processed using Agilent Feature Extraction software (version
10.10.1.1) to extract fluorescence signal intensities for each miRNA.

mRNA expression profile

Gene expression profile was measured using SurePrint G3 Human
Gene Expression v3 8 × 60K microarrays and Low Input Quick-Amp
Labeling Kit (Agilent Technologies, Santa Clara, CA, USA) according to
the manufacturer protocol. In short, 100 ng total RNA was reverse
transcribed using T7 Primer and Affinity Script RNase Block mix for 2 h
at 40 °C. Afterwards, cDNA was transcribed to labeled cRNA using Cy3-
labeled pCp and T7 RNA polymerase mix for 2 h at 40 °C. Labeled cRNA
was purified using RNeasy Mini Kit (Qiagen, Hilden, Germany) and
cRNA concentration and Cy3 specific activity was assessed using
Nanodrop2000 (Thermo Fisher Scientific, Waltham, MA, USA). For
hybridization, 600 ng labeled cRNA was fragmented and hybridized to
the microarray for 17 h at 65 °C and 10 rpm. After two washing steps,
arrays were dried and scanned using Agilent microarray scanner with a
resolution of 3 μm. Expression values of genes were extracted using
Agilent Feature Extraction software (version 10.10.1.1).

qRT-PCR validation of deregulated miRNAs and transcripts

In order to verify deregulated miRNA and mRNA expression, we
performed qRT-PCR for selected miRNAs and transcripts. For miRNA
validation 50 ng RNA were transcribed using the miScript II RT Kits
from Qiagen, according manufactures recommendations and the usage
of the Hi-Spec-Buffer. mRNA was converted to cDNA using the
QuantiTect RT Kit, (Qiagen GmbH, Hilden, Germany) with 500 ng RNA
and random and oligo dT primer mix according manufactures re-
commendations. All samples included in micro array analysis were in-
cluded for qRT-PCR as well.

qRT-PCR was performed using the SYBR® Green PCR Kits and using
0.5 ng cDNA for miRNA and 5 ng cDNA for mRNA reactions, respec-
tively. Primers used are given in Table 1 for miRNA and Table 2 for
mRNA. qRT-PCR was run on a StepOne™ Real-Time PCR System Ap-
plied Biosystems™, Foster City, USA. Relative expression was calculated
with ΔΔCt method with endogenous control snRNA RNU6-2 for
miRNAs and GAPDH for mRNAs.
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Data analysis

All computations, except correlations with grade of keratopathy,
were performed using R. In detail, raw expression data was quantile-
normalized and log2 transformed prior to statistical analysis. In contrast
to mRNA for miRNA analysis, a filter was used to sort only those
miRNAs which were flagged as “detected” by the Agilent software in at

least 50% of samples for further analysis. By applying these parameters,
miRNAs expressed only at background levels were excluded. Unpaired
t-tests were then used for identification of significantly deregulated
miRNAs and mRNAs (adjusted p ≤ 0.05) in aniridia subjects relative to
the healthy control group. In addition, to identify miRNAs and mRNAs
most strongly deregulated, results were sorted by fold change relative
to controls. For identification of significantly enriched pathways
(p ≤ 0.05), the GeneTrail2 platform was used (https://genetrail2.
bioinf.uni-sb.de/) (PMID:26787660) and an overrepresentation ana-
lysis was performed using all genes that were found to be more than
twofold deregulated in aniridia subjects. In detail, KEGG pathway an-
notation analysis was performed using the pre-defined deregulated
genes, in the aniridia subjects relative to the controls.

Microarray data for miRNA and mRNA is available at GEO database
accession numbers GSE137995 and GSE137996 respectively. (Both
accessible through GSE137997).

