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PURPOSE. The purpose of this study was to determine how Pax6 haploinsufficiency alters
epithelial maturation, immune balance, sensory innervation, and lacrimal function across
the ocular surface, and how these defects affect corneal repair.

METHODS. Pax6tm1Ued mice crossed with CMV-Cre were used to generate Pax6+/− animals.
Ocular-surface maturation, epithelial organization, immune infiltration, and sensory
innervation were assessed by whole-cornea immunostaining. Standardized corneal abra-
sion was used to evaluate epithelial and neural repair. Corneal RNA sequencing and tear-
film proteomics were performed in both sexes to define genotype- and sex-dependent
molecular programs.

RESULTS. Pax6+/− mice showed heterogeneous ocular phenotypes, delayed eyelid open-
ing, reduced KRT12, persistent central KRT14 expansion, and a sustained deficit in central
proliferation. Immune infiltration was elevated from eyelid opening onward. Corneal
nerves were markedly reduced and disorganized, with decreased sensitivity despite
minimal trigeminal transcriptional changes. Transcriptomics revealed sex-specific gene-
expression patterns converging on inflammation and extracellular-matrix remodeling.
After abrasion, closure rates were preserved, but Pax6+/− corneas failed to fully restore
normal epithelial identity, territorial patterning, or nerve density. Tear secretion was
impaired in a sex-dependent manner, and proteomics showed depletion of structural
and antioxidant proteins with exaggerated inflammatory and keratinization responses
after injury.

CONCLUSIONS.Our model showed that Pax6 haploinsufficiency is associated with epithelial
dysmaturation, chronic inflammation, denervation, defective repair, and sex-modulated
lacrimal dysfunction. These integrated abnormalities mirror key features of AAK and
underline inflammation, neurotrophic support, and tear-film quality as therapeutic
targets.

Keywords: PAX6, aniridia-associated keratopathy (AAK), wound healing, sexual dimor-
phism

Congenital aniridia is a rare autosomal dominant disor-
der most commonly caused by pathogenic variants

in the transcription factor PAX6 and is characterized by
marked clinical heterogeneity.1 In addition to the hallmark
iris hypoplasia, patients frequently present with a broad
spectrum of ocular abnormalities involving the retina, optic
nerve, iridocorneal angle, and lens, together with nystag-
mus, cataract, glaucoma, progressive keratopathy, and severe
visual impairment.2 Among these manifestations, aniridia-

associated keratopathy (AAK) is particularly debilitating.
This progressive, vision-threatening disease is characterized
by recurrent epithelial breakdown, stromal remodeling, and
scarring, ultimately leading to corneal opacification and, if
left untreated, blindness.3–5 Although AAK is often linked
to limbal stem cell dysfunction, it also encompasses more
widespread alterations of the ocular surface.

Understanding the development and progression of AAK
requires an integrated view of corneal biology. The cornea
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is an avascular, transparent tissue that both refracts light
and protects the eye from injury and infection.6,7 Its outer
epithelium is in direct contact with the tear film, the
collagen-rich stroma provides mechanical strength, and
the endothelial monolayer maintains deturgescence. Epithe-
lial integrity depends on basal cells and limbal epithe-
lial stem cells (LESCs) located at the corneal periphery,
whereas apical microvilli contribute to tear-film distribution
and host defense.8,9 The ocular surface also comprises an
active immune network connected to vascular and lymphatic
systems which, when dysregulated, can exacerbate local
inflammation and tissue pathology.10–12 Equally important
is the dense sensory innervation of the cornea: peripheral
afferents form subepithelial and subbasal plexuses that regu-
late epithelial migration, wound healing, and inflammatory
crosstalk.13,14

The tear film overlies this tissue architecture and is
essential for lubrication, epithelial nourishment, and antimi-
crobial defense. Proteins secreted predominantly by the
lacrimal glands support epithelial homeostasis and immune
surveillance, and advances in tear proteomics have identi-
fied biomarkers associated with both ocular and systemic
disease.15–17 Because AAK involves defects in epithelial
renewal, innervation, inflammation, and tear composi-
tion,18,19 an integrated analysis across these different levels
is required to distinguish the primary consequences of PAX6
insufficiency from secondary, and potentially modifiable,
changes.

Mouse models have been instrumental in providing
mechanistic insight, as the murine eye reproduces key
features of human ocular biology despite lacking a cone-
rich macula.20,21 Importantly, the PAX6 coding sequence is
conserved between mouse and human, supporting the trans-
lational relevance of these models.22 Previous Pax6 mutant
models recapitulate corneal abnormalities and lacrimal
gland hypoplasia.22,23 At the molecular level, Pax6Sey/+

corneas display features of a chronic wound state, including
junctional instability, cytoskeletal remodeling, and activation
of stress-related pathways, even in the absence of injury.24,25

Functionally, Pax6+/− epithelium exhibits delayed wound
closure associated with impaired early ERK1/2 activation
and altered calcium signaling, although dysregulated apop-
tosis may further compromise repair.26,27 Taken together,
these findings suggest that Pax6 haploinsufficiency impairs
acute epithelial responses and renders the cornea suscep-
tible to cumulative damage induced by otherwise minor
insults.

Here, we extend this body of work by investigating
corneal homeostasis and repair in a conditional Pax6tm1Ued

model in which the exons encoding the paired DNA-binding
domain are flanked by loxP sites.28 By crossing this line
with CMV-Cre to generate heterozygous Pax6+/− mice, we
assessed the systemic consequences of Pax6 haploinsuf-
ficiency across the ocular surface. We focused primarily
on epithelial differentiation, immune activation, sensory
innervation, and repair dynamics, and integrated corneal
transcriptomics with tear proteomics to provide comple-
mentary mechanistic insight into ocular surface homeosta-
sis under baseline conditions and following standardized
corneal abrasion.

Our results reveal coordinated defects in tissue architec-
ture, innervation, and wound healing, accompanied by both
quantitative and qualitative alterations in the tear film. These
findings define mechanistic links between Pax6 dosage and
the multilayered physiology of the ocular surface, provide a

framework for understanding AAK progression, and identify
candidate points of intervention that may be therapeutically
exploitable.

MATERIALS AND METHODS

Animals Used in This Study

The Pax6tm1Ued allele was created by inserting a neo cassette,
bordered by 2 loxP sites, into intron 4 of the Pax6 gene (in
the same orientation as the endogenous locus), with an addi-
tional loxP site placed in intron 6. This configuration means
that exons 5, 5a, and 6, which are responsible for the paired
domain, are flanked by loxP sites. When the conditional null
Pax6fl allele is exposed to Cre-recombinase, recombination
occurs at the loxP sites, leading to the deletion of exons 5, 5a,
and 6, which are essential for PAX6 function. This deletion
is anticipated to result in a nonsense frame-shift mutation,
transforming the floxed Pax6fl allele into the deleted Pax6�
variant, effectively rendering it a null allele.28

The floxed Pax6tm1Ued mouse line (Riken) was used to
generate heterozygous CMV-Cre+/− Pax6tm1Ued/+ mice (here-
after referred to as Pax6+/−), which were compared to their
littermate CMV-Cre−/− Pax6tm1Ued/+ mice (Pax6+/+) used as
controls. Heterozygous Pax6+/− and Pax6+/+ mice were
obtained by crossing Pax6tm1Ued/tm1Ued mice with inbred CMV-
Cre+/− Swiss mice and were genotyped by polymerase
chain reaction (PCR). Mice harboring Pax6WT, Pax6tm1Ued,
and Pax6del alleles were genotyped using PCR manufac-
turer protocol (https://mus.list.brc.riken.jp/ja/wp-content/
pdf/05945_PCR.pdf). Cre recombinase-expressing trans-
genic mice were genotyped using primers to the Cre cassette
forward: 5’-GCG GTC TGG CAG TAA AAA CTA TC and
reverse: GTG AAA CAG CAT TGC TGT CAC TT.

