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Abstract

Adult tissues with high cellular turnover require a balance between stem cell renewal and
differentiation, yet the mechanisms underlying this equilibrium are unclear. The cornea
exhibits a polarized lateral flow of progenitors from the peripheral stem cell niche to the
center; attributed to differences in cellular fate. To identify genes that are critical for
regulating the asymmetric fates of limbal stem cells and their transient amplified progeny in
the central cornea, we utilized an in vivo cell cycle reporter to isolate proliferating basal cells
across the anterior ocular surface epithelium and performed single-cell transcriptional
analysis. This strategy greatly increased the resolution and revealed distinct basal cell
identities with unique expression profiles of structural genes and transcription factors. We
focused on Sox9; a transcription factor implicated in stem cell regulation across various
organs. Sox9 was found to be differentially expressed between limbal stem cells and their
progeny in the central corneal. Lineage tracing analysis confirmed that Sox9 marks long-lived
limbal stem cells and conditional deletion led to abnormal differentiation and squamous
metaplasia in the central cornea. These data suggest a requirement for Sox9 for the switch to
asymmetric fate and commitment toward differentiation, as transient cells exit the limbal
niche. By inhibiting terminal differentiation of corneal progenitors and forcing them into
perpetual symmetric divisions, we replicated the Sox9 loss-of-function phenotype. Our
findings reveal an essential role for Sox9 for the spatial regulation of asymmetric fate in the
corneal epithelium that is required to sustain tissue homeostasis.
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This fundamental work advances our understanding of the regulation of corneal
stem cell fate and differentiation, identifying Sox9 as a player in this process. The
evidence supporting the conclusions is compelling, with rigorous genomic
experiments and genetic mouse models that are state-of-the-art in the field. The
work will be of broad interest to developmental, stem cell, and transcriptional
biologists.

https://doi.org/10.7554/eLife.99555.1.sa2

Introduction

The corneal epithelium is a stratified, non-keratinizing tissue that serves as an external barrier to
protect the eye against environmental insults, similar to the barrier function attributed to the
epidermis in the skin. Like all stratified epithelia, the corneal epithelium undergoes constant
cellular turnover. This turnover is the result of a differentiation trajectory, whereby cells exit the
proliferative basal layer and terminally differentiate through the suprabasal and superficial layers
of the tissue until they are eventually shed from the surface (desquamation) and lost in the tear
film (Creamer et al., 1961 % ; Haddad, 2000 ; Halprin, 1972; Potten et al., 1987 (%). To match this
constant cellular loss and maintain homeostasis, tissue renewal and replenishment is achieved by
a population of resident stem cells that reside in the basal layer at the periphery of the tissue in a
compartment known as the limbus (Cotsarelis et al., 1989 % ; Schermer et al., 1986 2 ; Schlotzer-
Schrehardt & Kruse, 2005 (2).

In vivo lineage tracing analyses have demonstrated that long-lived corneal stem cells, termed
limbal stem cells (LSCs) based on their location in the limbus at the periphery of the tissue, give
rise to transient amplified cells (TACs), which exit the limbal niche and grow centripetally over
several weeks before reaching the central cornea (Di Girolamo et al. 20152, Dora et al. 2015, Lobo,

technique, based on two-photon microscopy, to track the fates of individual cells throughout the
corneal epithelium in the mouse eye. Quantitative clonal analysis of these data revealed the
spatiotemporal organization of cell fates across the entire corneal epithelium (Farrelly et al.

expand their progeny. Subsequently, these short-lived transient amplified cells (TACs) divided in
an increasingly asymmetric manner whereby their probability to terminally differentiate
increased as they moved closer to the center of the cornea. Despite this continuous flux of
progenitor cells in the basal layer, from the periphery to the central cornea, and their terminal
differentiation from the basal to suprabasal/superficial layers, the tissue exhibits a remarkable
ability to maintain stable cell numbers and overall tissue organization to support its barrier
function. This phenomenon suggests a mechanism that instructs cells to undergo a specific mode
of cell division (symmetric vs. asymmetric) depending on their precise location across the ocular
epithelium, but the genes involved in such regulatory network remain elusive.

A major challenge in resolving the underlying mechanism of cellular fate is the dynamic nature of
high turnover tissues, like the cornea, which is not sufficiently resolved by static experimental
approaches. This is particularly important when studying the regulation of stem cell and
progenitor populations that constitute only a minor fraction of the total cellular content in the
tissue. Recent advancements in single-cell genomics have revealed a previously underappreciated
heterogeneity among LSCs that may be critical for maintenance and repair of the ocular surface
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(Lee et al., 2022; Altshuler et al., 2021 ; Catala et al., 2021 ; Collin et al., 2021 ; Dou et al.,
20212; Kaplan et al., 2019 ; D. Q. Li et al., 2021 &3; J. M. Li et al., 2021 @). These studies have not
only challenged the conventional paradigm of a homogenous stem cell population but have also
led to the identification of new specific markers, such as GPHAZ2, that distinguish between
quiescent and actively dividing LSC subsets (Altshuler et al., 2021 &, Collin et al., 2021 ). This
highlights the intricate regulatory mechanisms governing LSC activity, which can inform novel
regenerative therapeutic strategies to treat diseases of the ocular surface. However, discrepancies
in the expression of new, as well as established markers across the different studies underscore
the complex interplay between LSCs, their progeny, and their microenvironment, necessitating
higher resolution genomic approaches for clearer delineation.

