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PURPOSE. Limbal stem/progenitor cells (LSCs) continuously proliferate and differentiate
to replenish the corneal epithelium and play a vital role in corneal function and normal
vision. A previous study revealed that paired box 6 (PAX6) is a master transcription
factor involved in determining the fate of corneal epithelial cells (CECs). However, the
molecular events downstream of PAX6 remain largely unknown. In this study, we aimed
to clarify the regulation network of PAX6 in driving CEC differentiation.

METHODS. An air–liquid culture system was used to differentiate LSCs into mature CECs.
Specific targeting PAX6 short-hairpin RNAs were used to knock down PAX6 in LSC.
RNA sequencing (RNA-seq) was used to analyze shPAX6-transfected CECs and CEC
differentiation-associated genes to identify the potential downstream targets of PAX6.
RNA-seq analysis, quantitative real-time PCR, and immunofluorescence staining were
performed to clarify the function of WNK lysine deficient protein kinase 2 (WNK2), a
downstream target of PAX6, and its relationship with corneal diseases.

RESULTS. WNK2 expression increased during CEC differentiation and decreased upon
PAX6 depletion. The distribution of WNK2 was specifically limited to the central corneal
epithelium and suprabasal layer of the limbus. Knockdown ofWNK2 impaired the expres-
sion of CEC-specific markers (KRT12, ALDH3A1, and CLU), disrupted the corneal differen-
tiation process, and activated the terms of keratinization, inflammation, and cell prolifera-
tion, consistent with PAX6-depleted CEC and published microbial keratitis. Thus, aberrant
expression of WNK2 was linked to corneal ulcers.

CONCLUSIONS. As a downstream target of PAX6, WNK2 plays an essential role in corneal
epithelial cell differentiation and maintenance of corneal homeostasis.
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Nonkeratinized, stratified corneal epithelial cells (CECs)
form the outermost cell layer of the cornea. Their

integrity and homeostasis are essential for the maintenance
of normal vision.1,2 Limbal stem/progenitor cells (LSCs), the
sole stem cell source of CECs, govern CEC replenishment

and corneal wound healing.3 During corneal epithelial cell
turnover, LSCs divide into new LSCs and transient ampli-
fying cells, which then migrate centripetally and gradually
differentiate into mature CECs.4–6 CEC differentiation and
regeneration are fundamental for maintaining the physiolog-
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ical functions of corneal epithelial cells and protecting them
against pathogens. Mechanical and chemical ocular injuries
or genetic mutations can impair LSC proliferation and differ-
entiation, leading to persistent corneal epithelial defects,
invasion of conjunctival cells, aberrant skin-like epithelial
cell fate transition, and eventually blindness.7,8

Paired box 6 (PAX6) is a crucial transcription factor for
developmental regulation of multiple ocular tissues, includ-
ing the neuroretina, lens, anterior eye segment, and cornea.
PAX6 mutation or dosage reductions lead to aniridia and
small eyes in both humans and mice.9 PAX6 is widely
expressed in the corneal epithelium, and it is required for
LSC proliferation and CEC migration during corneal devel-
opment.10,11 Our previous study showed that PAX6 governs
corneal epithelial cell fate determination and CEC differen-
tiation. Diminished PAX6 expression transforms functional
LSC into skin-like epithelium.12 However, the molecular
events leading to PAX6-mediated CEC differentiation remain
unclear.

WNK lysine deficient protein kinase 2 (WNK2) is one of
the four subfamilies of WNK protein kinases and encodes
the expression of cytoplasmic serine–threonine kinase.13

WNK2 was first discovered as a regulator of ion trans-
port.14 The expression of this protein is found in multi-
ple tissues, such as the brain, small intestine, colon, and
heart muscle. WNK2 can function as a tumor suppressor
via the MEK1/ERK1/2 MAP kinase pathway.15,16 It is also
found to participate in the regulation of neuronal cation–
chloride cotransporters and autophagy.17,18 However, the
role of WNK2 in corneal epithelium has not been reported.

In the present study, we found that WNK2 acts as a
novel downstream factor of PAX6 in CECs. WNK2 promotes
CEC maturation and suppresses cell proliferation. PAX6 trig-
gers CEC differentiation and maintains corneal homeostasis
via the PAX6–WNK2 axis. Decreased expression of WNK2
is closely associated with human corneal ulcer disease.
Our findings provide a deeper understanding of the PAX6
downstream regulatory network in CECs and suggest that
WNK2 can serve as a potential new regulator for CEC
differentiation.