The mice were kept under a 12-hour light/dark cycle
with free access to food and water. The animals were
euthanized by cervical dislocation. All experimental proce-
dures were approved by the local ethics committee and
the Ministry of Research and Higher Education (authoriza-
tion 2016,080,510,211,993 version 2). All procedures were
carried out in compliance with French regulations on animal
experimentation (French decree 2013-118) and the specific
European Union guidelines on animal welfare (Directive
2010/63/EU). The study adheres to the ARRIVE guide-
lines and the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Monitoring Corneal Abrasions and Healing
Process

Corneal abrasion was conducted as previously
described.29,30 The epithelium was abraded unilaterally
on the right eye with an ocular burr (Algerbrush II, refer-
ence BR2–5 0.5 mm, The Alger Company, USA) on mice
anesthetized with ketamine (90 mg/kg, Imalgene 1000)
and xylazine (10 mg/kg, Rompun) administered intraperi-
toneally. The abraded area was examined with fluorescein
solution (1% in PBS, Sigma-Aldrich) under blue cobalt
light. Following the procedure, Ocrygel was applied to the
eyes, and mice received buprenorphine (0.1 mg/kg, Bupre-
care) via intraperitoneal injection. The healing process
of the abrasion was monitored daily using fluorescein
solution on restrained mice, and images were captured with
a camera.

https://mus.list.brc.riken.jp/ja/wp-content/pdf/05945PCR.pdf
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TABLE 1. Primary Antibodies Used for Cornea Immunostaining

Antibody Name Host Vendor/Reference Dilution

Purified anti-keratin 14 antibody Chicken BioLegend/906004 1:500
Cytokeratin 12 recombinant rabbit monoclonal antibody (2M1K10) Rabbit Invitrogen/MA5-42701 1:200
Anti-CD45 antibody [IBL-3/16] Rat Abcam/ab23910 1:200
Anti-PAX6 antibody [EPR3352(2)] Rabbit Abcam/ab1092233 1:500
Anti-Histone H3 (phospho S28) antibody [HTA28] Rat Abcam/10543 1:500
Anti-beta III tubulin antibody - neuronal marker Rabbit Abcam/ab18207 1:1000
Anti-TRPM8 Rabbit Alomone Labs 1:500

TABLE 2. Secondary Antibodies Used for Cornea Immunostaining

Antibody Name Host Target Vendor/Reference Dilution

Goat anti-rabbit IgG (H+L) cross-adsorbed Secondary
antibody, Alexa Fluor 488

Goat Rabbit ThermoFisher Scientific/A-11008 1:500

Goat Anti-Chicken IgY H&L (Alexa Fluor 568) preadsorbed Goat Chicken Abcam/ab175711 1:500
Goat anti-rat IgG H&L (Alexa Fluor 647) preadsorbed Goat Rat Abcam/ab150167 1:500
Goat anti-rat IgG H&L (Alexa Fluor 568) Goat Rat Abcam/ab175476 1:500

Assessment of Sensitivity

Sensitivity was assessed using Von Frey filaments (Bioseb,
France, reference bio-VF-M), as previously described.31 The
filaments exert a force ranging from 0.008 to 0.6g when
applied to the center of the cornea of an immobilized
mouse. The force is increased by selecting different fila-
ments until an eye-blink reflex is elicited. The Von Frey
test was conducted over 3 consecutive days, and the results
for each cornea were averaged. Sensitivity was expressed as
the inverse of the von Frey filament force required to elicit
a blink reflex (g−1), so that higher values indicate greater
corneal sensitivity. All experiments were performed by the
same experimenter.

Tissue Collection and Processing

For immunostaining purposes, following mice euthanasia by
cervical dislocation, the eyes were enucleated by severing
the optic nerve and fixed in a 4% paraformaldehyde solution
(Antigenfix, Diapath, reference P0014) for 20 minutes. After
washing with PBS, the eyes were dehydrated for 2 hours
in a 50% ethanol/PBS solution before being stored in 70%
ethanol/PBS at 4°C.

For transcriptomic analysis, following mice euthanasia
by cervical dislocation, the eyes were enucleated by sever-
ing the optic nerve. After direct dissection, each cornea
was frozen in a tube immediately immersed in liquid nitro-
gen before being stored at −80°C. Trigeminal ganglia were
collected and placed in lysis solution, snap frozen, and then
stored at −80°C.

Whole Corneas Immunostaining

For immunostaining analyses, the unit of analysis was the
animal. When both eyes from a given animal were collected,
they were assigned to different stainings rather than used for
the same experimental dataset, in order to ensure biological
independence while minimizing animal use in accordance
with ARRIVE guidelines. The eyes were rehydrated for 2
hours in a solution of 50% ethanol/PBS at room temper-
ature. After two 10-minute incubations in PBS, the corneas
were dissected and subsequently blocked and permeabilized

in a solution of 5% FSG (Sigma-Aldrich, reference G7765)
and 5% goat serum (GS) (Thermo Fisher Scientific, refer-
ence 16,210,064) in 0.5% PBS/Triton X-100 at room temper-
ature. The corneas were then incubated overnight at 4°C
with primary (Table 1) and secondary antibodies (Table 2)
in a solution of 5% FSG and 5% GS in 0.1% PBS/Triton X-
100, followed by 3 rinses of 1 hour each in 0.1% PBS/Triton
X-100. Nuclei were stained using Hoechst 33342 (Thermo
Fisher Scientific, reference H3570) for 10 minutes and rinsed
in PBS.

Four incisions were made on all corneas, which were
then mounted in Vectashield medium (Vector Laboratories,
H-1000), with the endothelium facing the slide.

Image Acquisition and Processing

Image acquisition was conducted as previously described.31

Whole-cornea images were captured using a Leica Thun-
der Imager Tissue microscope with the navigator module
and the large volume computational clearing (LVCC) process.
Images were obtained with LAS X software (version 3.7.4)
using a 20X/0.55 objective and were subsequently processed
with Imaris Bitplane software (version 9.8.0). Consistent
parameters were used for the acquisition and processing of
all images within a single panel.

Statistical Analysis

Data were analyzed using GraphPad Prism (version
10.2.2). Multiple unpaired two-tailed Student’s t-tests were
performed, with false discovery rate (FDR) control using the
two-stage Benjamini, Krieger, and Yekutieli procedure. Exact
adjusted P values are reported, together with mean ± SEM.
On figures, each data point represents an individual biolog-
ical replicate. Statistical significance is indicated directly on
the figures for each comparison.