For statistical comparison of transcription across different grades of
aniridia-associated keratopathy (AAK), subjects were grouped into ei-
ther mild AAK (average grade across both eyes ≤ 2) or severe AAK
(average grade >2, representing central corneal involvement, ac-
cording to our previously published scale [23]. For analysis of AAK
severity at the transcriptional level, GraphPad Prism 7.04 software (San
Diego, CA, USA) was used. In detail, individual normalized expression
values of mild and severe AAK and different PAX6 mutations were
plotted relative to controls and AAK severity. Differences between
control, mild and severe AAK were tested using a one-way ANOVA,
where appropriate, followed by multiple comparisons (Sidak method
[24]). Data is presented as scatter plots with the midline reflecting the
mean, and lower- and upper-lines representing the standard deviation
(SD). To facilitate comparison of transcripts and miRNAs, the following
groups were defined:

Group 1: No change in expression between mild and severe AAK
Group 2: Expression is differentially regulated between mild and

severe AAK.
Group 3: Expression is likely to be affected by mutation type.
ANOVA was omitted for transcripts showing clear separation of

Table 1
Qiagen miScript miRNA Primers used for qRT-PCR.

miRNA Fwd Primer/Order Number (Qiagen)

hsa-miR-146–5p 5′UGAGAACUGAAUUCCAUGGGUU/(MS00003535)
hsa-miR-21–3p 5′CAACACCAGUCGAUGGGCUGU/(MS00009086)
hsa-miR-204–5p 5′UUCCCUUUGUCAUCCUAUGCCU/(MS00003773)
hsa-miR-205–5p 5′UCCUUCAUUCCACCGGAGUCUG/(MS00003780)
hsa-miR-211–5p 5′UUCCCUUUGUCAUCCUUCGCCU/(MS00003808)
hsa-miR-224–5p 5′CAAGUCACUAGUGGUUCCGUU/(MS00003878)
hsa-miR-30a-5p 5′UGUAAACAUCCUCGACUGGAAG/(MS00007350)
hsa-miR31–5p 5′AGGCAAGAUGCUGGCAUAGCU/(MS00003290)
hsa-miR-375 5′UUUGUUCGUUCGGCUCGCGUGA/(MS00031829)
miRTC MS0000001
RNU6-2 RNU6-6P RNA/(MS00033740)

Table 2
Qiagen QuantiTect primer pairs used for qRT-PCR.

mRNA Order Number (Qiagen)

GAPDH QT00079247
ADH7 QT00000127
CRYAB QT00066913
CTNNB1 QT00077882
DSG1 QT00001617
RBP1 QT01850296
STRA6 QT00006748
VEGFA QT01010184
FOSB QT00013076
TRPM3 QT00009940
TBP QT00000721

Table 3
Subject characteristics. Subject numbers are same as in prior study by Lagali et al. [23]. Table data is sorted by increasing AAK severity grade, determined as the
average AAK grade between right (RE) and left (LE) eyes of the same subject. PTC, premature stop codon, CTE, C-terminal extension (AAK = Aniridia associated
Keratopahty, NMD = Nonsense mediated decay, WAGR = Wilms tumour, Aniridia, Genitourinary anomalies, mental Retardation.
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expression values in non-PAX6 coding or missense mutation groups
because of the low number of these rare cases in the study cohort. These
cases were instead manually assigned to Group 3.

Results

Subjects and AAK grading

All subjects had congenital aniridia confirmed by clinical records
and genetic findings. Demographic characteristics, genotype and
grading of aniridia-associated keratopathy (AAK) are given in Table 3.
Examples of AAK grading in subjects examined for this study are given
in Fig. 1.

miRNA expression profile

To identify differentially expressed miRNAs in conjunctival cells
associated with aniridia, we compared the microarray expression pro-
file in samples from subjects with aniridia to those of healthy controls.
Out of a total of 2459 miRNAs measured on the array, 457 were ex-
pressed above the background level. An unpaired t-test identified 66
significantly deregulated miRNAs relative to controls (adjusted
p < 0.05) including 34 downregulated and 32 upregulated miRNAs
(Appendix Table A.1). A total of 11 and 10 miRNAs were up- and
downregulated by more than 1.5-fold, respectively, relative to the
control group (Table 4).