Advanced in vivo imaging techniques and cell-tracking strategies are pivotal in this endeavor, as
they allow for the direct observation of cellular dynamics. This capability is essential for
distinguishing between symmetric and asymmetric cell fates and for assessing their respective
contributions to tissue structure and function, as well as pathologies which are largely
characterized by abnormal cell proliferation and/or differentiation. Here, building on recent
advances in genomics and mouse genetics, we ventured to identify the genes and regulatory
networks that control the asymmetry of cell fate in the ocular surface epithelium. We identified
Sox9 as a key transcription factor that is preferentially expressed in LSCs and demonstrate its
necessity for proper regulation of asymmetric cell fate, which is critical to maintain corneal
epithelial homeostasis.

Results

A high-fidelity reporter for analyzing

cell cycle dynamics in the live cornea

Since LSCs and their progenitors (TACs) represent only a fraction of cells that make up the
epithelium, we sought to enrich for these populations to interrogate the mechanisms that regulate
the mode of cell division and therefore their fate. To do this, we implemented a dynamic in vivo
reporter mouse model (CycB1-GFP) that enabled us to visualize the activity of actively cycling cells
in the corneas of live mice (Fig. 1A ). CycB1-GFP transgenic animals express an enhanced green
fluorescent protein (EGFP) that is fused to the N-terminus of the Cyclin B1 (Ccnb1) gene
(Klochendler et al., 2012 ). Since the N-terminus is targeted for degradation in a cell-cycle
dependent manner, only cells that are actively cycling (S-G2-M stages) express the CycB1-GFP
protein.

We performed time-lapse imaging in the corneas of live mice to validate reporter dynamics in
actively cycling cells. We confirmed that only cells in the basal layer were GFP+ as only basal-layer
cells in the corneal epithelium are capable of dividing (Fig. 1B-D 2 ; Movie S1). Using real-time
imaging we visualized cells in the live cornea undergoing mitoses, which validated the fast
kinetics of the in vivo cell cycle reporter (Fig. 1C2; Movie S2). To further test the fidelity of the
reporter, we topically administered 12-O-Tetradecanoylphorbol-13-acetate (TPA) to mouse corneas,
which has a strong mitogenic effect on epithelial tissues (Taketani et al, 1983). Only one day after
treatment, we saw massive increases in the number of GFP+ cells across the ocular epithelium,
which was more pronounced in the limbus and central cornea (Fig. 1E2). One week after
treatment, the number of GFP+ cells had declined and were comparable to untreated eyes. Taken
together, we demonstrate here a powerful tool for visualizing cell proliferation dynamics in a
living eye.

To capture possible imbalances in the rate of cell proliferation between the epithelial
compartments, we performed image analysis and quantified the number of GFP+ cells in different
areas of the corneal epithelium. Our data showed that actively cycling stem cells and progenitors
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Figure 1.

Capturing cell cycle activity in the live mouse cornea.

(A) Genetic alleles of in vivo cell cycle reporter (Cyclin B1-GFP) used to sort stem and progenitor cells in the corneal
epithelium. Cell cycle diagram displays how brightness of the GFP reporter changes throughout the cell cycle. (B) Individual
planes from a series of optical sections of the mouse cornea taken at the indicated depths. (Also see Movie S1.) (C)
Representative snapshots from time-lapse imaging of the cornea in a live CB1-GFP mouse. Only actively cycling cells are
labelled with GFP (Also see Movie S2). (D) Reconstructed side view (XZ) of limbus and cornea from a CB1-GFP mouse based on
2-photon intravital imaging. (E) Panel shows representative snapshots from a time course live imaging experiment. The
limbus and peripheral cornea were imaged at high magnification at the indicated times after treatment with TPA. Dotted line
indicates the limbal-corneal border. (F-H) Optical sections of a CB1-GFP mouse eye imaged at the indicated epithelial
compartments. The globally expressed nuclear tomato reporter allowed for visualization and quantification of total cell
numbers. Graphs show quantification of the number of CB1-GFP+ cells (top panel) and percentage of CB1-GFP+ cells in each
epithelial compartment (n = 6 [conjunctiva] or 8 [limbus + cornea] sampled images per epithelial compartment from 2 mice,
one-way ANOVA). *p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001. (I) Representative frames from time-resolved live
imaging series, showing CycB1-GFP+ cells located in the basal layer of the limbus and central cornea. Arrowheads denote the
axis of the daughter cell separation during mitosis, which are quantified and shown ass radial graphs (right panel) p = 0.86 (n
=35 cells [limbus] and 35 cells [limbus] sampled from 6 time-lapse datasets.
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are distributed uniformly within the basal layer of the limbus and cornea (Fig. 1F-H ™). This
suggests that the rate of proliferation alone, does not impose a growth pressure between these
compartments. To this point, we observed from our time-lapse imaging data from live corneas of
CycB1-GFP mice that all cell divisions are planar with both daughter cells separating within the
basal layer (Fig. 1C &, Movie S2). This implies that the orientation of the mitotic spindle is likely
not the mechanism by which corneal epithelial cells regulate their asymmetric fate and terminal
differentiation. We then asked if the orientation of the cell divisions, in respect to the radial axis
connecting the limbus to the center of the cornea, plays a role in the centripetal flux of progenitors
within the basal layer. Our analysis showed that even though there were measurable biases for
specific angles; on average, cell divisions in the limbus and cornea were oblique to the radial axis
of the cornea (Fig. 112). From these data, we infer that the orientation of mitosis does not directly
determine the fate of LSCs and TACs in the cornea.