Because distinct analytical pipelines were used for
proteomic and transcriptomic experiments, the detailed
statistical frameworks, including normalization, differential
analysis, and FDR control, are provided in the dedicated
Methods sections.
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Transcriptomic Analysis

RNA Isolation and cDNA Library Preparation.
Frozen corneas and trigeminal ganglia were shipped on dry
ice to Beijing Genomics Institute (BGI; Shenzhen, China) for
library construction and sequencing on the DNBseq plat-
form. Total RNA was extracted using the RNeasy Mini Kit
(Qiagen). Polyadenylated RNA was captured with oligo(dT)-
coupled magnetic beads and fragmented. RNA integrity
and fragment-size distributions were assessed on a Frag-
ment Analyzer; only samples meeting predefined qual-
ity control (QC) thresholds advanced to library prepa-
ration. Libraries were generated with the BGI Optimal
Dual-mode mRNA Library Prep Kit and sequenced on a
DNBSEQ-T7 (paired-end 2 × 100 bp; approximately 50
million clean reads per sample). Adapters, contaminants, and
low-quality bases/reads were removed with SOAPnuke.32

Filtered reads were aligned to the mouse reference genome
(Mus_musculus_10090; UCSC mm10 v2201) with HISAT2,
and gene-level counts were obtained using HTSeq-count to
produce the raw count matrix.

Transcriptomic Data Analysis. Primary analyses
were performed with BGI’s Dr. Tom multi-omics plat-
form (https://biosys.bgi.com). Briefly, clean reads were
also aligned against the gene set (including known/novel,
coding/non-coding transcripts) using Bowtie2,33 and tran-
script/gene abundance was estimated with RSEM version
1.3.1 (Li and Dewey, 2011). Heatmaps were generated with
pheatmap version 1.0.12 based on relative expression across
samples. Differential expression was assessed with DESeq2
version 1.34.0,34 applying FDR correction and reporting q
values (significant at q ≤ 0.05; in stringent analyses FDR
≤ 0.001). Functional enrichment for Gene Ontology (GO;
(www.geneontology.org), Kyoto Encyclopedia of Genes and
Genomes (KEGG; www.kegg.jp), and Reactome (https://
reactome.org) terms were evaluated with a hypergeometric
test (Phyper), with multiple-testing correction by q value and
significance set at q ≤ 0.05.

Tear Collection and Quantitative Evaluation

Tear samples were sequentially collected from each eye for
one minute using 1 μL microcapillary glass tubes (Merck,
Drummond Scientific, reference P1424-1PAK) and volumes
were evaluated by comparing the relative distance covered
in 1 minute within the collection capillary between Pax6+/+

and Pax6+/− mice.
Proteomic Analysis: Sample Collection and Pool-

ing. For comparisons (right eye), due to the limited tear
volume obtained per eye following corneal abrasion, tears
from the right eye of two mice matched for sex, geno-
type, and condition were pooled to obtain sufficient protein
yield for liquid-chromatography tandem mass spectrometry
(LC-MS/MS) analysis. Each pooled sample constituted one
biological replicate. No animal contributed to more than one
pool. Tears were then brought to 12 μL with ammonium
bicarbonate (ABC) buffer. Samples were maintained on ice
during collection (4°C) and stored at −80°C until processing.

Protein Quantification and Solution-Phase
Digestion. Frozen tear samples were thawed on ice (4°C).
Total protein was quantified on a NanoDrop One UV–Vis
spectrophotometer (Thermo Fisher Scientific, ND-ONE-W)
using 2 μL per sample. Aliquots containing 5 μg total
protein were reduced, alkylated, and digested with trypsin
via the automated SP3 workflow on a Bravo 96LT platform

(Agilent Technologies). Resulting peptides were desalted
and injected in technical triplicate for LC-MS/MS on an
Evosep One coupled to a timsTOF HT (Bruker Daltonics).

LC-MS/MS Acquisition. For Q-TOF analyses,
peptides were reconstituted in 10 μL phase A (2% acetoni-
trile and 0.1% formic acid in HPLC-grade water) and
transferred to polypropylene MS vials (Agilent, 5190-3155).
One-microliter injections were analyzed in triplicate on
a NanoElute HPLC (Bruker) coupled to an Impact II
quadrupole time-of-flight mass spectrometer (Bruker).
Separations used a C18 column (FORTY, Bruker, 75 μm ×
400 mm; 1.9 μm, 120 Å) with the following gradient: 2%
to 15% B over 55 minutes, 15% to 25% B over 25 minutes,
25% to 35% B over 10 minutes, and 35% to 95% B over
10 minutes (phase A: 2% ACN/0.1% FA and phase B: 90%
ACN/0.1% FA). Column temperature was 50°C and flow rate
300 nL/min. All solvents (water, ACN, and FA) were HPLC
grade (Biosolve, Dieuze, France).

Data Processing and Statistics. Protein identifica-
tion was performed with DIA-NN version 1.8.1 using trypsin
specificity (≤1 missed cleavage), minimum peptide length
of 7 aa, precursor charge 1 to 4, precursor m/z 300
to 1800, and 1% protein-level FDR. Searches referenced
the UniProt Mus musculus proteome (Release_2024_03).
Variable modifications included Asn deamidation and Met
oxidation; Cys carbamidomethylation was set as fixed,
with a maximum of two variable modifications per
peptide.

Label-free quantification (LFQ) intensities were processed
in DIA-Analyst version 0.8.6. For biological replicates,
proteins lacking ≥70% valid values in at least one group
were excluded. LFQ values were log2-transformed and
grouped by genotype. Missing values were imputed using
the bpca method. Differential abundance was assessed with
t-statistics, applying an adjusted P value cutoff of 0.05 to
define significantly regulated proteins. Volcano plots denote
proteins increased in red and decreased in blue for each
comparison.

Functional enrichment of significantly modulated
proteins was performed with Enrichr (https://maayanlab.cl
oud/Enrichr/) using GO Biological Process 2025 and
Reactome Pathways 2024 annotations.

Availability of Data and Materials

The raw data are available upon request to the correspond-
ing author and the datasets produced for the current study
are publicly available. The RNA-sequencing (RNA-seq) data
is available in the GEO repository, under the accession
numbers GSE326648. The MS proteomics data are available
in the PRIDE repository, via ProteomeXchange, with the
identifier PXD070553.