The most downregulated miRNA was miR-204–5p, with a 26-fold
reduction of expression in aniridia relative to controls (Table 4 A). The
most upregulated miRNA was miR-5787 with a 2.7 fold increased ex-
pression in aniridia (Table 4, column B). Other strongly deregulated
miRNAs include downregulated miR-30a-5p (Table 4, column A) and
upregulated miR-224–5p, miR-224–3p and miR-375 (Table 4, column B

respectively).
Analysis of expression patterns according to group classifications

(see Methods) revealed that miR-205–5p, Let-7i-5p, miR-7988 and miR-
1280b were downregulated similarly in mild and severe AAK. However
all were significantly dysregulated relative to controls (Fig. 2A, Group
1). For the downregulated miR-204–5p, non-PAX6 coding and missense
mutations associated with mild AAK were less strongly downregulated,
while PTC/CTE mutation expression levels were similarly highly
downregulated across both mild and severe AAK groups (Fig. 2 A,
Group 3). Among the upregulated miRs in the aniridia group, miR-375,
miR-4518 and miR-6891–5p showed no significant differences between
mild and severe AAK (Fig. 2 B, Group 1). MiR7150 was more strongly
upregulated in mild cases compared to control and severe AAK (Fig. 2
B, Group 2). The miR-224–5p and miR-224–3p in non-PAX6 coding and
missense mutations subjects with mild AAK were less strongly

Fig. 1. Phenotypic grading of aniridia-
associated keratopathy (AAK) severity
in subjects from the present cohort,
with PAX6 mutation type indicated.
Top first row (Mild AAK): Slit lamp
images from the left eyes of subject 5
(left image) and 4 (right image), in-
dicating near normal cornea with only
mildly affected limbus in Grade 1 AAK,
in cases of PAX6 non-coding mutations
and preserved retinoic acid metabolic
signaling. Top second row: mild AAK
with conjunctival invasion sparing the
central cornea (left to right: subjects
10, 32, 39). Bottom: severe AAK with
full conjunctival coverage of the cornea
with total ocular surface vasculariza-
tion (left to right: subjects 9, 25, 40).

Table 4
Differentially expressed miRNAs.

A) downregulated miRNAs B) upregulated miRNAs

miRNA adjusted p-value Fold
change

miRNA adjusted
p-value

Fold
change

miR-204–5p 1.19*10−12 26.79 miR-5787 0.005 2.75
miR-30a-5p 0.011 2.13 miR-224–5p 6.31*10−05 2.44
miR-211–5p 0.049 1.96 miR-224–3p 1.06*10−04 2.09
let-7i-5p 4.06*10−06 1.96 miR-375 0.027 2.03
miR-205–5p 0.003 1.72 miR-4516 0.008 1.77
miR-31–5p 0.023 1.65 miR-146a-5p 0.049 1.66
miR-7977 4.53*10−06 1.61 miR-7150 0.019 1.65
miR-193b-3p 0.002 1.61 miR-3960 0.041 1.58
miR-30a-3p 0.035 1.57 miR-6090 0.048 1.53
miR-1260b 0.002 1.55 miR-21–3p 0.002 1.53

miR-6891–5p 0.009 1.51
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upregulated (Fig. 2 B, Group 3).

mRNA expression profile

For mRNA expression, unsupervised clustering and outlier detection
analysis revealed 8 samples (4 controls and 4 aniridia subject samples
(subject IDs: 39, 34, 9, 23 from Table 3) as experimental outliers (data
not shown). These samples were excluded from further analysis and the

remaining 16 subject and 16 control samples were retained for further
analysis. By applying unpaired t-tests, a total of 2352 significantly
downregulated and 1941 significantly upregulated transcripts were
identified after adjustment for multiple testing (adjusted p < 0.05)
(Appendix A, Table A.2). After filtering for Refseq transcripts (i.e.
transcripts with searchable accession numbers), we retained 1411
downregulated transcripts (1246 unique genes) and 1340 upregulated
transcripts (1169 unique genes). A total of 240 and 299 transcripts were