MATERIALS AND METHODS

Samples and Cell Culture

Primary LSCs were obtained from human corneoscleral rims,
which were supported by the eye bank of the Zhongshan
Ophthalmology Center, Guangzhou, China (2023KYPJ126).
All the experiments were done according to the ethics state-
ment of the Ethics Committee of Zhongshan Ophthalmic
Center.

Primary cultured LSCs were generated as follows: the
corneoscleral rims were mechanically cut into 2-mm × 2-mm
small pieces and incubated with 0.2% collagenase IV diges-
tion solution (Gibco, Waltham, MA, USA; cat. 17104019) for
2 hours at 37°C. To obtain a single-cell suspension, the cell
solution should be placed in 0.25% trypsin-EDTA (Gibco;
cat. 25200072) solution for further digestion for 15 minutes
at 37°C. After this step, the cells were collected and seeded
in 2% Matrigel-coated (BD Bioscience, Franklin Lakes, NJ,
USA; cat. 354230) polystyrene culture plates for primary
LSC culture. The LSC culture medium was prepared as our
previous work described12 and was changed every 2 days
until cell confluence. The reagents information is shown in
Supplementary Table S1.

CEC Differentiation Assay

LSC-derived CECs were cultured using an air–liquid differen-
tiation system. Briefly, the transwell insert was coated with
30 μg/mL collagen I. Next, approximately 2.5 × 105 LSCs
were seeded in each transwell insert. For the first stage, cells
were cultured in LSC medium and changed every other day
until they reached 100% confluence, which was essential for
supporting the cell differentiation process in the next step.
At the CEC differentiation stage, the medium in the upper
insert was aspirated, while the medium in the lower insert
was replaced by CEC medium and the volume was reduced
to 200 μL per insert. During the differentiation period, the
upper insert remained empty and the medium in the lower
insert was changed every day for 5 days to obtain mature
CECs. The CEC medium was composed of Dulbecco’s modi-
fied Eagle’s medium/F12 medium supplemented with 10
ng/mL cholera toxin (Sigma-Aldrich, St. Louis, MO, USA; cat.
C8052), 50 nM retinoic acid (Tocris, Bristol, UK; cat. 0695),
1.2 mM calcium chloride (Sigma-Aldrich), 10 ng/mL KGF
(MedChemExpress, Hong Kong, China; cat. HY-P70673), 10%
knockout SR serum replacement (Gibco; cat. 10828-028),
and 1% penicillin–streptomycin.

Hematoxylin and Eosin and Immunofluorescence
Staining

Cell samples were fixed with 4% paraformaldehyde at
room temperature for 30 minutes before staining proce-
dures. Human corneoscleral rims (tissues for normal corneal
sections), human corneal ulcer tissues, and CEC cell sheets
were fixed with 10% neutral-buffered formalin solution.
Tissues were fixed for 30 minutes at room temperature.
CEC cell sheets were fixed overnight at 4°C, followed
by their placement in the histogel (Thermo Fisher Scien-
tific, Waltham, MA, USA, cat. R904012). After dehydration,
samples were paraffin embedded and cut into 5-μm sections.
Before staining, all paraffin samples were deparaffinized.

For hematoxylin and eosin (H&E) staining, deparaffinized
sections were incubated with H&E staining solution follow-
ing standard protocols. For immunofluorescence staining,
cell samples, tissue sections, and CEC cell sheets were
permeabilized with 0.3% Triton X-100 in PBS for 15 minutes
and blocked with 3% BSA in PBS for at least 1 hour at room
temperature. All samples were treated with specific primary
antibodies, which were diluted in 3% BSA. The sections were
incubated overnight at 4°C, followed by washing with 1 ×
PBS for 5 minutes four times. The secondary antibodies were
diluted in 3% BSA and incubated for 2 hours at room temper-
ature. After washing with 1 × PBS for 10 minutes four times,
slides were stained with Hoechst for 30 minutes. Images
were taken using a ZEISS LSM 800 confocal microscope,
Oberkochen, Germany or a Leica DMi8 microscope, Wetzlar,
Germany. The antibody information is shown in Supplemen-
tary Table S2.

RNA Isolation and Quantitative RT-PCR

These experiments were performed with the RNeasy kit
(Tiangen, Beijing, China; cat. DP451). Total RNA were
converted into cDNA using the PrimeScript RT Master Mix
Kit (Takara Biotechnology, Kyoto, Japan; cat. HRR036A). For
quantitative RT-PCR, the reaction solution contained sample
cDNA, specific primers, and iTaq Universal SYBR Green
Supermix kit (Bio-Rad Life Science, Hercules, CA, USA; cat.
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1708880). The reactions were performed in a QuantStudio 7
Flex system (Life Technologies, Singapore City, Singapore).
The experiment data analysis was normalized by GAPDH. All
reactions were performed in triplicates. The sequence infor-
mation of all primers is shown in Supplementary Table S3.