RESULTS

Variable Ocular Phenotype and Delayed Eyelid
Opening in Pax6+/− Mice

To evaluate the phenotype of our mouse of interest,
we investigated the ocular structures in the different
mouse lines. The parental mice: CMV-Cre+/−, Pax6+/+

mice, CMV-CrePax6tm1Ued/ tm1Ued mice and the littermates
CMV-Cre−/− Pax6tm1Ued/+ (named Pax6+/+) mice did not
exhibit any detectable phenotype, particularly at the ocular
level, whereas CMV-Cre+/−, Pax6+/tm1Ued (named Pax6+/−)

https://biosys.bgi.com
http://www.geneontology.org
http://www.kegg.jp
https://reactome.org
https://maayanlab.cloud/Enrichr/
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FIGURE 1. Early and persistent corneal differentiation abnormality in mutants revealed by KRT12/KRT14 staining. (A) The visual-
ization of KRT12/KRT14 staining on whole corneas shows defective corneal regionalization in mutants from postnatal week 2 to 12 (Scale
bars = 500 μm). (B) Quantification of KRT14 across the same stages, reporting the percentage of total corneal area covered by KRT14
staining, measured with Imaris (n = 4–6 different animals per group). (C) Early and persistent defect in central proliferation in mutants,
demonstrated by quantifying the number of nuclei expressing phospho-Histone 3 (pH3). After marking pH3 by immunohistochemistry on
whole corneas, the number of nuclei expressing pH3 in the central area covering 50% of the whole corneal surface is then measured for
each stage using Imaris software. As soon as 24 weeks, mutants show significant defective proliferation (n = 5 different animals per group).
(D) Early and persistent corneal inflammation in Pax6+/− mutants. CD45 immunolabeling (pan-leukocyte marker) was quantified at each
stage. At 2 weeks, Pax6+/− corneas already showed significantly elevated infiltration compared to Pax6+/+ (x4.7). This difference remained
high at 3 months of age (n = 3–5 different animals per group). Each data point represents one animal (biological replicate). Data are
represented as mean ± SEM; statistical analysis was performed using multiple unpaired two-tailed Student’s t-tests with false discovery
rate control (2-stage Benjamini, Krieger, and Yekutieli procedure). Statistical significance is indicated directly on the figures. Time notation:
W = weeks.

mice consistently displayed ocular abnormalities with vari-
able and sometimes asymmetric expressivity, including
microphthalmia, corneal opacity, iris hypoplasia/aniridia,
and cataract, indicating variable penetrance of individual
features, as seen in patients.

To obtain an early, quantitative readout of postnatal
maturation, we assessed the timing of eyelid opening, a
well-established developmental milestone for the ocular
surface maturation.35 Pax6+/− pups exhibited delayed eyelid
opening compared with Pax6+/+ littermates. At postnatal
day 15 (P15), 37.5% of Pax6+/− mice (3/8) had not yet
opened their eyelids, whereas all Pax6+/+ littermates (11/11)
had completed eyelid opening (P < 0.05), supporting a
genotype-dependent delay in postnatal ocular surface matu-
ration (data not shown).

Functionally, the postponed eyelid opening points to
impaired coordination of epithelial maturation, tear film
establishment, and periocular morphogenesis, processes
known to depend on adequate PAX6 dosage. These observa-
tions provide an in vivo correlate of the clinical heterogene-
ity seen in human aniridia and establish a developmental
context for subsequent analyses of corneal structure, inner-
vation, and epithelial homeostasis.

Pax6 Haploinsufficiency Disrupts Corneal
Maturation and Homeostasis

To assess epithelial differentiation, we profiled KRT12
(terminal corneal marker) and KRT14 (basal/progenitor
marker). In Pax6+/+ mice, the immature cornea at 2
weeks showed widespread KRT12/KRT14 co-expression;
from 4 week onward, a stable adult pattern emerged
with KRT12 across the full cornea and KRT14 confined to
basal limbal/peripheral cells. In Pax6+/− mice, KRT12 was
markedly reduced at 2 weeks and KRT14 extended centrally.
KRT12 partially recovered between 4 and 8 weeks but
never reached wild-type coverage; by 12 weeks, KRT12 was
restricted to small central islands whereas KRT14 progres-
sively invaded paracentral and central regions (Figs. 1A, 1B).
These data indicate a persistent differentiation defect, with
an abnormal centripetal expansion of undifferentiated basal-
like cells evident from eyelid opening and persisting at 3
months of age.

Given prior reports of altered turnover in Pax6 mutants,
we quantified mitoses using phospho-histone H3 within
the central 50% of the cornea to minimize limbal contribu-
tions. Pax6+/− corneas showed an early and sustained reduc-
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tion in mitotic figures at 4 weeks (−55% vs Pax6+/+) that
persisted at 8 weeks and 12 weeks, whereas Pax6+/+ corneas
displayed uniformly low central proliferation across ages
(Fig. 1C). Together, PAX6 deficiency compromises epithelial
maturation and central homeostasis.

Early and Sustained Immune Infiltration

Building on reports that immune activation emerges early
in human AAK, we quantified leukocyte infiltration in the
cornea using the pan-leukocyte antigen CD45 as a readout of
inflammatory burden. Immunolabeling and image-based cell
counts revealed a robust increase in CD45+ cells in Pax6+/−

corneas as early as 2 weeks postnatal, that is, at the develop-
mental window that coincides with eyelid opening. At this
stage, Pax6+/− corneas contained 4.7-fold more CD45+ cells
than Pax6+/+ controls, indicating that immune recruitment
is already underway at the onset of ocular surface exposure.

This heightened leukocyte presence was not transient.
Elevated CD45+ cell density persisted at 3 months of age,
demonstrating that inflammatory tone remains chronically
increased under PAX6 haploinsufficiency (Fig. 1D).

Pronounced Sensory Innervation Defects and
Reduced Corneal Sensitivity

We next quantified corneal nerves using β3-tubulin and
examined a specific sensory subset (TRPM8+ cold-sensitive
C-fiber terminals). In 3-month-old Pax6+/+ corneas, a dense,
orderly network radiated from the periphery to a well-
defined central vortex. Pax6+/− corneas exhibited a strik-
ing loss and disorganization of fine fibers, with an approx-
imately 50% reduction in small-fiber density by volumetry,
and attenuated TRPM8 trajectories (Fig. 2). Consistent with
these architectural defects, epicritic sensitivity was signifi-
cantly reduced in Pax6+/− mice.

Because corneal sensory fibers arise from trigeminal
ganglion (TG) neurons, we profiled TG transcripts. Despite
known sex differences at the ocular surface, differential
expression in the TG was minimal (16 RNAs in male and
5 in female mice; 2 shared; Supplementary Table S1).

Corneal Transcriptomics Reveal Sex-Dependent
Consequences of Pax6 Haploinsufficiency

To disentangle epithelial fragility, inflammation, innerva-
tion defects, we performed sex-stratified corneal RNA-seq
(Supplementary Table S2).

In Pax6+/+ corneas, pathway-level sex differences were
modest (Fig. 3). Male-higher transcripts modestly enriched
cell-cycle/mitotic terms, whereas female-higher transcripts
weakly enriched polyamine metabolism; KEGG did not yield
significant pathways (q < 0.05; Supplementary Fig. S1).