Single-cell transcriptomic analysis of actively cycling
cells identifies key transcription factors in distinct

progenitor populations in the corneal epithelium

To develop a greater understanding of the genes and molecular pathways that regulate the fate of
LSCs and TACs, we harvested corneas from adult mice and performed Fluorescence Activated Cell
Sorting (FACS) to purify only GFP+ corneal epithelial cells. (Fig. 2A; Fig. STA). Cell filtering
and unbiased clustering defined 8 cell populations (Fig. 1B, CZ; Fig. S2A(2). Direct comparison
with published single-cell RNA sequencing datasets of mouse corneal epithelial cells showed an
enrichment in proliferative basal cells (Fig. S1B, C2). Moreover, we confirmed that the majority
of cells in our dataset expressed basal cell markers, were actively cycling and were healthy,
according to low expression of apoptotic markers (Fig. S1D @). Taken together the initial analysis
highlighted our ability to specifically interrogate gene expression in single LSCs and corneal TACs
with high resolution.

Unique cell identities were classified based on gene expression, which revealed clusters of
conjunctival (1), limbal (1), corneal (5), immune (1) cells. Conjunctival cells were primarily
identified based on the expression of Keratin 13 (Krt13), Keratin 19 (Krt19) (Altshuler et al., 2021 Z;
Ramirex-Miranda et al. 2011, Kasper et al., 1988(%), as well as the lack or low expression of corneal
and limbal markers Keratin 12 (Krt12) (Kasper et al., 1988 3; Kurpakus et al., 1994; Liu et al.,

respectively (Fig. 1C2, Fig. S2B(#). Similarly, the limbal cluster was defined based on Krt15 and
Gpha2 expression (Altshuler et al., 2021 S. Yoshida et al., 2006 3 ) and low expression, of both
conjunctival and corneal markers (Fig. 1C2, Fig. S2B(2). The corneal-specific Keratin 12 (Krt12)
was detectable in 5 distinct clusters (Fig. 1C2, Fig. S2B(®).

The smallest of those corneal TACs clusters displayed hallmarks of the previously described
compound corneal niches, such as expression of Krt12, Krt19 and Mucin 4 (Fig. 1C(#, Fig. S2B®)
(Pajoohesh et al., 2012). These compound niches were shown to give rise to goblet cells in the
corneal epithelium that are distinct from those in the conjunctiva and play a role in the pathology
of limbal stem cell deficiency. Other unique genes associated with the goblet niche population are
Krt6b, Krt78, Mal, Nccrp1, Plac8, Psca and the transcription factor Hopx (Fig S2B%). Another
distinct cell cluster within the cornea supergroup was characterized by the expression of Urah, a
gene that was previously described to be highly expressed in a group of distinct corneal
progenitors proposed to play a role in “adaptive regeneration” (Lin et al, PNAS 2023) (Fig S2B@).
Similarly, this cluster expresses Fabp5, Sparc and Krt16, consistent with previous reports. In
addition to Krt12, progenitor cells in all the corneal clusters express high levels of Slurp1, Mgarp
and Aqp5 (Fig. S2B@).
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Single cell transcriptomic analysis of corneal stem and progenitor cells.

(A) Experimental design for isolating and profiling actively cycling cells in the mouse ocular epithelium. (B) UMAP plot
presentation of GFP+ cells sorted from corneas of CB1-GFP mice. Unbiased clustering of 5545 cells (2 pooled samples, 30 and
22 corneas total) revealed 8 distinct groups: Conjunctiva (860 cells), Limbus (LSCs; 823 cells), TAC (goblet niche; 150 cells),
TACs (adaptive; 702 cells), TACs (peripheral; 1443 cells), TACs (central; 875), TACs (terminal; 668 cells), Immune (24 cells). (C)
Stacked violin plots of differentially expressed markers used to define cluster identity. The y-axes represent expression level.
(D) Inference trajectory analysis. Dotted lines show inferred pseudotime trajectories of corneal progenitors. (E) Dot plot of

top differentially expressed transcription factors. (F) Umap plot for Sox9. (G) Volcano plot comparing differentially expressed
genes between Sox9-high (>1.3 log) or low (<1 log) expressing cells.

Gabriella Rice et al., 2024 eLife. https://doi.org/10.7554/eLife.99555.1

6 of 35


https://doi.org/10.7554/eLife.99555.1
https://doi.org/10.7554/eLife.99555.1

7 eLife

To investigate the relationships between our identified cell clusters and resolve the differentiation
trajectory of cells that maintain the corneal epithelium, we performed trajectory inference
analysis. A clear trajectory emanating from the limbal cluster progressed through the TAC-
peripheral, TAC-central, and TAC-terminal clusters, suggesting that these represent consecutive
stages of terminal differentiation of the TACs that emerge from the limbus (Fig. 2D ). The
trajectory from the LSC cluster also showed distinct branching points towards the “goblet niche”
and “adaptive” TAC clusters. Next, we performed differential expression analysis of genes that
encode for transcription factors to identify key transcriptional regulators of the distinct cellular
identities found within the stem and progenitor cell pools of the corneal epithelium. Our data
showed that LSCs express high levels of Sox9, Sox4, Barx2, Nfib1 and Osr2 (Fig. 2E @). Expression
of these genes decreases as the TACs exit the niche, and in turn there is upregulation of Klf4, Fos,
Hif, Jun, Junb, and KIf3. (Fig. 2E 2). While the five corneal clusters showed similar expression for
the same transcription factors that differed from the limbal cells, the “goblet niche” progenitors
additionally expressed high levels of EIf3, Mxd1 and Zbtb7a. Expression of all these transcription
factors waned in the TAC-terminal cluster, suggesting that these cells may be the ones closest to
terminal differentiation as also indicated by the trajectory analysis.