Lentiviral Vectors and Gene Knockdown
Experiments

Short hairpin RNAs (shRNAs) targeting PAX6 and WNK2
were designed and inserted into the PLKO.1 plasmid, respec-
tively. Two individual shRNA sequences were designed for
each gene in this study and used separately. A scram-
ble shRNA without a specific targeting sequence was used
as the negative control in this study. After the lentivirus
package, LSCs were infected for 36 hours with 8 μg/mL
polybrene in LSC culture medium. Puromycin (2 μg/mL)
was used for 2 days to ensure the selection of positive
infected cells. After selection, the medium was switched
to normal LSC culture medium and changed daily until
the cells reached confluence. The scramble-, shPAX6-, and
shWNK2-transfected LSCs were further differentiated into
CECs, followed by quantitative RT-PCR, immunofluores-
cence staining, and RNA sequencing analysis experiments.
The PAX6 andWNK2 knockdown efficiency remained stable
in both the LSC and CEC systems until collection for further
experiments. All shRNA sequences are listed in Supplemen-
tary Table S4.

Western Blot Analysis

Cells were washed with cold PBS twice. Next, the total
proteins of scramble-, shPAX6-, shWNK2-transfected CECs
were lysed and extracted using RIPA Lysis buffer (Beyotime
Institute of Biotechnology, Shanghai, China; cat. P0013B)
with protease and phosphatase inhibitor cocktails (Thermo
Fisher Scientific, Waltham, MA, USA, cat. 1861281). The
protein concentration of all samples was determined by a
bicinchoninic acid protein (BCA) assay kit (Thermo Fisher
Scientific, Waltham, MA, USA, cat. A53226). Equal amounts
of protein were loaded and electrophoresed on SDS-PAGE
gels (Tsingke Biological Technology, Shanghai, China, cat.
TSP024). The separated proteins were then transferred to a
polyvinylidene difluoride membrane. Next, the membranes
were blocked for 2 hours at room temperature with 5%
BSA in Tris-buffered saline with 0.1% Tween 20 (TBST).
The membranes were incubated with PAX6 (BioLegend, San
Diego, California, USA, cat. 901301) and GAPDH (GeneTex
Inc., Irvine, CA, USA, cat. GTX100118) antibodies overnight
at 4°C. After washing with TBST for three times, the
membranes were incubated for 1 hour with the appropri-
ate secondary antibodies conjugated with HRP (Cell Signal-
ing Technology, cat. 7074P2). A ECL reagent was used to
detect the specific protein bands, and the results were
photographed using a Bio-Rad detection system (Bio-Rad).

RNA Sequencing Analysis

Total RNA of LSCs, CECs, and scramble-, shPAX6-, shWNK2-
transfected CECs were extracted as described above. RNA
libraries were prepared by using the VAHTS Universal V6
RNA-seq Library Prep Kit (Illumina, San Diego, CA, USA) and
sequenced on a Novaseq 6000 S4 platform (Annoroad Gene
Technology Co. Ltd., Beijing, China) under the condition of
a paired-end 150-read setting. For read count calculation,

the sequencing reads were aligned to human genome(hg19)
using the STAR (version 2.6.1a) software tool. The tran-
scripts per million reads values (TPM) of each gene were
generated by the RSEM (version v1.3.0) tool. The differen-
tial expression genes were called using DESeq2 (version
1.20.0), with a selection condition of an adjusted P value
(Padj) <0.05 and log2 fold change >1. Further functional
analysis, including the Gene Ontology biological process
(GO BP) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis, was generated by subjecting the differ-
ential expression genes list to the online DAVID (Database
for Annotation, Visualization and Integrated Discovery) tool
(https://david.ncifcrf.gov/home.jsp). The results of gene set
enrichment (GSEA) analysis were generated with the KEGG
gene set, and the significance threshold was an false discov-
ery rate (FDR) q value ≤0.05.

The published human corneal bacterial and fungal kerati-
tis transcriptomic data set19 was obtained from the Gene
Expression Omnibus database with number GSE58291.
All data sets, including 7 corneal bacterial keratitis, 8
corneal fungal keratitis, and 12 normal cornea, were down-
loaded. The differential expressed genes with P < 0.05
(Student’s t-test) in corneal bacterial or fungal keratitis
versus normal cornea were deemed statistically significant.
A combined analysis of the differential expressed genes
(DEGs) in shWNK2-transfected CECs and the published
corneal diseases was conducted. GO BP analysis was
performed to assess the functions of these overlapping
genes.