By contrast, Pax6+/− corneas displayed a marked
sex-dependent split. Female-higher transcripts enriched
ribosome biogenesis, mRNA splicing/processing, and
translational control; male-higher transcripts mapped to
transmembrane/ion transport, vitamin/cofactor handling,
N-glycan biosynthesis, and circadian programs (Supplemen-
tary Fig. S2). Venn analysis showed extensive sex-specific
gene sets (2164 female-unique, 2110 male-unique, and 2732
shared), yet both sexes converged on common biologi-
cal themes: inflammation and extracellular-matrix (ECM)
remodeling (Supplementary Figs. S3, S4). KEGG highlighted

cytokine–receptor interaction, leukocyte transendothelial
migration, focal adhesion, PI3K–Akt, and Rap1 signaling.
Reactome/GO pointed to ECM organization, hemosta-
sis/platelet activation, innate immunity, cell adhesion,
angiogenesis, and ERK1/2 activation.

Sex-specific modules diverged around this shared core.
Female mice showed selective downregulation of metabolic
programs (e.g., xenobiotic/drug metabolism via cytochrome
P450, glutathione metabolism, retinol metabolism, and
reduced transmembrane transport). Male mice showed
heightened innate immunity (neutrophil degranulation, anti-
gen cross-presentation, and complement) and repression of
visual/phototransduction pathways. Thus, Pax6 haploinsuf-
ficiency elicits a shared inflammatory/ECM program modu-
lated by female-biased metabolic suppression versus male-
biased sensory repression with amplified innate responses.

Wound Healing Uncovers Structural and Neural
Repair Deficits

Macroscopic fluorescein assays revealed no genotype differ-
ence in overall epithelial closure time, indicating preserved
resurfacing. We therefore assessed epithelial identity, tissue
organization, and neural recovery at the microscopic level
after abrasion.

PAX6 staining was comparable at baseline across geno-
types. Two days post-abrasion, Pax6+/+ corneas regained the
characteristic patchy/intense PAX6 pattern, whereas Pax6+/−

corneas showed a uniform but markedly reduced signal. This
divergence persisted at 3 weeks post-abrasion, with Pax6+/−

corneas failing to recover the pre-injury pattern (Fig. 4A).
KRT14 regionalization similarly diverged. At 2 days, both

genotypes displayed paracentral/peripheral KRT14 consis-
tent with mobilization of undifferentiated basal cells. By 3
weeks, KRT14 had re-restricted to the periphery in Pax6+/+

corneas, whereas Pax6+/− corneas retained diffuse KRT14
extending centrally; this abnormal pattern persisted at 7
weeks, indicating a failure to re-establish normal territorial
organization (Fig. 4B).

Proliferation showed an initial transient parity post-injury,
but by 3 weeks the pre-existing approximately 50% prolifera-
tion deficit in Pax6+/− central epithelium was again apparent
(Fig. 4C).

Innervation recovery was slow overall: Pax6+/+ corneas
reached approximately 50% of baseline fiber density at 3
weeks post-abrasion and approached baseline by 7 weeks.
Both genotypes recapitulated their pre-abrasion patterns by
3 weeks; however, the absolute difference between Pax6+/+

and Pax6+/− nerves persisted through 7 weeks (Fig. 5) indi-
cating incomplete neural restoration despite epithelial resur-
facing. Sensory recovery lagged architecture: in Pax6+/+

mice, epicritic sensitivity +remained at approximately 50%
of baseline at 7-weeks post-abrasion. A significant sensitivity
gap between genotypes was already evident by 4 weeks and
remained thereafter.

Sex-Stratified Lacrimal Phenotypes and Tear-Film
Proteome Remodeling

Given the tear film’s roles in epithelial integrity, immune
regulation, and neurotrophic support, we quantified tear
secretion and profiled the tear proteome in Pax6+/+ and
Pax6+/− mice. Tear volume was reduced in Pax6+/− animals,
and reached near-significance after sex stratification only
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FIGURE 2. Defective corneal innervation, reduced mechanical sensitivity, and trigeminal ganglion transcriptomic differences in 3-
month-old Pax6+/− mice. (A) Visualization and volume analysis of corneal innervation with β3-tubulin, and TRPM8. β3-tubulin immunos-
taining revealed a dense and well-organized corneal nerve architecture in Pax6+/+ mice, with fine fibers radiating from the periphery and
converging into a distinct central vortex, whereas Pax6+/− corneas showed a marked reduction and disorganization of fibers. TRPM8 stain-
ing, which labels cold-sensitive C-fiber terminals, displayed thin, radially oriented fibers toward the center in Pax6+/+ corneas, but these
trajectories were sparse and irregular in Pax6+/− mutants. Scale bars = 500 μm. (B) Volumetric quantification of β3-tubulin labelled fibers
confirmed that nerve density was reduced by half in mutants. The epithelial fiber volumes in the central area covering 50% of the whole
corneal surface are then measured for each stage using Imaris software (n = 5 different animals per group). (C) Von Frey testing performed
at 3 months revealed a significantly lower basal mechanical sensitivity in Pax6+/− mice compared to Pax6+/+ controls (30% reduction); n
= 6 to 8 different animals per group. Each data point represents one animal (biological replicate). Data are represented as mean ± SEM.
Statistical analysis was performed using multiple unpaired two-tailed Student’s t-tests with false discovery rate control (2-stage Benjamini,
Krieger, and Yekutieli procedure). Statistical significance is indicated directly on the figures. (D) Overlap of differentially expressed genes
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in trigeminal ganglia by sex and genotype. Venn diagram showing the number of genes identified as differentially expressed (irrespective
of the direction of change) in four pairwise comparisons (n = 5 different animals per group): Pax6+/+ female mice compared with Pax6+/+
male mice; Pax6+/– female mice compared with Pax6+/+ female mice; Pax6+/– female mice compared with Pax6+/– male mice; Pax6+/–
male mice compared with Pax6+/+ male mice. Numbers within each region indicate differentially expressed genes meeting the significance
threshold for the corresponding comparison; overlapping areas indicate differentially expressed genes shared between comparisons, and
the central overlap indicates differentially expressed genes significant in all four comparisons (n = 5 different animals per group).

FIGURE 3. Overlap of differentially expressed genes in mouse corneas by sex and genotype. Venn diagram showing the number of
genes identified as differentially expressed (irrespective of direction of change) in four pairwise comparisons. Numbers within each region
indicate genes meeting the significance threshold for the corresponding comparison; overlapping areas indicate differentially expressed
genes shared between comparisons, and the central overlap indicates differentially expressed genes significant in all four comparisons
(n = 5 different animals per group).

in females; no intersex difference was evident in Pax6+/+

(Fig. 6).
At baseline, the Pax6+/− tear proteome diverged sharply

from Pax6+/+: female mice showed 125 altered proteins (69
up and 56 down) and male mice showed 62 (28 up and
34 down), with no inversions between sexes (Figs. 7, 8;
Supplementary Tables S3A, S3B). Thirteen proteins, includ-
ing ANP32A, AQP5, and GSTA2, were consistently depleted,
suggesting epithelial fragility and reduced water-transport
capacity, whereas 16 (e.g., ALDH1A3, FASN, and RAC1)
were commonly enriched, indicating shared metabolic acti-
vation, oxidative-stress buffering, and cytoskeletal remod-
eling. Enrichment analyses pointed to loss of adherens-
junction together with dysregulated neutrophil-associated
pathways (Supplementary Tables S3C–J). Around this core,
sex-specific programs diverged: female mices upregulated
keratinization modules (e.g., KRT17, KRT19, and KRT15),
Rho-GTPase signaling (e.g., RHOA), and neutrophil degran-
ulation, whereas male mice did not show the keratiniza-
tion signature but instead displayed increased nucleotide-
catabolic enzymes (e.g., GDA and UPP1), and Semaphorin-
3A signaling (e.g., PLXNA3), a negative regulator of inner-
vation.