Fig. 2. Normalized miRNA expression selected from top 10 downregulated miRNAs (A), and top 11 upregulate miRNAs (B) (see Table 4) compared to severity grade
and mutation type. Only miRNAs where appropriate association to Group 1–3 was possible are shown. Expression values are presented as scatter plot with middle
line reflecting the mean and lower- and upper-lines representing SD. The ‘mild’ group consisted of PAX6 missense mutations (green), PAX6 non-coding mutations
(blue), and PTC/CTE mutations (black). Group 1: no change in expression between mild and severe AAK. Group 2: Expression is differentially regulated between mild
and severe AAK. Group 3 Expression is likely to be affected by mutation type, but not suitable for statistical analysis. Statistical analysis was performed using one-way
ANOVA, followed by multiple comparisons (Sidak). Not significant: n.s.; p < 0.05 *, p < 0.01 **, p < 0.001 *** (In brackets the averaged AAK grading is given
ranging from 0 to 4). PTC Premature Stop codon, CTE- C terminal extension. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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down- and upregulated by more than 2fold, respectively (Appendix A,
Table A.2, bold). The 20 most up- and downregulated transcripts are
summarized in Table 5, ordered by decreasing fold change.

For comparisons, the groupings (Group 1–3) are given in Fig. 3
(upregulated genes) and Fig. 4 (downregulated genes), respectively.

The majority of differentially regulated transcripts in the aniridia
group at the mRNA level had similar regulation independent of AAK
severity (Group 1 in Figs. 3 and 4).

FOSB, NR4A3, AREG and IL8 were more upregulated in mild re-
lative to severe AAK (Fig. 3, Group 2). EGR1 and FOS were possibly
dependent on mutation type, exhibiting higher expression values in
mild AAK with missense mutations (Fig. 3, Group 3). STATH and
OLFM4 in PAX6 non-coding mutations exhibited expression levels ap-
proximately equal to the control group (Fig. 3, Group 3).

Among the downregulated genes in aniridia, most exhibited similar
regulation across mild and severe AAK groups (Fig. 4, Group 1). KHL14,
however, had stronger downregulation in severe AAK relative to mild
AAK (Fig. 4, Group 2). For NKAIN, PTPRD, EMILIN2, TRPM3 and
PSAT1 in subjects with PAX6 non-coding mutations had expression
levels approximately equal to that of controls (Fig. 4, Group 3).

Several targets were selected for qRT-PCR validation. For 8 of 9

miRNAs tested, deregulation in aniridia using microarray analysis was
confirmed by qRT-PCR (t-test, p < 0.05). (Fig. 5). For mRNAs, dereg-
ulation was similarly confirmed for 7 of 8 transcripts known from this
and other studies [25–27] to be related to vascularization and retinoid
acid signaling and altered cell differentiation (Fig. 5).

From pathway analysis, 66 pathways were found to be significantly
enriched (Appendix A, Table A.3), including PI3k-Akt, MAPK, Ras/Rap,
JAK-STAT, Wnt, NFkappaB, apoptosis and retinol metabolism (Table 6).

Discussion

Although the role of pro- and antiangiogenic factors present in the
corneal epithelium is well studied [28–30], we lack a basic under-
standing of how neovascularization is regulated by the conjunctiva and
suppressed at the limbus by the interaction between conjunctival and
corneal epithelial cells. Pro and-antiangiogenic factors have thus far
only been investigated in the conjunctiva relative to the sclera to ex-
plain scleral avascularity [31]. In AAK, however, a gradual breakdown
of the limbal stem cell niche [7] likely compromises the ability of
corneal epithelial cells to maintain an avascular environment. In this
compromised state, the conjunctiva invades into the cornea and con-
junctival cell signaling may overwhelm the endogenous anti-angiogenic
environment of the corneal epithelium and stroma.

Here, it is shown that conjunctival cells in aniridia exhibit dysre-
gulated expression at the mRNA and miRNA level. MiR-204–5p is a
mature miRNA sequence derived from the 5’ arm of the precursor stem-
loop sequence mir-204 [32]. Mir-204 is a known inhibitor of angio-
genesis highly expressed by corneal epithelial cells and was strongly
downregulated in aniridia cells in this study. Specifically, mir-204 has
been shown to negatively regulate angiopoietin-1 (Angpt1) in a trans-
genic model of spontaneous corneal neovascularization [33], while the
proangiogenic Angpt1/Tie2/PI3K/Akt pathway was shown to be simi-
larly negatively regulated by mir-204 in a mouse corneal alkali burn
model [12], providing strong evidence for its inhibitory effect, with its
downregulation linked to corneal neovascularization. Interestingly, the
strong downregulation of miR-204–5p in this study (27-fold by micro-
array and 65-fold by qRT-PCR) was associated with highly neovascu-
larized corneas observed in severe AAK (Fig. 1) with the most enriched
pathway in aniridia conjunctival cells being PI3K-Akt signaling
(Table 6).