Identification of the transcription factor

Sox9 as a putative limbal stem cell marker

To address our original quest for genes which regulate the switch from symmetric cell fate in LSCs
to asymmetric in TACs, we identified Sox9 as one of the transcription factors that are differentially
expressed between the limbal and the corneal clusters (Fig 2E, F(2). The transcription factor Sox9
has long been known for its role as a regulator of stem and progenitor cell activity in other
ectodermal-derived appendages (Kadaja et al., 20142 ; Poché et al., 2008 % ; Scott et al., 2010 Z;
Vidal et al., 2005 ). Given the many parallels in gene expression patterns between the cornea and
the hair follicle, where Sox9 has an established role in regulating hair follicle stem cell fate, we
sought to explore the expression of Sox9 within our single cell dataset We confirmed that Sox9-
high cells express all the typical limbal markers including Gpha2 and Krt15 (Fig. 2G(2). Other
highly expressed genes within the Sox9-high population are Wfdc18, Tppp3, Tmem17a, Tmem17b,
Igfbp2, and Lgals7 (Fig. 2G @). Although transcript levels are not necessarily indicative of
functional activity, we predicted that Sox9 may be functionally more important in LSCs than in
corneal epithelial cells.

To interrogate the role of Sox9 in homeostatic maintenance of the corneal epithelium, we utilized

a two-photon-microscopy-based system to visualize whole eyes in live mice without compromising
the structural integrity of the tissue (Farrelly et al., 2021 (%). To validate Sox9 expression within the
murine cornea in vivo, we imaged the corneas of adult Sox9!RES-EGFP(54x9 EGFP) mice (Chan et al.,

is highest in LSCs residing in the niche and lowest in progenitors that have exited the niche (Fig,
3B@).

We next combined intravital imaging with an inducible Cre-recombinase-based in vivo lineage
tracing strategy to resolve the activity and stemness potential of Sox9-expressing limbal cells in
corneal homeostasis by longitudinal live imaging. These mice express a tamoxifen-inducible Cre
recombinase from the endogenous Sox9 locus and a ROSA26LoxP-STOP-LoxP-tdTomato (R26-
tdTom) Cre-reporter (Sox9CreERT2;tdTom) (Fig. 3A(2). To directly track the activity of
Sox9CreERT2;tdTom lineage-traced cells, we acquired high resolution, full-thickness serial optical
sections of the whole eye, including the limbus and central cornea, and then reimaged the same
eyes longitudinally with the same acquisition parameters (Fig. 3A, C2). By 1-month post-
induction, we observed the emergence of long-lived lineages emanating from the limbus (Fig.
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Figure 3.

Sox9 marks long-lived limbal stem cells that maintain the cornea.

(A) Genetic alleles for in vivo imaging. (B) Global and high-magnification views of the eye imaged at the indicated epithelial
compartments show GFP expression predominantly at the limbus (n = 3 animals). Scale bars represent 500um (global view)
and 100pm (high magnification). (C) In vivo lineage tracing of Sox9CreER;tdTom cells by longitudinal live imaging.
Representative tracing time series generated by reimaging the same eye at the indicated time points after tamoxifen
administration (n = 5 mice). Lower panels show representative magnified views of the same compartment. Dotted lines
indicate the margins of the limbus. Scale bars represent 500pum (panel B and 5x panels) and 250um (panel C and10x panels).
Abbreviations: DPI, Days Post Induction.
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Girolamo et al., 2015 ; Dora et al., 2015), we concluded that Sox9 marks a population of LSCs as
evidenced by their ability to contribute to long-term corneal homeostasis.

Conditional deletion of Sox9 disrupts

corneal epithelial homeostasis

To explore the tissue-specific role of Sox9 within the corneal epithelium, we implemented an
inducible conditional gene targeting strategy (Fig. 4A ). Sox9 floxed mice (Akiyama et al., 2002%)
were crossed to p63CreERT2 reporter animals (p63CreERT2;tdTom) to selectively delete Sox9 from
basal-layer epithelial cells, the only cells that retain proliferative capacity and stemness potential
(Cotsarelis et al., 1989 (), in adult corneas. By 2 months post induction (MPI), a proportion of Sox9
conditional knockout (cKO) corneas presented with hyperplastic growths at the central cornea,
reminiscent of squamous metaplasia, and displayed extensive epithelial and stromal thickening at
the limbus compared to control corneas (Fig. 4B-E (2 ”). Compared to controls, Sox9-cKO corneas
were thicker in the central cornea and limbal compartments (Fig. 4H ). While stromal thickness
was increased within the central cornea and limbal compartments of Sox9-cKO mice, changes in
epithelial thickness were significant at the limbus, but not at the central cornea (Fig. 4 2 .4F-G®).
This is likely due to the observed variance in plaque development/severity across Sox9-deleted
animals. When Sox9-cKO corneas were scored on the severity of epithelial and/or stromal
thickening, only about one-third of corneas (5/11 animals [7/21 corneas]) presented with moderate
to severe epithelial thickening (Fig. 4I-M (@). This likely explains why epithelial thickening
between experimental and control corneas is not significantly different (Fig. 4F ). Based on these
initial observations, we hypothesized Sox9 may play an important role in regulating the integrity
of the corneal epithelium.