Processed DEG lists and other relevant gene lists are
included in Supplementary Files 1 to 5.

Statistical Analysis

Student’s t-test was used to calculate data between two
groups. Each experiment was performed three times. Results
are shown as mean ± SD. P< 0.05 was assumed to represent
a statistical significance result.

RESULTS

Potential Downstream Regulators of
PAX6-Mediated CEC Differentiation Process

To further explore the downstream molecular events
involved in PAX6-mediated CEC differentiation, human
primary LSCs were cultured and identified by the stem cell
markers p63 and KRT14.20 These cells were also positive for
PAX6 and MKI6712,21 and negative for KRT12, ALDH3A1,
and CLU (Fig. 1A). A serum-free air–liquid differentiation
system was established to obtain mature CECs in vitro.22,23

In this system, keratinocyte growth factor24 and calcium
chloride25 were added to promote differentiation (Fig. 1C).
As expected, stratified CECs were obtained using the CEC-
specific markers KRT12,26 ALDH3A1,27 and CLU.28 Moreover,
CECs expressed PAX6 but were negative for MKI67, p63,
and KRT14 (Fig. 1B). Quantitative RT-PCR was performed to
confirm the expression of KRT12, ALDH3A1, and CLU,which
were highly upregulated during differentiation (Fig. 1D).

Next, we generated shPAX6-transfected LSCs by specif-
ically targeting PAX6 short hairpin RNA (shPAX6), which
were then differentiated into PAX6-depleted CECs. RNA
sequencing (RNA-seq) analysis showed that 437 downregu-
lated genes upon PAX6 depletion were involved in differenti-
ation (Fig. 1E, Supplementary File 4; adjusted P < 0.05). The
RNA-seq analysis results were derived from two biological

https://david.ncifcrf.gov/home.jsp


Corneal Epithelial Differentiation and Homeostasis IOVS | October 2024 | Vol. 65 | No. 12 | Article 40 | 4

FIGURE 1. LSC and CEC culture systems and RNA-seq analyzed the potential downstream effector of PAX6-mediated CEC differentiation.
(A) Phase-contrast image of cultured LSCs (left). Immunostaining images of p63, KRT14, PAX6, MKI67, KRT12, ALDH3A1, and CLU in
primary cultured LSCs. (B) H&E staining image of air–liquid differentiated CECs (left). Immunostaining images of the indicated marker
genes in differentiated mature CECs. Immunostaining and H&E staining images (scale bar: 50 μm); phase-contrast image (scale bar: 200 μm).
(C) The graphic illustrates the differentiation process of LSC-derived CECs within an air–liquid interface system. This graphic was created with
BioGDP.com. (D) Quantification of KRT12, ALDH3A1, and CLU expression level in CECs versus LSCs. (E) Venn diagram displays the overlap
between downregulated genes in PAX6-depleted CECs and genes preferentially expressed in differentiated CECs. The upregulated genes in
differentiated CEC are shown in Supplementary File 1. The downregulated genes in PAX6-depleted CEC are shown in Supplementary File
2. The overlapping genes are shown in Supplementary File 4. (F) GO BP enrichment analysis of the overlapping genes in E. (G) Enriched
pathways of the overlapping genes in E based on GO analysis. (H) Heatmap showing the gene expression data in signaling pathways with
comparison of shPAX6-transfected CECs and their control. (Two biological samples of each group were used. Genes were sorted by the log2
fold change with adjusted P < 0.05.) **P < 0.01, ***P < 0.001.

replicates in each group. Among these 437 differentiation-
associated genes, we first focused on the genes with top
20 adjusted P values upon PAX6 depletion (Supplementary
File 4). After excluding genes previously reported to regu-
late corneal epithelial cell functions, BCAS1 was selected
for further investigation. However, after quantitative RT-PCR
validation, knockdown of BCAS1 showed no impact on CEC
differentiation (Supplementary Fig. S1A). Consequently, we
concentrated on the functional analysis of these 437 genes.
GO BP enrichment analysis revealed that these genes were
mainly enriched in positive regulation of cell migration,
extracellular matrix organization, protein O-linked glyco-
sylation, O-glycan processing, cellular response to calcium
ions, and collagen catabolic processes (Fig. 1F). Next, we
analyzed the signaling pathways that might be activated by
these coregulated gene sets. We noticed that several signal-
ing pathways were affected in PAX6-depleted CECs, includ-
ing the cell surface receptor, protein kinase B, I-kappaB
kinase/NF-kappaB, ERK1 and ERK2 cascades, interleukin-1–
mediated pathway, and interferon-gamma–mediated signal-

ing pathways (Fig. 1G). After excluding genes with low
expression levels (TPM < 10), the downregulated genes
among these pathways were sorted by log2 fold change in
shPAX6-transfected CECs versus controls (Fig. 1H). Among
them, WNK2 exhibited a large decrease upon PAX6 deple-
tion and was chosen for subsequent analyses.