In addition to regulation of angiogenesis, downregulation of miR-
204 has been shown in a corneal wound healing model to be important
for migration and proliferation of corneal epithelial cells [34]. Thus, it
can be hypothesized that the downregulation of miR-204–5p we ob-
served in conjunctival cells in aniridia may have a dual role. First, miR-
204–5p downregulation could promote proliferation and migration of
conjunctival cells across the limbal barrier. Secondly, as conjunctiva
enters the cornea and replaces corneal epithelial cells, the resulting
inability to suppress angiopoetin-1 may upset the angiogenic privilege
to trigger neovascularization via activation of PI3K-Akt signaling. Thus
miR-204–5p represents an interesting target for confirmation of this
novel hypothesis of the pathogenesis of corneal neovascularization in
AAK for future studies. Additional putative pathogenic mechanisms
may be found by identifying transcripts potentially regulated by this
miRNA, using databases such as targetscan (Appendix A Table A.4). We
also note that the TRPM3 transcript (which harbors the miR-204–5p) is
downregulated in the present study at the mRNA level in aniridia and
was reported to be regulated through PAX6 [35].

A number of other miRNAs were identified that require closer in-
vestigation in future studies. In this study miR-205–5p was down-
regulated in the conjunctiva, while inhibiting miR-205 has been re-
ported to impair wound healing in a corneal epithelial cell line [36]. It
is thought that miR-205 can also inhibit INPPL1 (SHIP2) which influ-
ences AKT signaling (enriched in our Pathway analysis Table 6) and
affects cell migration [37].

Let-7i-5p is another interesting miRNA for further study as its

Table 5
The 20 most up- and downregulated transcripts ordered by decreasing fold
changes.

A) Upregulated transcripts

Accession No. Gene symbol adjusted p-value Fold change

NM_006732 FOSB 0.001 17.49
NM_173200 NR4A3 0.005 11.51
NM_033197 BPIFB1 0 1.12*10-04 11.31
NM_001964 EGR1 0.004 10.21
NM_005252 FOS 0.007 9.68
NM_003154 STATH 0.001 9.45
NM_014059 C13orf15 1.11*10-06 8.78
NM_007021 C10orf10 1.15*10-04 8.62
NM_001657 AREG 0.007 7.98
NM_020689 SLC24A3 7.50*10-07 7.8
NM_000774 CYP2F1 7.24*10-04 7.45
NM_005046 KLK7 0.01 7.45
NM_144505 KLK8 0.008 7.21
NM_001657 AREG 0.007 7.1
NM_014476 PDLIM3 8.15*10-05 7.01
NM_000441 SLC26A4 0.025 6.73
NM_006418 OLFM4 0.043 6.3
NM_000584 IL8 0.004 6.18
NM_007084 SOX21 1.75*10-06 5.93
NM_001130711 CLEC2A 2.09*10-04 5.91

B) Downregulated transcripts
Accession No. Gene symbol adjusted p-value Fold change