To begin characterizing our phenotype, we first validated the efficiency of our Cre/LoxP gene
ablation system by performing immunostaining for Sox9 (Fig. S3). In control eyes, nuclear Sox9
staining was restricted to the basal layer cells within the limbus, whereas in the central cornea
Sox9 faint staining could be observed in both the basal and suprabasal layers (Fig. S3A/A’, C/C3Z°).
In Sox9-cKO animals, Sox9 was not detected in either the limbus or central cornea, indicating
efficient deletion of the Sox9 gene (Fig. S3B/B’, D/D (@°). Furthermore, we validated the epithelial
specificity of our system by staining for Sox9 in retinal Muller glial cells, which are not of
epithelial origin (Fig. S3E/E’, F/F 3”) (Poché et al., 2008 ).

Unlike control corneas, which exhibited a single K14+ basal layer, Sox9-cKO corneas displayed an
expanded K14 layer in which K14 could be detected ectopically in the suprabasal and superficial
layers of the epithelium (Fig. S4A-D (©@°). Keratin 14 (Krt14) is a classic marker of basal-layer
keratinocytes, the proliferative layer of the epithelium (Coulombe et al., 1993 @; Moll et al.,

1982 @). Unlike the epidermis of the skin, the corneal epithelium is non-keratinized and mostly

expression can be detected throughout the suprabasal and superficial layers of the epithelium;
however, it is not expressed within the limbus. In Sox9-cKO corneas, Krt12 is noticeably absent
within the hyperplastic growths, while its expression can still be detected in the periphery of the
corneal epithelium, outside the boundaries of the growths, where its expression is comparable to
control eyes (Fig. S4E-H 2°). As Krt12 expression is unique to the corneal epithelium, its absence
within the corneal plaques indicated a loss of corneal identity or cell fate switch.

Histologically, Sox9-cKO corneas displayed evidence of a keratinized surface, which had a striking
resemblance to the stratum corneum of the epidermis (Fig. S5). Staining for Loricrin (Lor), a
major structural protein of the epidermal cornified cell envelope, confirmed our suspicion that
S0x9-cKO corneas were starting to take on an epidermal-like fate (Fig. S5C7). In Sox9-cKO corneas
that displayed severe thickening and plaque growth (n = 5 corneas [4 mice]), Lor could be detected
within the plaque growths, but not at the corneal periphery or limbus. This is consistent with the
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Figure 4.

Sox9 cKO corneas develop squamous metaplasia.

(A) Experimental timeline. Adult mice (p63CreER; Sox9 fl/fl cKO and control littermates) were treated with Tamoxifen daily for
3 days and analyzed 2 months post tamoxifen induction (MPI). (B-I) Gross morphology and representative histological
sections of the central cornea (D, H) and limbus (E, I) of a control and Sox9-cKO cornea at 2MPI. (F-H) Quantifications of tissue
thickness for the epithelium, stroma, and total corneal thickness in each epithelial compartment (control corneas: n =13
animals [25 eyes]; Sox9-cKO corneas: n = 11 animals [21 eyes], Welch's t test). (I-L) Representative histological sections
depicting phenotype severity. Phenotype severity was scored from 1-4 as follows: 1) No gross morphological/molecular
abnormalities (appear like controls), n = 7/21 corneas (6/11 animals); 2) Mild thickening of the epithelium and/or stroma, n =
7/21 corneas (6/11 animals); 3) Moderate stromal thickening with mild to moderate epithelial thickening, n = 2/21 corneas
(1/11 animals); 4) Severe thickening of stroma, evidence of keratinization (loricrin expression), n = 5/21 corneas (4/11
animals). (M) Bar graph and table depicting distribution of corneas across phenotype severity categories and the proportion
of corneas that developed opacities, respectively. Scale bars are 200 ym.
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observation that K12 expression was properly patterned within Sox9-cKO corneas outside of the
plaques. Collectively, these findings suggest Sox9 plays an important role in regulating corneal
epithelial cell fate and identity as its loss resulted in a corneal-to-epidermal cell fate switch.

Within the corneal epithelium, cell fate decisions are largely influenced by the position of the cell
within the tissue. At the limbus, LSCs divide symmetrically to maintain the stem cell pool but also
to give rise to TAC progeny. As TACs exit the niche, they start to divide asymmetrically with
increasing frequency giving rise to progenitors that will either terminally differentiate or divide
into daughter cells with asymmetric fates where one terminally differentiates and the other is
retained as a progenitor with proliferative capacity (Farrelly et al., 2021 ). Compared to controls,
S0x9-cKO corneas with severe plaque development showed extensive hyperproliferation (Fig.

S6 (2). Staining for Ki67 revealed almost all basal cells, as well as cells in the suprabasal layers,
were actively proliferating throughout the limbus and corneal epithelium compared to controls
(Fig. S6 A-D (2°). We postulated that the increased proliferative activity throughout the corneal
epithelium in the absence of Sox9 explains, at least in part, the observed thickening of the
epithelium.

Inhibition of terminal differentiation in

corneal TACs phenocopies the loss of Sox9

To this end, we provided evidence that the transcription factor Sox9 is preferentially expressed in
LSCs and that conditional ablation of Sox9 from the basal layer of the corneal epithelium leads to
the development of squamous metaplasia at the central cornea. Although we hypothesized that
loss of Sox9 would primarily affect the limbus, the most prominent phenotype in Sox9 cKO mice is
the aberrant growths developing at the center of the cornea. Given that cell divisions switch from
mostly symmetric in the limbus to increasingly asymmetric in the central cornea, with an
increased propensity to terminally differentiate (Farrelly et al. 2021 2), we hypothesized that the
transition from Sox9-high to Sox9-low expression as the TACs exit the limbal niche is required for
their normal differentiation. Thus, we predicted that after conditional deletion of Sox9 TACs are
unable to switch to asymmetric fates, without which they continue to divide symmetrically leading
to cell crowding at the center of the cornea.