After abrasion, Pax6+/+ tears mounted a coordinated
response at 18 hours, with extensive protein modu-
lation (429 in female and 145 in male mice, 121
shared; Supplementary Tables S4A, S4B), characterized
by activation of ribosome biogenesis/translation initia-
tion (e.g., RPL18, RPL13A, RPL24, EEF1D, and EEF2) and
chaperone-mediated folding (e.g., CCT8), suppression of
cornified-envelope/keratinization and epithelial differenti-
ation programs (e.g., KRT12 and ASPRV1), and induction
of axon-guidance pathways in both sexes (e.g., CLF1),
with a broader repertoire in female mice, accompanied by

cytoskeletal remodeling proteins (e.g, RAC1 and RHOA);
immune categories were bidirectionally tuned (e.g., upreg-
ulation of LCN2 in female mice and downregulation of
ANXA2 in both sexes), and sex divergence was modest,
with stronger translational activation in female mice and a
relatively more prominent glutathione/redox detoxification
signature in male mice, e.g., GSTM1 and GPX1 in both sexes,
and GLRX3 in male mice; see Supplementary Table S4).

In contrast, Pax6+/− tears did not reproduce this
robust ribosomal/translation surge, retaining only a partial
translational signal in males. Female mutants regulated
250 proteins with downregulation of epithelial develop-
ment/differentiation and cytoskeletal organization modules
(e.g., TJP3, KRT6A, and KRT6B) alongside dysregulated
neutrophil/ innate immune secretory programs (e.g. LCN2,
LTF, CD14, and C3); male mice modulated 235 proteins with
broad Rho-GTPase/cytoskeletal remodeling and vesicle-
traffiking activation (e.g., RHOA, RAC1, and SAR1B),
glycolytic and nucleotide-catabolic acceleration (e.g., GPI,
ALDOA, PGAM1, and PNP), and upregulation of cornified-
envelope components (e.g., SPRR1A, KRT1, and KRT10; see
Supplementary Table S5). Axonogenesis signals in mutants
were sex-divergent and discordant: male mice upregulated
Eph/Ephrin and axon-guidance pathways, but these were
accompanied by axonal growth inhibition programs, asso-
ciated with cytoskeletal remodeling (e.g., CFL1 and PFN1),
and female mice showed no significant enrichment of axon-
guidance categories.

Direct genotype comparisons at 18 hours showed
that, relative to Pax6+/+, Pax6+/− tears exhibited reduced
translation-related signatures, predominantly in male mice
(e.g., RPS 10 in female mice, and RPS28, RPS4X, RPS23,
EEF1A1, and EIF6 in male mice), inhibition of axon-
guidance/axon-related transport programs (e.g., KIF5B in
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FIGURE 4. Defective corneal epithelial repair, patterning, and proliferative response following abrasion in Pax6+/− mutants.
(A) PAX6 expression before and after corneal abrasion. At 3 months, pre-abrasion, PAX6 immunostaining displays a comparable pattern
and intensity in Pax6+/− and Pax6+/+ corneas. At 2 days post-abrasion, Pax6+/+ regains the characteristic patchy, high-intensity signal;
Pax6+/− shows a uniform, reduced signal. At 3 weeks post-abrasion, Pax6+/+ returns to the patchy pattern; Pax6+/− remains uniformly
diminished. Scale bars = 500 μm. Time notation: Ab = abrasion; P = post; D = days; W = weeks. (B) Post-abrasion corneal epithelial
reorganization is impaired in Pax6+/− mutants. Whole-mount KRT14 staining at the indicated post-abrasion time points shows recovery
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of peripheral-basal patterning in Pax6+/+ corneas, whereas Pax6+/− corneas remain mispatterned with an expanded, disorganized KRT14
signal and incomplete centripetal reorganization. Scale bars = 500 μm. Time notation: Ab = abrasion; P = post ; D = days; W = weeks.
(C) Impaired proliferative response after corneal abrasion in Pax6+/− mutants. Quantification of pH3+ nuclei shows reduced basal prolif-
eration in Pax6+/− corneas compared to Pax6+/+ before abrasion. By 3 weeks post-abrasion, proliferation remains significantly reduced in
Pax6+/− compared to Pax6+/+, reflecting a sustained proliferative deficit. Each data point represents one animal (biological replicate, n =
3–8 different animals per group). Data are represented as mean ± SEM. Statistical analysis was performed using multiple unpaired two-tailed
Student’s t-tests with false discovery rate control (2-stage Benjamini, Krieger, and Yekutieli procedure). Statistical significance is indicated
directly on the figures. Time notation: Ab = abrasion; P = post; D = days; W = weeks.

FIGURE 5. Delayed and incomplete corneal reinnervation and sensory recovery after abrasion in Pax6+/− mutants. (A) β3-tubulin
immunostaining shows that after abrasion, Pax6+/+ corneas progressively regenerate thin radially oriented fibers that converge into a
central vortex by 7 weeks post-abrasion. In contrast, Pax6+/− corneas fail to re-establish the subbasal small-fiber network, displaying the
same disorganized and reduced innervation pattern already present at baseline. (B) Volume quantification of β3-tubulin positive epithelial
fibers shows a 50% deficit in mutants at baseline (pre-abrasion), and 40% at 7 weeks post-abrasion (n = 4–9 different animals per group).
(C) Epicritic mechanical sensitivity (von Frey) recovers only partially in Pax6+/+ (50% of baseline at 7WPA). The mutant deficit appears by 4
weeks post-abrasion and persists at 7 weeks at 30% below Pax6+/+ (n = 6–8 different animals per group). Each data point represents one
animal (biological replicate). Data are represented as mean ± SEM. Statistical analysis was performed using multiple unpaired two-tailed
Student’s t-tests with false discovery rate control (2-stage Benjamini, Krieger, and Yekutieli procedure). Statistical significance is indicated
directly on the figures as dots. Scale bars = 300 μm. Time notation: Ab = abrasion; P = post ; D = days; W = weeks.

male mice and MYO6 in female mice) and oxidative
stress-response pathways (e.g., PRDX6 and TXNDC17),
more consistently enriched in female mice (see Supple-
mentary Table S6). Conversely, they over-activated innate
(e.g., LCN2 and S100A9 in male mice, and IL1RAP, MIF,
and C3 in female mice) and keratinization (e.g., KRT1,
KRT10, and SPRR1A in female mice, and KRT17 in
male mice) pathways in both sexes; additionally, female
mutants showed increased epidermal differentiation (e.g.,
KRT13 and SCEL), with a parallel rise in endothelial cell
migration–related terms (e.g EGF and LGALS3), whereas
male mutants altered JAK–STAT signaling while enhancing
Rho-GTPase/actin remodeling (e.g., RAC1, CFL1, ARPC2, and

TLN1) and glycolytic/nucleotide-catabolic flux (e.g., GPI,
PGK1, PGAM1, and PNP; see Supplementary Table S6).