NM_152864 NKAIN4 3.26*10-7 17.68
NM_002153 HSD17B2 1.34*10-6 16.71
NM_057157 CYP26A1 5.92*10-6 14.5
NM_020805 KLHL14 3.76*10-4 14.3
NM_002291 LAMB1 9.68*10-5 11.33
NM_001113226 NTNG1 3.81*10-5 10.64
NM_024812 BAALC 3.60*10-5 9.61
NM_002839 PTPRD 1.45*10-4 9.07
NM_152864 NKAIN4 1.92E-08 8.35
NM_214462 DACT2 0.005 8.31
NM_032048 EMILIN2 4.11*10-5 8.11
NM_001007471 TRPM3 6.90*10-5 7.76
NM_033495 KLHL13 7.26*10-7 7.37
NM_002338 LSAMP 3.61*10-6 7.27
NM_001080396 FAM155A 0.002 7.22
NM_058179 PSAT1 7.88*10-6 7.14
NM_014917 NTNG1 4.38*10-5 6.93
NM_018334 LRRN3 3.81*10-5 6.54
NM_182920 ADAMTS9 1.54*10-5 6.17
NM_000362 TIMP3 7.08*10-4 5.93
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Fig. 3. Normalized mRNA expression of selected genes from the top 20 upregulated genes (Table 5 A) compared by severity grade and mutation type. Only mRNAs
where appropriate association to Group 1–3 was possible are shown. Expression values are presented as scatter plot with middle line reflecting the mean and lower-
and upper-lines representing SD. The ‘mild’ group consisted of PAX6 missense mutations (green), PAX6 non-coding mutations (blue), and PTC/CTE mutations
(black). Group 1: no change in expression between mild and severe AAK. Group 2: Expression is differentially regulated between mild and severe AAK. Group 3
Expression is likely to be affected by mutation type, but not suitable for statistical analysis. Statistical analysis was performed using one-way ANOVA, followed by
multiple comparisons (Sidak). Not significant: n.s.; p < 0.05 *, p < 0.01 **, p < 0.001 *** (In brackets the averaged AAK grading is given ranging from 0 to 4). PTC
Premature Stop codon, CTE- C terminal extension. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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expression steadily decreased with increasing AAK severity (Fig. 2 A).
MiR-375 was found to be upregulated in aniridia conjunctival cells, and
in an earlier report its expression was shown to reduce PAX6 protein
level in the pancreas [38]. Downregulation of miR-31 in aniridic con-
junctiva could point to a differentiation defect. In limbal stem cells low
miR-31 levels maintain stem cell properties through repression of
HIF1AN (FIH-1) and increasing CDKN1A (P21) [39]. It remains to be
shown if similar mechanism and targets influence conjunctiva cells or if
there is even a connection in regulation through PAX6 affecting both
cell types.

At the mRNA level, several prior studies have reported differential
gene expression in various cell types with PAX6 mutations or deletions,
including comparisons of normal vs. AAK limbal epithelial cells [25],
normal vs. PAX6-knockdown corneal epithelial cells [40], and normal
vs. PAX6 heterozygous immortalized limbal epithelial cell line [41].
Comparing the published gene expression data from these studies with
the present study in normal vs. AAK conjunctival cells, gene expression
was downregulated similarly for the genes ABI3BP, DSG1, LEPREL1,
LUM, MOXD1, SLC16A2, and TMEM47, while upregulation was similar
for PXDN in two of the three studies respectively [25,40,41]. These
targets, now confirmed in multiple cell types with PAX6 mutation or
deletion across four independent studies, warrant further investigation.

Also at the mRNA level, the deregulated transcripts found in this
study encode proteins with various functions, including immune re-
sponse and inflammation (BPIFB1, CLEC2A), proteases and matrix re-
modeling (KLK8, TIMP3 and ADAMTS9) or to ion channels (SLC24A3,
FAM115/TCAF1). Deregulation in similar processes are also thought to
be responsible for disturbance of corneal epithelial homoeostasis in
AAK [42].

Additional analysis revealed transcriptional regulation of angio-
genic factors in conjunctival cells in AAK. Genes which were differen-
tially regulated between mild and severe AAK (Group 2 and Group 3)

included FOSB, FOS, EGR1, NR4A3 and IL8; all are examples of pro-
angiogenic factors (reviewed in Ref. [43]). Among the most strongly
regulated transcripts, we found a group of immediate early genes in-
volved in angiogenesis by closer inspection: JUN (2.9-fold), FOSL1
(2.01-fold), and ATF3 (2.95-fold). These are all genes coding for pro-
teins comprising the AP-1 transcription factor complex. The AP-1 sub-
units FOSB, FOS, JUN, ATF3, FOSL1 are thought to be important for skin
proliferation and differentiation during wound healing [44]. AP-1 has
also been shown to regulate cell survival, proliferation, inflammation
and neoplasia [45]. These results are suggestive of a pathophysiologic
chronic activation of immediate early genes related to neovasculariza-
tion and the proliferation and differentiation of conjunctival cells,
confirming the parallel findings in this study at the miRNA level. Also,
in line with our findings of conjunctival cell proliferation and differ-
entiation signaling in the context of wound healing, Ou et al. and Leiper
showed that corneal epithelium exhibited a chronic wound healing
state in an AAK mouse model [46,47].