To test this hypothesis, we developed an inducible dual Cre and Tet system that would enable us to
suppress differentiation (Differentiation-OFF) in single clones that we could visualize with a co-

commitment to terminal differentiation of progenitors in stratified epithelia. Therefore, by
enforcing total inhibition of canonical Notch, using the dominant negative MAML1 allele
(Differentiation-OFF), we predicted that cells would be locked in a symmetric fate and undergo
perpetual self-renewal. While H2BGFP labelled clones in control corneas could be observed
differentiating normally and moving from the basal to the suprabasal layers of the epithelium
over time, labelled clones in “Differentiation-OFF” corneas remained trapped in the basal layer
(Fig. 5B ). To further validate that suppressing asymmetric cell fate and differentiation of TACs
leads to unchecked self-renewal, we performed quantitative clonal analysis. As expected, basal
clones from normal corneas decayed over time, consistent with the short-lived nature of corneal
TACs (Fig. 5C @). In contrast, “Differentiation-OFF” clones continued to grow. While delamination
of “Differentiation-OFF” cells was predictably suppressed for many days, it eventually started
increasing after several days. This is likely due to crowding of cells which compete for space
leading to cell extrusion from the basal layer (Fig. 5B see right panel, Movie S3).

To assess changes in migratory potential of “Differentiation-OFF” cells, we followed their fate by
imaging the corneas of our “Differentiation-OFF" mice over time in vivo. Despite being unable to
differentiate, “Differentiation-OFF” clones retained their ability to clonally expand and transit
centripetally, leading to increasing crowding in the central cornea (Fig. 5D (7 ; Movie S4).
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Figure 5.

Cell migration and improper differentiation drive cellular crowding at the central cornea.

(A) Allelic system and experimental strategy used to generate single, Differentiation-OFF clones in the basal layer of the
corneal epithelium. Tamoxifen administration in low doses enables Cre-mediated excision of loxP-flanked sequences in a
reporter allele and a tetracycline transactivator allele (tTA) in Keratin14-expressing cells. Membrane-localized GFP (mGFP)
becomes expressed after excision of membrane-localized tdTomato (mTom) in single clones while excision of a STOP cassette
in the ROSA26 locus allows tTA expression. tTA expression in single clones enables expression of two TetO alleles: a dominant
negative MAML allele to suppress Notch signaling (Differentiation-OFF) and a reporter allele (TetO-H2BGFP) to label the
single “Differentiation-OFF” clones with nuclear GFP. Control animals have only the one TetO-H2BGFP reporter allele.
Labelled cells were followed over time by re-imaging the same areas of the cornea. (B) Labelled clones in control animals (n =
5) were tracked differentiating into the suprabasal and superficial layers of the cornea. Differentiation-OFF (n = 6 animals)
clones were observed primarily in the basal layer with very few cells observed differentiating into the suprabasal and
superficial layers. (C) Left panels show representative frames from a live imaging timecourse, showing the dynamics of
control and Differentiation-OFF basal clones. Quantitative clonal analysis is shown in the graphs on the right. Two-way
ANOVA, P<0.0001, n = 10 clonal fields tracked in 4 mice. (D) Representative frames from a live imaging timecourse of the
central cornea from a Differentiation-OFF mouse. Over time, clones could be observed clonally expanding and migrating
radially towards the central cornea. (E) Representative examples of corneas from Differentiation-OFF mice that developed
squamous metaplasia in the central cornea.
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Moreover, several weeks after induction, we observed plaques developing in the central cornea
that phenocopied those we previously saw in the Sox9-cKO mice. Altogether, these data provide
support for a model whereby plaque growths in Sox9-cKO corneas are the result of TACs failure to
switch to an asymmetric cell fate (cells trapped in basal cell identity), leading to their unchecked
growth and crowding at the central cornea (Fig. 6 ). Therefore, Sox9 is a key transcription factor
that regulates progenitor cell fate and is required to maintain corneal epithelial homeostasis.

Discussion

The corneal epithelium is a self-renewing tissue that is maintained by a population of tissue-
resident stem cells (Cotsarelis et al., 1989 ). However, the molecular mechanisms which regulate
the activity of LSCs and their progenitors are not fully known. The limbal niche is the specialized
microenvironment in the limbus which regulates LSC function (H. S. Dua et al., 2005 (2 ; Grieve et
al., 20153; Tseng et al., 2016 @). As stem cells from the limbus divide symmetrically, they give rise
to TACs, which migrate out from the limbal niche and transit centripetally towards the central
cornea where they are eventually shed and washed away in the tear film (Lobo, et al. 2016 (4,
Nasser et al. 2018, Park et al, 2019, Farrelly, et al. 2021 (2). This coordinated activity is achieved
through a combination of cues from the niche which include niche factors like extracellular

2017 ; W. Li et al., 20073 ; Mei et al., 2012 @; Xu et al., 2023 ). Amongst these signaling
pathways, several transcription factors have been shown to play a critical role in LSC maintenance
and function (Bhattacharya et al., 2019 % ; Gonzalez et al., 2019 %; G. Li et al., 2015; Luetal.,

2012 3; Nakatsu et al., 2011 @; Sartaj et al., 2017 & ; Shwartz et al., 2020 3 ; Vauclair et al., 2007 @).
Our results in this study identified the transcription factor Sox9 as a putative marker of LSCs.
Based on our single cell dataset and lineage tracing experiments, we determined that Sox9 is also
expressed within the conjunctiva, a vascularized mucosal epithelium that is physically separated
from the corneal epithelium via the limbus (Wei et al., 1996 (). However, it is well-established that
the conjunctiva does not contribute to homeostatic maintenance of the corneal epithelium (S. H.
Dua, 1998 @ ; Kruse et al., 19902 ; Shapiro et al., 1981 %; Wei et al., 19932, 1996 (%). Thus, it is

highly unlikely that any of the Sox9 lineage-traced corneal cells were of conjunctival origin.

