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            Abstract
The surface of the cornea consists of a unique type of non-keratinized epithelial cells arranged in an orderly fashion, and this is essential for vision by maintaining transparency for light transmission. Cornea epithelial cells (CECs) undergo continuous renewal from limbal stem or progenitor cells (LSCs)1,2, and deficiency in LSCs or corneal epitheliumâ€”which turns cornea into a non-transparent, keratinized skin-like epitheliumâ€”causes corneal surface disease that leads to blindness in millions of people worldwide3. How LSCs are maintained and differentiated into corneal epithelium in healthy individuals and which key molecular events are defective in patients have been largely unknown. Here we report establishment of an in vitro feeder-cell-free LSC expansion and three-dimensional corneal differentiation protocol in which we found that the transcription factors p63 (tumour protein 63) and PAX6 (paired box protein PAX6) act together to specify LSCs, and WNT7A controls corneal epithelium differentiation through PAX6. Loss of WNT7A or PAX6 induces LSCs into skin-like epithelium, a critical defect tightly linked to common human corneal diseases. Notably, transduction of PAX6 in skin epithelial stem cells is sufficient to convert them to LSC-like cells, and upon transplantation onto eyes in a rabbit corneal injury model, these reprogrammed cells are able to replenish CECs and repair damaged corneal surface. These findings suggest a central role of the WNT7Aâ€“PAX6 axis in corneal epithelial cell fate determination, and point to a new strategy for treating corneal surface diseases.
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                    Figure 1: Normal and pathological changes of corneal epithelium, and its comparison to skin.[image: ]


Figure 2: Exclusive expression of WNT7A and PAX6 at limbus and cornea.[image: ]


Figure 3: WNT7A and PAX6 are essential for maintenance of cornea cell fate.[image: ]


Figure 4: Conversion of SESCs into corneal epithelial-like cells by PAX6 transduction.[image: ]


Figure 5: Cell transplantation and cornea epithelium repair in a rabbit limbal stem cell deficiency model.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Keratin expression profiles and cell cultures, and three-dimensional differentiation of LSCs and SESCs.
aâ€“f, Keratin expression profiles in human limbus, cornea and skin epidermis. a, b, Peripheral corneaâ€“limbus junction and skin tissues showing K5+ (a) and K14 (b) expression in the basal cell layer of limbus and skin, and their absence in central corneal epithelium. c, d, Skin epidermis showing positive K1 (c) and K10 (d) expression and their absence in cornea and limbus. e, f, Peripheral corneaâ€“limbus junction showing K19+ staining in limbus but not in central corneal epithelium and skin (e), and K3/12+ staining only in cornea and not in limbus and skin (f). gâ€“j, Cultured LSCs with stem and progenitor cell characteristics, and SESC characteristics at passage 12 and validation of a three-dimensional differentiation system. g, Immunofluorescence staining of LSCs showing positive stem cell signals of p63 (aâ€²) and Ki67 (bâ€²) and negative differentiated CEC signals, K3/12 (câ€²), phase contrast photograph (dâ€²). h, qPCR analysis showing K3/12 upregulation and K19 downregulation in CECs from a three-dimensional differentiation assay compared with LSCs. i, K1 and K10 upregulation in SECs from three-dimensional differentiation assay compared with SESCs (c), all n = 3, PÂ <Â 0.01. j, Immunofluorescence staining of cultured SESCs showing positive p63 (aâ€²) and negative signals for limbus stem cell marker, K19 (bâ€²) and mature skin epithelium markers K1 and K10 (câ€², dâ€²). Scale bars, 100 Âµm. Data shown as means Â± s.d.


Extended Data Figure 2 Gene expression profiling and immunohistological analysis.
aâ€“c, Genome-wide gene expression microarray of LSCs, CECs and SESCs. a, The top 100 significant genes in a comparison of LSCs and CECs to SESCs. b, Validation of the microarray data with qPCR analysis showing a strong correlation. c, qPCR analysis of WNT7A and PAX6 expression in LSCs and CECs compared to SESCs, all n = 3, PÂ <Â 0.05. d, Expression of WNT7A and PAX6 in cornea and limbus of a one-year old human infant. H&E stain (aâ€²), boxed area was shown in serial sections (bâ€²â€“dâ€²) with immunofluorescence staining of WNT7A (bâ€²), PAX6 (câ€²) and K3/12 (dâ€²). All scale bars, 100 Âµm. Data shown as means Â± s.d.