WNK2 Acts as a Downstream Target of PAX6 in
CEC Differentiation

We validated the WNK2 expression pattern in corneal epithe-
lial cells both in vitro and in vivo. We found that the
mRNA expression levels of PAX6 and WNK2 increased 13.4-
and 16.3-fold, respectively, in CECs compared to those in
LSCs (Fig. 2A). The differentiated cells exhibited strong
PAX6 and WNK2 expression (Fig. 2B). However, WNK2 was
only weakly expressed in the nucleus and barely expressed
in the cytosol and plasma membrane of LSCs (Fig. 2C).
In adult human limbus–corneal tissues, PAX6-positive cells
were located in all epithelial layers, including the cornea
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FIGURE 2. WNK2 might act as a downstream regulator of PAX6 in the CEC differentiation process. (A) Quantification of PAX6 and WNK2
expression level in CECs versus LSCs. (B) Immunostaining images showing the expression of PAX6 and WNK2 in differentiated CECs.
(C) Immunostaining images showing the expression of WNK2 in LSCs. (D) Immunostaining images showing the expression of PAX6 and
WNK2 in adult human corneal–limbus tissues. (E, F) Quantification of PAX6 andWNK2 expression levels in scramble-, shPAX6-, and shWNK2-
transfected CECs. (G,H) Immunofluorescence staining for PAX6 and WNK2 in scramble-, shPAX6-, and shWNK2-transfected CECs. Scale bar:
50 μm. *P < 0.05, ***P < 0.001.

and limbus. Unlike PAX6, the distribution of WNK2 was
limited to the corneal epithelium and suprabasal epithe-
lial cells of the limbus, and it was barely detected in the
limbal basal epithelium (Fig. 2D), consistent with the in vitro
findings.

To confirm the relationship between PAX6 and WNK2, we
generated shWNK2-transfected LSCs. Quantitative RT-PCR
and immunofluorescence staining were performed to detect
the alterations in PAX6 and WNK2 expression upon differ-
entiation. The mRNA expression level of WNK2 decreased
upon PAX6 depletion (Fig. 2E), whereas the depletion of
WNK2 had no impact on PAX6 expression (Fig. 2F). Consis-
tent with quantitative RT-PCR results, immunofluorescence
staining revealed that WNK2 expression was suppressed
in shPAX6-transfected CECs (Fig. 2G), while the shWNK2-
transfected CECs were still positive for PAX6 (Fig. 2H). West-
ern blot analysis also confirmed that the knockdown of
WNK2 had no effect on PAX6 expression in CECs (Supple-
mentary Fig. S2A). Therefore, these results suggest that
WNK2 acts as a downstream effector of PAX6 in CECs.

PAX6–WNK2 Axis Regulates Corneal Epithelial
Differentiation and Homeostasis

To assess the function of WNK2 in CECs, RNA-seq was
performed on scramble- and shWNK2-transfected LSCs in

a differentiation culture system. Although there were no
significant morphologic changes in WNK2-depleted LSCs
and CECs compared with those in the scramble-transfected
group (Fig. 3A), GSEA analysis revealed the activation of
cell proliferation–related pathways in shWNK2-transfected
CECs, including the cell cycle, JAK STAT signaling pathway,
MAPK signaling pathway, and WNT signaling pathway (Fig.
3B). The GO BP results showed that the genes downregu-
lated inWNK2-depleted CECs were mainly enriched in extra-
cellular matrix organization, cellular response to calcium
ions, positive regulation of cell substrate adhesion, and O-
glycan processing (Fig. 3C). RNA-seq analysis revealed that
depletion ofWNK2 decreased the expression of CEC-specific
markers KRT12, ALDH3A1, and CLU (Figs. 3D, 3E). On the
basis of these findings, we experimentally verified the alter-
ations in CEC-specific markers uponWNK2 depletion. Quan-
titative RT-PCR and immunofluorescence staining results
revealed that WNK2 knockdown resulted in a significant
decrease in both the mRNA and protein expression levels
of KRT12, ALDH3A1, and CLU in CECs (Figs. 3F, 3G). These
findings support the role for WNK2 in promoting CEC differ-
entiation and suppressing cell proliferation.