The transcription factor Sox9 has been reported to be essential for cell proliferation and lineage
commitment of adult human corneal epithelial stem cells in ex vivo cultures (Menzel-Severing et
al., 2018 (). Sox9 is known to have a critical role in the maintenance of several adult tissues
(Blache et al., 20042 ; Furuyama et al., 2011 3; Poché et al., 2008 @). Functionally, Sox9 has been
described as a regulator of stem/progenitor cell maintenance and as having a role in cell fate
specification (Aoki et al., 2003 (Z; Bastide et al., 2007 (% ; Kadaja et al., 20142 ; Passeron et al.,
2007 3; Scott et al., 2010 ). However, the role that Sox9 plays in regulating corneal stem cell
activity and fate in vivo was not previously addressed. By conditionally deleting of Sox9 in basal
epithelial progenitors, we showed that the loss of Sox9 causes the corneal epithelium to become
hyperproliferative, which suggests Sox9 primarily functions as a suppressor of symmetric cell
division in the epithelium. Furthermore, the loss of Sox9 results in improper differentiation and
keratinization of the corneal epithelium leading to the development of squamous metaplasia in
the central cornea.

Previously, cKOs of Notch1 from the corneal epithelium were reported to develop a similar
epidermal cell fate switch (Movahedan et al., 2013 @3 ; Vauclair et al., 2007 (@). In addition to the
epidermal-like plaques, these animals had also displayed swollen eyelids. Thus, meibomian gland
dysfunction was thought to be a contributing factor, at least indirectly, to the epidermal cell fate
switch. Meibomian glands synthesize and secrete lipids that make up the protective tear film
which covers the ocular surface under homeostatic conditions, (McCulley & Shine, 2003(®).
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Disruptions to proper meibomian gland activity can lead to a disrupted tear film, making the
corneal epithelium more susceptible to chronic irritation and injury (Chhadva et al., 2017 ().
While meibomian glands in Notch1-deleted corneas developed into cyst-like structures and were
devoid of meibum, the lipid secretion produced by the glands, meibomian gland dysfunction alone
was not enough to produce the epidermal cell fate switch in Notch1-deficient corneas.

Although minor injuries are normally repaired by an LSC-mediated injury repair response,
Notch1-deficient corneal cells could not properly repair the wounded epithelium and instead
generated epidermal plaques at the central cornea (Vauclair et al., 2007 @3). On the other hand,
corneas that were protected from injury by having their eyelids stitched shut never developed
epidermal growths on their eyes, providing further support for the role of Notch1 as a mediator of
wound repair. Although we did not explore changes in meibomian gland physiology or wound
repair in our Sox9-cKO corneas, it is not inconceivable to propose that the role of Sox9 in the
cornea might also be one involved in injury repair rather than homeostatic maintenance. If this is
the case, it would provide a reasonable explanation for as to why the epidermal growths in Sox9-
cKO corneas vary so much in frequency and severity after 2 months. Perhaps the corneas that
developed plaques had somehow been injured, resulting in a failed wound repair response and
the growth of the epidermal plaques.

Cell fate and behavior is largely influenced by the cellular microenvironment. In most, but not all,
self-renewing tissues, stem cells reside in a specialized microenvironment (niche) where they
receive intrinsic and extrinsic signals to preserve their unique ability to self-renew and give rise to
progenitor populations (Fuchs et al., 2004 (%). Within the cornea, the activity and fate of LSCs and
their progenitors is tightly regulated to ensure proper maintenance of the epithelium. As
progenitors migrate out of the limbal niche, they embark on a differentiation trajectory that is
influenced by their intrinsic differentiation potential and the cues they receive from the local
microenvironment. For every cornea that developed epidermal growths, we were intrigued to see
that these growths were always accompanied by thickening of the underlying stroma.

Previously, Vauclair et al., also showed that conditional ablation of Notch1 from the corneal
epithelium resulted in stromal remodeling and the development of epidermal-like growths at the
central cornea (Vauclair et al., 2007 ). While Vauclair et al., noted that the corneal-to-epidermal
cell fate switch always developed after corneal injury, the authors acknowledged this cell fate
switch likely involved cell non-autonomous signals mediated by the underlying stroma, which
became largely vascularized because of increased FGF-2 signaling in the epithelium following
Notchl deletion. Thus, given the striking phenotypic similarities of Notch1-deleted corneas, it is
plausible that the observed cell fate switch in our Sox9-deleted corneas may also be driven, in
part, by cell non-autonomous signals from the underlying stroma.
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Material and methods