Extended Data Figure 3 Appearance of skin epidermal markers with loss of corneal markers in human corneal diseases.
Appearance of skin epidermal markers p63, K5 and K10 with loss of corneal marker K3/12, PAX6 and WNT7A in cornea of patients with Stevensâ€“Johnson syndrome (a, b), ocular pemphigoid (c), trauma injury (d) and alkaline burn (e). For all images, H&E staining was carried out on the lesion of corneal epithelial squamous metaplasia (aâ€²). bâ€²â€“fâ€², the same region of lesion in serial sections showing increased p63 (bâ€², dâ€²) and K5 (câ€², dâ€²) and K10 (eâ€²) in the suprabasal layer, no WNT7A (eâ€²), K3/12 or PAX6 could be detected in the area (fâ€²). Scale bars, 100 Âµm.


Extended Data Figure 4 The effect of WNT7A and FZD5 on PAX6 expression in LSCs.
aâ€“c, The effect of WNT7A knockdown on PAX6 expression in LSCs. a, Phase contrast photographs showing effects of WNT7A and PAX6 knockdowns (shWNT7A and shPAX6) in LSCs and their three-dimensional differentiation spheres. b, qPCR analysis of gene expression changes of WNT7A and PAX6 in LSCs. WNT7A knockdown decreased PAX6 expression (n = 3, PÂ <Â 0.01); no significant change in WNT7A expression in PAX6 knockdown. c, Validation of knockdown efficiency of WNT7A and PAX6 in LSCs by western blot analysis. dâ€“f, WNT7A and FZD5 acted as the upstream regulators of PAX6 expression. d, Phase contrast photographs showing cell morphology of knockdown of FZD5 (shFZD5) in LSCs and three-dimensional differentiation spheres. e, Co-immunoprecipitation of WNT7A and FZD5 in LSCs. f, qPCR analysis of gene expression changes in corneal and skin epithelial markers in three-dimensional differentiated cells of LSCs with FZD5 knockdown (three-dimensional shFZD5 LSCs). FZD5 knockdown did not affect WNT7A expression; all others, n = 3, PÂ <Â 0.05. Scale bars, 100Â Âµm. Data shown as means Â± s.d.


Extended Data Figure 5 The effect of PAX6 transduction in SESCs.
a, Phase contrast photographs of SESCs with PAX6 transduction (PAX6+) and three-dimensional differentiation spheres. b, Validation of K12 and PAX6 expression in three-dimensional differentiation spheres by western blotting analysis. c, Loss of skin-specific keratins, K1 and K10 in three-dimensional differentiation of SESCs with PAX6 transduction (three-dimensional PAX6+ SESCs). Scale bars, 100 Âµm.


Extended Data Figure 6 Quantitative information from RNA-seq data.
a, Statistical analysis of RNA-seq samples: raw reads, mapping reads and mapping rate of each sample are included. b, Pairwise comparisions of duplicated biological samples. c, The differences between SECs and three-dimensional PAX6+ SESCs, CECs and three-dimensional shPAX6 LSCs, all FDR < 0.001. a, qPCR analysis of PAX6 expression in rabbit SESCs with PAX6 transduction (rabbit (Rb) PAX6+ SESCs) or LSCs with PAX6 knockdown (Rb shPAX6 LSCs) (all n = 3, PÂ <Â 0.05). We noticed some minor differences in the heatmap. These might result from some experimental variations, or it is possible that, although PAX6 expression is largely responsible for cell fate switch from SESCs to CECs at gene expression and functional levels (as demonstrated in this study), this single transcription factor may not be sufficient to create cells that are completely identical to CECs.


Extended Data Figure 7 Engineered expression of PAX6 and rabbit LSC deficiency model.
aâ€“e, Quantification and culture of engineered expression of PAX6 in rabbit SESCs and PAX6 knockdown LSCs. a, qPCR analysis of PAX6 expression in rabbit SESCs with PAX6 transduction (Rb PAX6+ SESCs) or LSCs with PAX6 knockdown (Rb shPAX6 LSCs) (all n = 3, PÂ <Â 0.05). b, Rabbit SESCs with positive staining of p63 and negative staining of PAX6. Left panel, phase contrast photograph. c, Top row, double immunofluorescence staining of PAX6 and p63 in rabbit SESCs with PAX6 transduction. Top left panel, phase contrast photograph. Bottom row, rabbit PAX6+ SESCs were further labelled with GFP for transplantation. d, Rabbit LSCs with positive staining of p63 and PAX6. Top left panel, phase contrast photograph. e, Culture of GFP-labelled rabbit LSCs with PAX6 knockdown. f, conjunctiva peritomy was performed and a circumferential strip of 2mm anterior limbal conjunctiva was removed (aâ€²). Lamellar scleral and corneal dissection to completely remove LSCs and corneal epithelium along an anterior cornea stroma plane (bâ€²â€“dâ€²). Dissected cap is shown in (dâ€², arrows). The exposed cornea stroma bed was covered by human amniotic membrane (eâ€²) and sutures (fâ€²). (n = 3). Scale bars, 100 Âµm. Data shown as means Â± s.d.