Given the similar functions of PAX6 and WNK2 in CEC
differentiation, we further clarified the regulatory func-
tions of PAX6 and WNK2 in CECs at the transcriptome
level (Supplementary Files 2 and 3). We identified 196 co-
descending genes in shPAX6- and shWNK2-transfected CECs



Corneal Epithelial Differentiation and Homeostasis IOVS | October 2024 | Vol. 65 | No. 12 | Article 40 | 6

FIGURE 3. WNK2 participated in CEC differentiation and suppressed CEC proliferation. (A) Phase-contrast image (upper) of scramble-
and shWNK2-transfected LSCs. Scale bars: 200 μm. H&E staining (lower) of scramble- and shWNK2-transfected CECs. Scale bars: 50 μm.
(B) Gene set enrichment analysis showing the enriched proliferation-related KEGG pathways in shWNK2-transfected CECs versus the control.
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(C) GO BP analysis showing the enriched terms of the downregulated genes in shWNK2-transfected CECs versus the control. (D) Volcano
plot of the differential expression genes in shWNK2-transfected CECs versus the control. (E) Heatmap showing the gene expression ofWNK2
and CEC-specific markers in scramble- and shWNK2-transfected CECs. (F) Quantification of KRT12, ALDH3A1, and CLU expression levels
in scramble- and shWNK2-transfected CECs. (G) Immunostaining images of KRT12, ALDH3A1, and CLU in shWNK2-transfected CECs and
the control. Scale bars: 50 μm. (H) Overlapping of the downregulated genes in PAX6-depleted CECs and WNK2-depleted CECs. (I) GO BP
analysis of the co-descending genes in shPAX6- and shWNK2-transfected CECs. (J) GO BP analysis of the independently downregulated
genes in shWNK2-transfected CECs. *P < 0.05, ***P < 0.001. The downregulated genes in PAX6-depleted and WNK2-depleted CECs are
shown in Supplementary Files 2 and 3, respectively.

FIGURE 4. PAX6–WNK2 axis sustained corneal homeostasis. (A) Overlapping of the upregulated genes in PAX6-depleted CECs and WNK2-
depleted CECs. (B) GO BP analysis of the upregulated genes in both shPAX6- and shWNK2-transfected CECs. (C) GO BP analysis of the
independently upregulated genes in shWNK2-transfected CECs. (D) Heatmap showing the enriched genes in selected biological terms in
scramble- and shWNK2-transfected CECs. The upregulated genes in PAX6-depleted and WNK2-depleted CECs are shown in Supplementary
Files 2 and 3, respectively.

and 167 independently downregulated genes in shWNK2-
transfected CECs (Fig. 3H). As expected, GO BP analysis of
these two gene sets revealed that both genes were enriched
in cell differentiation–related biological terms, including
calcium-mediated signaling, epithelial cell differentiation,
lipid metabolic processes, and cell adhesion processes (Figs.
3I, 3J), highlighting the importance of the PAX6–WNK2 axis
in regulating CEC differentiation.

To investigate the role of WNK2 in corneal homeosta-
sis, we focused on the upregulated gene sets in both PAX6-
and WNK2-depleted CECs. We identified 158 upregulated
genes that were coregulated by both PAX6 and WNK2, as
well as 209 independently upregulated genes in WNK2-
depleted CECs (Fig. 4A). GO BP analysis was also performed
to analyze the two gene sets. Consistent with our findings,
these upregulated genes were enriched in cell proliferation–
related terms, such as positive regulation of cell prolifera-
tion or the ERK1/ERK2 cascade. Additionally, these genes
were enriched in keratinization, epidermis development,
and inflammatory response terms (Figs. 4B, 4C). Depletion
ofWNK2 activated genes related to keratinization/epidermis
development (KRT6A, KRT6B, KRT16, KRT17, KLK5, and
SPRRs),29–31 inflammatory responses (IL1A, IL1B, CCL2,
TNF),32–34 and cell proliferation (FOSL1, SOX9, MYC)35–37

(Fig. 4D), suggesting a disruption of corneal homeostasis
upon WNK2 suppression. Taken together, these findings

indicated that the PAX6–WNK2 axis played an essential role
in maintaining corneal epithelial differentiation and corneal
homeostasis.