Another factor upregulated in mild compared to severe AAK in this
study was AREG. AREG is an autocrine growth factor and ligand of the
EGFR receptor. Notably EGF was downregulated in aniridia con-
junctival cells and by pathway analysis was found to be associated with
all of the top six enriched pathways identified here (Table 4). The
AREG-EGF axis therefore deserves further investigation.

Group 3 transcripts are of high interest as these factors, particularly
in non-coding and missense mutation cases, are linked to very mild to
almost normal clinical corneal phenotypes. Thus, the molecular path-
ways involved in these minimally disturbed cases (but not in more
aggressive phenotypes) could indicate a potential protective function
explaining the lack of progression to a more severe phenotype. In a
prior study, we identified retinoic acid (RA) metabolism enzymes as
deregulated in PAX6-related aniridia [25], while other studies have
shown that RA antagonizes the AP-1 complex [48]. Notably, impaired

Fig. 4. Normalized mRNA expression of selected genes from the top 20 downregulated genes (Table 5 B) compared by severity grade and mutation type. Only mRNAs
where appropriate association to Group 1–3 was possible are shown. Expression values are presented as scatter plot with middle line reflecting the mean and lower-
and upper-lines representing SD. The ‘mild’ group consisted of PAX6 missense mutations (green), PAX6 non-coding mutations (blue), and PTC/CTE mutations
(black). Group 1: no change in expression between mild and severe AAK. Group 2: Expression is differentially regulated between mild and severe AAK. Group 3
Expression is likely to be affected by mutation type, but not suitable for statistical analysis. Statistical analysis was performed using one-way ANOVA, followed by
multiple comparisons (Sidak). Not significant: n.s.; p < 0.05 *, p < 0,.01 **, p < 0.001 *** (In brackets the averaged AAK grading is given ranging from 0 to 4). PTC
Premature Stop codon, CTE- C terminal extension. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 5. qRT-PCR validation of deregulated miRNAs (A) and genes (B). A) Relative quantity (y—axis) of miRNAs deregulated in conjunctiva of subjects with aniridia
compared to controls using qRT-PCR. The boxes indicate the 2nd and 3rd quartile, the whiskers represent the minimum and maximum value. (A) Of the selected
miRNAs, upregulation was found for miR-146–5p (1.8 fold), miR-21–3p (1.9 fold), miR-375 (2 fold), and miR-224–5p (3.7 fold) and downregulation for miR-204–5p
(65 fold), miR-211–5p (3.2 fold), miR-205–5p (1.6 fold), and miR-31–5p (1.6 fold). Except for miR-30a-5p, all miRNAs were significantly deregulated (p < 0.05, t-
test). B) Of the genes selected for qRT-PCR validation, those upregulated were PITX1 (2.8 fold), RBP1 (2.2 fold), STRA6 (2.1 fold) and VEGFA (1.7 fold), while
downregulated genes were ADH7 (4.1 fold), CRYAB (2.1 fold) and DSG1 (5.9 fold). Except for CTNNB1, all genes were significantly deregulated (p < 0.05, t-test).
The selected genes reflect a cross section of genes linked to eye development, neovascularization, or PAX6.
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retinoic acid metabolism has been shown to affect corneal epithelial cell
proliferation [49] and limbal epithelial stem cell clonal growth and
differentiation [50]. In the context of skin wound healing, retinoid
agonists have been reported to promote wound healing and angiogen-
esis [51]. All-trans retinoic acid has been reported to be beneficial in a
rabbit model of corneal wound healing [52].