Extended Data Figure 8 Cornea epithelium regeneration and repair by transplanted GFP-labelled PAX6+ SESCs in a rabbit LSC deficiency model.
a, Time course of corneal epithelial defect repair. Fifteen days post transplantation, there was decreased cornea clarity with an entire corneal epithelial defect evidenced by fluorescein stain of cornea surface; 30 days post transplantation there was improved cornea clarity and reduced fluorescein staining of cornea epithelial defect; 45 and 90 days post transplantation there was restoration and maintenance of cornea clarity. b, c, Two other examples of regeneration and repair of rabbit corneal epithelial surface 90 days post transplantation with GFP-labelled PAX6+ SESCs showing complete repair and re-epithelization of corneal epithelial defects. Left panels, white light micrographs; middle panels, slit-lamp micrographs; right panels, fluorescein staining (note that bright spots on the corneal surface were due to camera light reflection, they were not epithelial defects) of corneal epithelium (n = 5). d, H&E stain of regeneration and repair of corneal epithelial surface in three separate rabbits 90 days post transplantation with GFP-labelled PAX6+ SESCs showing intact corneal epithelium histology.


Extended Data Figure 9 Corneal epithelial regeneration by transplantation in a rabbit LSC deficiency model.
a, Time course of corneal epithelial regeneration and repair in a rabbit LSC deficiency model post transplantation with GFP-labelled PAX6+ SESCs. Top panels, 3 day post transplantation. left, light micrograph showing a hazy cornea ; right, GFP+ donor cells at limbal region (arrows). Bottom panels, 20 days post transplantation. Left, light micrograph showing a cornea with partial clarity; right, GFP+ donor co-located in transparent areas (arrows). Scale bars, 1 mm. We observed that only the transplanted cells from the limbal region could survive, proliferate and regenerate cornea surface epithelium, suggesting that limbus contained the stem cell niche favourable for stem cell survival and growth. b, Culture and re-isolation of reprogrammed donor GFP-labelled PAX6+ SESCs epithelial cells from the limbal region of a rabbit recipient eye 90 days post transplantation with GFP-labelled PAX6+ SESCs. Top panel, double immunofluorescence staining of PAX6 and GFP; bottom panel, double immunofluorescence staining of p63 and GFP in PAX6-transduced rabbit SESCs. Scale bars, 100 Âµm. c, Repair and recovery of a repeat cornea epithelium injury on a cornea transplanted with GFP-labelled PAX6+ SESCs. Top panels, we iatrogenically scraped and removed donor-derived corneal epithelial cells and made a large corneal surface epithelium defect (arrows) 3 months post initial transplantation of PAX6+ SESCs. Bottom panels, complete repair and recovery were observed within 72 h with healed epithelial defect (n = 3). Left panels, light micrographs; middle panels, slit-lamp micrographs; right panels, fluorescein staining.


Extended Data Table 1 Primer sequences and rabbit transplantation resultsFull size table
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        Editorial Summary
WNT7A and PAX6 signals in corneal pathogenesis
The limbal stem cells (LSCs) in the basal limbal epithelium of the eye sustain corneal epithelial homeostasis and regeneration. Their loss due to injury or disease is one of the most common causes of blindness. Hong Ouyang et al. establish a method for culturing LSCs in a feeder-free medium. They identify the WNT7Aâ€“PAX6 signalling axis as a determinant of corneal lineage that has potential as a therapeutic target in corneal surface diseases. Transduction of PAX6 in skin epithelial stem cells converts them into LSC-like cells, and transplantation of the reprogrammed cells in a rabbit corneal injury model can repair damaged corneal surface. In a separate study in this issue of Nature, Bruce Ksander et al. identify a marker â€” the ABC transporter ABCB5 â€” that is functionally required for LSC maintenance, corneal development and repair, and can be used to identify LSCs in mouse and human eyes. LSC transplantation experiments suggest that ABCB5-expressing cells may have potential in the treatment of corneal disease, particularly corneal blindness due to LSC deficiency.
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