Loss of WNK2 is Linked to Corneal Diseases

Considering the essential role of the PAX6–WNK2 axis in
maintaining corneal homeostasis, we next analyzed the
potential relationship between WNK2 and corneal diseases.
A combined analysis of the published human corneal bacte-
rial and fungal keratitis transcriptomic data set from the
Gene Expression Omnibus database and the transcrip-
tomic data of shWNK2-transfected CECs was performed
to explore the potential functions of WNK2 in corneal
diseases. We observed that the gene expression level of
WNK2 decreased in both corneal bacterial and fungal kerati-
tis tissues compared to that in normal corneas (P < 0.001),
in line with PAX6, KRT12, and ALDH3A1 (Fig. 5A). This
suggests that the aberrant expression of WNK2 may be
associated with corneal diseases. Therefore, we further
analyzed the coregulated genes in WNK2-depleted CECs
and corneal diseases (P < 0.05). We identified 99 down-
regulated genes in both WNK2-depleted CECs and corneal
diseases, including KRT12 and ALDH3A1 (Fig. 5B). GO
BP analysis showed that these co-descending genes were
also enriched in corneal differentiation and homeostasis
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FIGURE 5. Loss of expression of WNK2 disrupted corneal homeostasis and was associated with corneal diseases. (A) The gene expression of
PAX6,WNK2,KRT12, and ALDH3A1 in published normal cornea and corneal bacterial/fungal keratitis. (B) Overlapping of the downregulated
genes in corneal bacterial keratitis, corneal fungal keratitis, and WNK2-depleted CECs. (C) GO BP analysis of the downregulated genes
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common in corneal bacterial keratitis, corneal fungal keratitis, and WNK2-depleted CECs. (D) Overlapping of the upregulated genes in
corneal bacterial keratitis, corneal fungal keratitis, and WNK2-depleted CECs. (E) GO BP analysis of the upregulated genes common in
corneal bacterial keratitis, corneal fungal keratitis, and WNK2-depleted CECs. (F) H&E staining and immunofluorescence staining for WNK2,
KRT12, and ALDH3A1 in adult human corneal ulcer sections. The overlapping genes (B, D) are shown in Supplementary File 5. Scale bars:
50 μm (immunostaining images); 100 μm (H&E staining images). *P < 0.05, **P < 0.01, ***P < 0.001.

maintenance–associated biological terms, including positive
regulation of epithelial cell differentiation, cell adhesion,
calcium-dependent cell–cell adhesion, and eye development
(Fig. 5C). Moreover, 152 genes were upregulated upon
WNK2 depletion and corneal diseases, including 105 genes
in the three gene sets, 18 genes inWNK2-depleted CECs and
corneal bacterial keratitis, and 29 genes in WNK2-depleted
CECs and corneal fungal keratitis. Consistent with the above
findings, we also observed the activation of keratinization-
related genes (e.g., KRT6A, KRT16, KRT17, SPRRs) and
inflammation-related genes (e.g., IL1A, IL1B, TNF, CSF1,
CCL2, ADAM8, SEMA7A)38–40 in upregulated gene sets of
WNK2-depleted CECs and corneal diseases (Figs. 5D, 5E),
confirming the regulatory role of the PAX6–WNK2 axis in
maintaining corneal homeostasis.

Next, we experimentally validated our findings by
performing H&E staining and immunofluorescence staining
of human corneal ulcer sections from three patients. A previ-
ous study showed that the aberrant expression of PAX6 is
associated with corneal ulcers.12 As expected, lack of WNK2,
KRT12, and ALDH3A1 expression was found in partial lesion
areas of human corneal ulcers. In contrast, WNK2-, KRT12-,
and ALDH3A1-positive cells were distributed in adjacent
normal corneal tissues (Fig. 5F). These experimental find-
ings support the important role of the PAX6–WNK2 axis in
the cornea and indicate that abnormal WNK2 expression is
associated with corneal diseases.

DISCUSSION

Differentiation of lineage-committed adult somatic stem cells
is essential for maintaining tissue function and homeosta-
sis.41,42 In this study, we identified WNK2 as a downstream
target of PAX6 and uncovered the potential role of the
PAX6–WNK2 axis in maintaining corneal homeostasis. Loss
of expression of WNK2 disrupts corneal homeostasis, and
it is associated with corneal diseases by showing similar
gene and protein expression patterns. Therefore, our study
provides a deeper understanding of the molecular events
downstream of PAX6 in the corneal epithelium.