Mukwaya et al. demonstrated that in a rat model of inflammatory
corneal neovascularization, resolution of inflammation and regression
of vessels in corneal neovascularization depends on the activation of
liver X-receptor/retinoid X-receptor (LXR/RXR) pathways [53]. It is
plausible then, that altered retinoid acid metabolism or signaling in the
conjunctiva could influence inflammation, neovascularization and cell
differentiation.

To investigate deregulation in retinoid pathways in relation to AAK-
grading and PAX6 mutation type, we identified all RA signaling com-
pounds from the conjunctival cell transcriptional data (Appendix A,
Table A.2). We also considered the relationship between RA and PPARG
signaling pathways [54], since PPARG signaling was also deregulated in
subjects with aniridia in the present cohort (Table 6). PPARG activation
has been shown to have a beneficial effect in suppressing inflammation
and promoting epithelial wound healing in the corneal alkali burn
model in mice [55], and is also involved in inflammation suppression
promoting the healing of skin wounds [56]. Notably, the binding ca-
pacity or enzymatic activities of ALDH7, CYP1B1 and CYP26A1 are not
restricted to retinoids as they also are able to process (medium chain)
fatty acids (MCF) which are known to activate PPARG [57]. FABP5 has
additionally been shown to be able to bind retinoids [58]. Expression
values of several relevant enzymes in the RA pathway are presented in
Fig. 6.

Of particular note, selected genes related to this regulatory network
belong to Group 3 transcripts and are less strongly deregulated in the
mild phenotype of PAX6 non-coding mutations (RBP1, ADH7,
ALDH3A1, CYP1B1, PPARG) or relatively mild missense mutations
(RDH10, PPARG). We may, therefore, speculate that the deregulation of
normally active RA and PPARG pathways could be critical for AAK
progression (Fig. 6).

Since RA signaling has been shown to have a direct impact on limbal
stem cell clonal growth and differentiation [50], disrupted RA signaling
in the conjunctiva could potentiate AAK progression by altering the
limbal stem cell niche. Interestingly, subjects 4 and 5 with near normal
expression of RBP1, ADH7, ALDH3A1, CYP1B1, and PPARG, exhibited
only a very mildly affected limbal region and vessel-free cornea (Fig. 1).

Similarly, OLFM4 and STATH exhibit expression levels similar to
controls in PAX6 non-coding cases with very mild AAK. OLFM4 is
linked to gastrointestinal inflammation and innate immune response
and notably is a target of the retinoid X receptor RXR-α [59,60].

Finally, pathway analysis identified PI3K-AKT, MAPK and Ras sig-
naling to be significantly altered in aniridia conjunctival cells. Besides
the role of PI3K-AKT in neovascularization, MAPK and ERK are related
to chronic wound healing [47,61]. Alteration of the EGFR-PI3K-AKT
pathway has been reported to disrupt wound healing in diabetic cor-
neas [62], highlighting the importance of this pathway for wound
healing.

In conclusion, we demonstrate for the first time to our knowledge,
that in addition to the known abnormalities in limbal stem cell and
corneal epithelial cell function in aniridia, the conjunctiva shows clear
pathologies as well. In conjunctival cells sampled from aniridia sub-
jects, AP-1 subunits and other immediate early genes and miRNAs that
are important for neovascularization and wound healing are highly
dysregulated. MiR-204–5p is of particular importance in this context
and its activation in relevant aniridia models could be of therapeutic
and translational interest. Moreover, based on the present findings, we
propose a novel hypothesis that corneal neovascularization in AAK is
promoted by replacement of corneal epithelium by highly proliferative
and migratory invading conjunctival cells that upset the normal an-
giogenic balance through a deficiency in the angiostatic miRNA miR-Ta
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204–5p. The relationship of such a mechanism to PAX6 protein ex-
pression and the functional status of limbal stem cells in aniridia,
however, requires further investigation. A contribution of altered re-
tinoic acid metabolism should additionally be considered as a potential
pathogenic mechanism based on our molecular and clinical findings.

Finally, AAK phenotype and gene expression in conjunctival cells is
sensitive to the degree of PAX6 mutation. Of note, a mild AAK pheno-
type and only mild deregulation or normal regulation of numerous
transcripts was noted in conjunctival cells from subjects with PAX6
non-coding mutations.
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