Among differentially expressed proteins, ALDH3A1
emerged as a common, significantly downregulated hit
across three Pax6+/− versus Pax6+/+ contrasts (male post-
abrasion, female pre-abrasion, and female post-abrasion).

DISCUSSION

As observed in patients with aniridia, phenotypic expressiv-
ity in Pax6+/− mice was heterogeneous across the cohort,
indicating variable penetrance of individual features but a
consistent overall disruption of ocular development. AAK
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FIGURE 6. Impact of Pax6 genotype and sex on tear volume. Tear volume is significantly reduced in Pax6−/− mice compared to Pax6+/+
controls, and shows a trend toward reduction in female Pax6+/− mice compared to female Pax6+/+ controls (P = 0.06). (A) Global effect
of Pax6 genotype on tear secretion rate (μL/min). (B) Effect of Pax6 genotype analyzed separately in male and female mice. For each
animal, tears from both eyes were separately collected. Sample sizes are indicated on the graphs by dots (n = 18 eyes per group). Data are
represented as mean ± SEM. Statistical analysis was performed using multiple unpaired two-tailed Student’s t-tests with false discovery rate
control (2-stage Benjamini, Krieger, and Yekutieli procedure). Statistical significance is indicated directly on the figures.

is a multifactorial disorder in which epithelial dysmat-
uration, sensory denervation, and chronic inflammation
interact to drive progressive corneal failure.3,36 Using a
Pax6-haploinsufficient mouse model, we examined base-
line ocular surface pathology and repair dynamics follow-
ing abrasion in order to clarify the mechanisms underlying
AAK. The central findings of this study are the coexistence of
epithelial dysmaturation, sensory denervation, and impaired
tissue restoration after injury in Pax6-haploinsufficient
corneas, whereas transcriptomic and tear proteomic datasets
provide complementary molecular context.

Our epithelial readouts (KRT12/KRT14) indicate incom-
plete differentiation with persistence of a progenitor-like
state, establishing PAX6 as essential for corneal epithe-
lial maturation and territorial organization, consistent with
reduced KRT12 and altered �Np63/GPHA2 expression in
Pax6+/Sey corneas.37 Homeostasis was already perturbed
centrally by 2 weeks, with a sustained mitotic deficit persist-
ing to 3 months. Apparent discrepancies with reports of
increased turnover in Pax6+/Sey lines may be reconciled
by methodological and biological differences. Methodologi-
cally, we quantified proliferation strictly within the central
50% of the cornea (CROP50), whereas previous studies
examined the entire epithelium or mid-corneal sections
without central restriction. Denominator selection may vary
with regional epithelial thickness, which is greater centrally,
and with genotype-specific epithelial thinning, potentially
inflating labeling fractions outside the center. In addition,
pH3 marks the brief M phase, whereas Ki-67 spans G1-S-G2-
M and BrdU captures S phase or cumulative cycling; thus,
prolongation of S/G2 or activation of a G2/M checkpoint
may increase Ki-67 or BrdU labeling while reducing pH3
positivity.38–41 Biologically, our earliest assessments were
performed at 2 weeks, whereas increased indices in previ-
ous reports peaked at 6 to 12 weeks. Allelic and genetic
background effects, including Sey on CBA/Ca or C3H back-
grounds, may also influence the timing and magnitude of
these changes. Taken together, these considerations suggest
that an early central mitotic deficit may precede, and later
coexist with, compensatory and more peripheral hyper-
proliferation, potentially contributing to limbal stem cell
dysfunction.3,36

Inflammation was both strikingly early and persistent:
CD45+ cells were increased from eyelid opening, at 2 weeks,
and remained elevated thereafter. Although a basal popu-
lation of CD45+ resident leukocytes is normally present
in healthy corneas, the marked and sustained increase
observed in Pax6+/− mice indicates an early amplifica-
tion of this physiological immune compartment rather than
mere baseline immune surveillance.42–44 This precedes the
earliest time points reported in Pax6+/Sey (129S1/SvImJ)
corneas, where stromal infiltrates were detected from 1
month onward in a subset of animals,37 and mirrors human
AAK in which central MHC-II+ dendritic cells accumulate
before stromal remodeling.3 These findings support ultra-
early immune activation as a plausible contributor to epithe-
lial dysfunction. The timing and persistence of this response
suggests that reduced PAX6 dosage disrupts ocular surface
homeostasis at, or immediately after, eyelid opening, coin-
ciding with environmental exposure, and reflects a sustained
inability to resolve inflammation over time.

Sensory innervation was profoundly altered, with loss
and disorganization of fine epithelial fibers, attenuation
of TRPM8+ terminals, and reduced epicritic sensitivity.
Because corneal Aδ- and C-fiber somata reside in the TG,
we profiled the TG transcriptome and found minimal differ-
ential expression, suggesting that the defect is encoded
locally at the cornea rather than at the neuronal soma. Over-
all, these findings support a locally coordinated pathology
rather than a primary neuronal defect. Given the established
roles of PAX6 in morphogenesis, matrix patterning, and
trophic cue expression,45–48 local deficits in guidance and
maintenance likely underlie denervation. This denervation
may in turn reduce blinking, tearing, and trophic support,
thereby further destabilizing the ocular surface.49–51

Corneal transcriptomics revealed modest sex differences
in Pax6+/+ tissue but a pronounced sex-dependent diver-
gence under haploinsufficiency. Male and female mice
dysregulated largely distinct gene sets that nevertheless
converged on shared programs involving inflammation and
ECM remodeling. Sex-specific modules, including metabolic
suppression in female mice (xenobiotic/cytochrome P450,
glutathione, and retinol) and enhanced innate immunity
coupled to repression of sensory pathways in male mice,
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FIGURE 7. Impact of Pax6 genotype, and corneal abrasion on tear secretion and proteome in male mice. (A–D) Volcano plots repre-
senting differential tear protein expression identified by mass spectrometry (n = 10 different animals, 5 pooled samples per group) under
the indicated conditions. A Male mice Pax6+/− versus Pax6+/+ at baseline (basal tears). B Male mice Pax6+/− 18 hours post-abrasion
versus basal. C Male mice Pax6+/− 18 hours post-abrasion versus basal. D Male mice Pax6+/− vs. Pax6+/+ 18 hours post-abrasion. The
horizontal dotted line marks the significance threshold; vertical dotted lines delimit fold-change cutoffs; proteins above/below the cutoffs
are highlighted, whereas others appear in grey. Statistical analysis using a t-test with permutated-based FDR of 0.05. Bottom volcano plots
are represented with q values. Statistical analysis using a Benjamini–Hochberg P value correction.

suggest that endocrine and/or chromosomal factors modu-
late how PAX6 dosage is translated into ocular surface
pathology.52–54