Most previous studies have focused on the regulators
of cell fate determination in corneal epithelium. Among
these studies, Dkk2 was reported to govern corneal cell
fate determination. Dkk2 is expressed in the periocular
mesenchyme at E11.5 and in the mesenchyme at E14.5, and
it contributes in specifying the phenotype of corneal epithe-
lium via bidirectional signaling between stromal and epithe-
lial cells.43 Appropriate differentiation is essential for LSCs
to govern corneal homeostasis and cell identity. However,
little is known about the complex downstream regulatory
network involved in corneal differentiation and the main-
tenance of cell identity. In our previous study, PAX6 has
been reported to govern fate determination and differen-
tiation of LSCs. In this study, we focused on the down-
stream molecular events and identified WNK2 as a down-
stream target of PAX6 in corneal differentiation and mainte-
nance of corneal homeostasis by regulating the expression

of the corneal-specific markers KRT12, ALDH3A1, and CLU.
Depletion of WNK2 induced the activation of keratinization-
related genes KRT6A, KRT6B, KRT16, KRT17, and SPRRs
and inflammation-related genes IL1A, IL1B, CCL2, and TNF.
Therefore, the PAX6–WNK2 axis may be a potential target
for future corneal clinical treatment.

WNK2, an inhibitor of the ERK1/2 pathway,44,45 was
reported to be a tumor suppressor. Previous studies revealed
that WNK2 was predominantly located in the cytoplasm,15

while it is also suggested that this protein could be found
in the plasma membrane and nucleus of colon cancer cells
in recent data analysis,46 which is consistent with current
observation in corneal epithelial cells. Downregulation or
loss of the WNK2 copy number has been detected in vari-
ous tumor cells, including hepatocellular carcinoma, pancre-
atic ductal adenocarcinoma, and glial tumors.13,44,47 WNK2
inhibits the proliferation of these tumor cells. However, the
function of WNK2 in corneal epithelium remains unknown.
Epithelial cells undergoing differentiation also exhibit a
decline in growth ability. Therefore, we speculated that
WNK2 may participate in regulating corneal epithelial differ-
entiation. CECs with WNK2 depletion had an epithelial-like
morphology, but they were found to no longer express the
CEC-specific markers. This suggested that WNK2 is essential
for maintaining corneal epithelial properties of CEC charac-
teristics. Although PAX6 and WNK2 share a similar function
in corneal homeostasis, the genes affected by WNK2 deple-
tion do not fully overlap with those upon PAX6 inhibition.
It is speculated that WNK2 is one of the downstream execu-
tors of PAX6, and it could partially fulfill the action of this
master transcription factor during corneal differentiation.

Microbial keratitis, including corneal bacterial or fungal
keratitis, is characterized by corneal epithelial defects and
excessive inflammatory responses that result in corneal
thinning, perforation, ulceration, and loss of vision.19,48,49

In patients with microbial keratitis, Chidambaram et al.19

reported that the corneal epithelium–specific keratins
KRT3 and KRT12 were downregulated while KRT6B and
KRT16 were upregulated, suggesting that microbial kerati-
tis resulted in the destruction of corneal homeostasis. Previ-
ous studies also revealed that the aberrant expression
of PAX6 or FOXC1, key regulators of corneal epithelial
cell fate commitment, is associated with corneal disease.50

Thus, we determined the expression of WNK2 in published
corneal diseases and analyzed the coregulated genes in both
WNK2-depleted CECs and corneal bacterial/fungal keratitis.
Consistent with previous studies, our study revealed simi-
lar expression patterns of WNK2, KRT12, and ALDH3A1 in
pathological corneas. WNK2 depletion reduced the expres-
sion of corneal differentiation–related genes and activated
keratinization- or inflammatory response–related genes.
Moreover, we identified that the aberrant expression of
WNK2 is associated with corneal ulcers, in line with K12
and ALDH3A1. Furthermore, genes that are downregulated
upon WNK2 depletion in CECs, including AQP5, NTN1,
ANGPTL7, S100A8, and PLTP, have been reported to be asso-
ciated with corneal diseases. Aquaporin 5 (AQP5), a regula-
tor of corneal epithelial cell fate, plays an important role
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in governing corneal epithelial function and homeostasis.
Loss of AQP5 disrupts corneal homeostasis, as evidenced
by decreased expression of KRT12 and increased expres-
sion of skin epithelial marker KRT1.51 Netrin 1 (NTN1),52

angiopoietin-like 7 (ANGPTL7),53 and S100A854 are impor-
tant regulators of corneal inflammation or neovasculariza-
tion. Phospholipid transfer protein deficiency is associated
with dry eye symptoms.55 These findings provide evidence
for a possible link between WNK2 and corneal diseases.
Taken together, our results indicate that the PAX6–WNK2
axis plays a vital role in corneal differentiation and home-
ostasis.
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