Wound-healing analyses further refine these mechanisms.
Despite comparable macroscopic closure times, Pax6+/−

corneas failed to re-establish normal epithelial identity:
PAX6 staining remained faint and uniform, KRT14 persisted
centrally, and the baseline proliferation deficit re-emerged.
Nerve regeneration was slow even in wild-type corneas and
remained durably inferior in mutants, paralleling persistent
sensory loss reminiscent of clinical observations.3,55 These
findings underscore that epithelial resurfacing and restora-
tion of tissue identity are distinct processes. They suggest
that PAX6 may be dispensable for resurfacing per se but
essential for appropriate maturation, proliferation control,
and coordinated epithelial-stromal-neural repair, consistent
with prior evidence that PAX6 supports junctional stability,
regulates stromal apoptosis and MMP9, and that its nuclear
dysfunction imprints a chronic wound-like state.25,26,56,57

The lacrimal axis emerged as both sensitive to PAX6
dosage and sexually modulated. Tear volume deficits tended

to be female-driven, and proteomic analyses revealed a base-
line loss of structural and antioxidant components together
with enrichment of stress- and metabolism-related factors,
consistent with a fragile, oxidation-prone barrier. Male
mutants showed increased Semaphorin-3-related proteins,
a pathway previously implicated in axonal guidance and
repulsion.58 Following abrasion, Pax6+/+ ears activated
translation and axon-guidance programs, whereas mutants
failed to fully reproduce this response and instead showed
exaggerated neutrophil and platelet degranulation. This
immune skew is consistent with observations in human
AAK, in which mature dendritic cells accumulate centrally
early in disease,3 and aligns with keratinization and corni-
fication signatures consistent with epithelial fragility and
metaplasia.59 Dysregulation of axon-guidance and cytoskele-
tal pathways may also contribute to impaired neural
repair.60 These findings argue that tear composition may
actively contribute to ocular surface homeostasis rather
than merely reflect it, although functional effects cannot
be inferred directly from protein abundance alone. This
interpretation is consistent with PAX6 control of corneal
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FIGURE 8. Impact of Pax6 genotype, and corneal abrasion on tear secretion and proteome in female mice. (A–D) Volcano plots
representing differential tear protein expression identified by mass spectrometry (n = 10 different animals, 5 pooled samples per group)
under the indicated conditions. A Female mice Pax6+/− vs Pax6+/+ at baseline (basal tears). B Female mice Pax6+/+ 18 hours post-abrasion
versus basal. C Female mice Pax6+/− 18 hours post-abrasion versus basal. D Female mice Pax6+/− versus Pax6+/+ 18 hours post-abrasion.
The horizontal dotted line marks the significance threshold; vertical dotted lines delimit fold-change cutoffs; proteins above/below the
cutoffs are highlighted, while others appear in grey. Statistical analysis using a t-test with permutated-based FDR of 0.05. Bottom volcano
plots are represented with q values. Statistical analysis using a Benjamini–Hochberg P value correction.

morphogenesis and innervation, as well as lacrimal devel-
opment, and with human lacrimal organoid data show-
ing preserved progenitor populations but defective ductal
differentiation and reduced AQP5 and exocytosis machin-
ery following PAX6 loss.23,61,62 Sex-stratified proteomic
responses further support endocrine modulation of secre-
tion and composition.63–66 In Pax6+/+ mice, female mice
mounted a higher-amplitude response dominated by transla-
tion and axon-guidance pathways; under haploinsufficiency,
the balance shifted toward inflammation and keratiniza-
tion in female mice, whereas male mice showed metabolic
and vesicle-trafficking reprogramming together with altered
JAK-STAT signaling, consistent with epithelial barrier
impairment.

Because pathway enrichment analyses are based on
protein abundance, they identify associated biological
processes but do not establish functional activity or causality.
Functional validation will therefore be required to determine
the mechanistic contribution of these pathways.

The decrease in ALDH3A1 is consistent with evidence
that PAX6 directly regulates its corneal transcrip-

tion.67–69 Given the role of ALDH3A1 in detoxifying
lipid peroxidation-derived aldehydes, protecting against
oxidative and UV injury, and acting as a major corneal crys-
tallin with structural contributions, its loss may plausibly
compromise epithelial homeostasis and optical clarity.70–72

Concordant observations in humans support a shared
mechanism linking epithelial identity, antioxidant defense,
and transparency, thereby nominating ALDH3A1 as a
priority pathophysiological target in PAX6-related aniridia
keratopathy.73

Several limitations related to the genetic model should
be acknowledged. We used a conditional Pax6tm1Ued allele
in which recombination was driven by a CMV-Cre trans-
gene, inducing strong and widespread Cre activity across
tissues early in development.74,75 Consequently, the resulting
phenotype reflects systemic Pax6 haploinsufficiency rather
than tissue-restricted deletion. Although this approach
provides a robust model of dosage deficiency comparable
to human PAX6 heterozygosity, it does not allow discrimina-
tion between cell-autonomous corneal effects and indirect
contributions from other ocular or systemic compartments,
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including neural crest derivatives, trigeminal pathways, or
lacrimal tissues.

Most pathogenic human PAX6 variants associated with
classical aniridia are truncating mutations that result
in nonsense-mediated decay and functional haploinsuffi-
ciency.76 Our conditional deletion, which generates a null
allele in heterozygosity, therefore models the predominant
molecular mechanism observed in patients.76 Nevertheless,
it does not encompass the full allelic spectrum of PAX6-
related disease, including hypomorphic or regulatory vari-
ants that may produce distinct phenotypic trajectories.

Although corneal denervation and epithelial abnormali-
ties coexist in our model, the present study does not directly
test whether neural defects drive epithelial dysmaturation.
Establishing causality will require targeted manipulation of
corneal innervation or neurotrophic signaling pathways.

Compared with the Javidjam Pax6+/Sey (129S1/SvImJ)
model, both systems capture the cardinal axes of
AAK, including epithelial dysmaturation with altered
KRT12/KRT14 territories, subbasal plexus disruption, early
immune infiltration, and barrier compromise. Their trajecto-
ries nevertheless differ. Javidjam et al. describe a mild neona-
tal onset followed by progressive worsening over several
months, with basement membrane collagen IV loss and
increasing basal Ki-67 with disease grade. Our model instead
highlights initiation events beginning at eyelid opening,
including an early central deficit in mitotic entry, robust
early immune infiltration, marked neurotrophic defects, and
explicit impairments in repair organization.

By integrating corneal transcriptomics with tear
proteomics, we link epithelial and neural alterations to
lacrimal remodeling and uncover sex-specific molecu-
lar patterns. This Pax6-haploinsufficient model therefore
complements existing systems by capturing early pathogenic
processes and providing a mechanistic framework for the
exploration of candidate biomarkers.

Collectively, our findings show that Pax6 haploinsuffi-
ciency recapitulates key pathological axes of human aniridia-
associated keratopathy, positioning epithelial dysmatura-
tion, neurotrophic impairment, and inflammation as core
components of the phenotype, with tear film abnormali-
ties acting as an additional modulatory layer beyond stem
cell deficiency alone.77 This model provides an integrated
experimental platform to dissect the temporal interactions
among these mechanisms and to evaluate strategies aimed
at improving or refining existing therapeutic approaches for
AAK, highlighting inflammation, neurotrophic support, and
tear film quality as candidate therapeutic targets.
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