Mice

All procedures involving animal subjects were performed with the approval of the Institutional
Animal Care and Use Committee (IACUC) of the University of Pennsylvania and were consistent
with the guidelines set forth by the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. p63CreERT2 mice were created by J. Xu (Baylor College of Medicine) and obtained
from A. Vaughan (University of Pennsylvania). K14CreERT mice were created by Valeri Vasioukhin
(University of Chicago) and obtained from Elaine Fuchs (The Rockefeller University). R26loxp-stop-
loxp-tdTom, R26loxp-stop-loxp-tTA, Ptre-H2BGFP, TetOS-dnMAML-GFP, and Sox9IRES-EGFP mice
were obtained from The Jackson Laboratory. Sox91fl/fl mice come from The Jackson Laboratory
and were obtained from V. Lefebvre (University of Pennsylvania). All mice used in this study were
bred for multiple generations into a Crl:CD1(ICR) mixed background. Adult mice (8 weeks old)
were used for experiments. Mice were housed in a temperature and light-controlled environment
and received food and water ad libitum. Up to 5 mice of the same sex and similar age were housed
in a cage. Mice were provided Bed-0’Cobs (The Andersons Lab Bedding), a porous cob material, as
bedding and Shred-n’Rich nestlets (The Andersons Lab Bedding) for nesting and enrichment.

Tamoxifen induction

To induce Cre-recombinase activation, mice were injected intraperitoneally (IP) with Tamoxifen
(Sigma) dissolved in corn oil (Sigma). For lineage tracing experiments, Sox9-CreERT2;R26-tdTom
mice were administered a single dose of 2 mg Tamoxifen. For lineage tracing experiments in
Notch-suppressed K14Cre-ERT;R26-tTA;TetOS-dnMAML-GFP and control K14Cre-ERT;R26-
tTA;pTRE-H2BGFP mice, a single dose of 0.2 mg Tamoxifen was administered. To induce floxed
deletion of Sox9, p63-CreERT2;Sox9 fl/fl;R26-tdTom mice and littermate controls (Sox9 fl/fl;R26-
tdTom) were administered a single dose of 2 mg Tamoxifen daily for 3 days. Subsequent
experiments were conducted at the indicated times after induction.

Intravital imaging of the mouse eye

Preparation of the mice for intravital imaging of the eye was performed with the following
amendments to the previously described protocol (Rompolas et al., 2016). Mice were initially
anesthetized with IP injection of ketamine/xylazine cocktail (0.1 mL /20 g bodyweight: 87.5 mg / kg
Ketamine, 12.5 mg / kg Xylazine). A deep plane of anesthesia was verified by checking pedal
reflexes. The mouse head was stabilized with a custom-made stereotaxic apparatus that includes
palate bar and nose clamp but no ear bars. Precision, 3-axis micro-manipulators are used to adjust
the head tilt so that the eye to be imaged is facing up. A drop of eye gel (0.3% Hypromellose) was
used as an optically neutral interface between the eye and a glass coverslip, and to prevent
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dryness and irritation to the tissue during the anesthesia and imaging procedure. After
preparation and mounting is complete, the stage is placed on the microscope platform under the
objective lens. A heating pad is used to keep a stable body temperature and vaporized isoflurane is
delivered through a nose cone to maintain anesthesia for the duration of the imaging process.
After each imaging session, the eyes were rinsed with PBS and the mice were monitored and
allowed to recover in a warm chamber before being returned to their housing facility.

Imaging equipment and acquisition settings

Image acquisition was performed with an upright Olympus FV1200MPE microscope, equipped
with a Chameleon Vision II Ti:Sapphire laser. The laser beam was focused through 5X, 10X, 20X or
25X objective lenses (ZEISS FLUAR 440125-0000-000, N.A. 0.25; Olympus UPLSAPO10X2, N.A. 0.40;
Olympus UPLSAPO20X, N.A. 0.75; Olympus XLPLN25XWMP2, N.A. 1.05). Emitted fluorescence was
collected by two multi-alkali and two gallium arsenide phosphide (GaAsP) non-descanned
detectors (NDD). The following wavelengths were collected by each detector: NDD1 419-458 nm;
NDD1 458-495 nm; GaAsP-NDD1 495-540 nm; GaAsP-NDD2 575-630 nm. GFP and Tomato
reporters were excited at 930 nm and their signal was collected by GaAsP-NDD1 and GaAsP-NDD2,
respectively. Second harmonic generation (SHG) signal was generated using 850 nm or 930 nm
excitation wavelengths and detected by NDD1 or NDD2, respectively. Serial optical sections were
acquired in 10 pm steps, starting from the surface of the eye and capturing the entire thickness of
the cornea (epithelium ~40 pm, stroma/endothelium ~80 yum). Expanded views of the cornea and
limbus were obtained by acquiring a grid of sequential optical fields-of-view that were
automatically stitched into one high-resolution tiled image using the microscope manufacturer
software. Multi-day tracing experiments were done by re-imaging the same field of view or the
entire eye at the indicated times after the initial acquisition. For each time point, inherent
landmarks within the cornea, including the organization of the vasculature and collagen fibers
(SHG), were used to consistently identify the limbus and navigate back to the original regions.
Macroscopic images of the mouse eye were acquired under brightfield and fluorescence with an
Olympus MVX10 Fluorescent Macro Zoom microscope fitted with Hamamatsu Orca CCD camera
for digital imaging.

Histology

Following euthanasia by CO2 narcosis and cervical dislocation in accordance with the American
Veterinary Medical Association guidelines, whole globes were dissected and directly fixed in 1.3%
paraformaldehyde in PBS for 1 hour at room temperature. Whole globes were washed in 1X PBS
2x10 minutes, placed in fresh 1X PBS, and stored at 4°C until further processing. For section
staining, fixed globes were submitted to the Penn Skin Biology and Diseases Resource-based
Center for paraffin embedding and sectioning. Slides were heated for 5-10 minutes at 70°C,
deparaffinized using Everclear xylene substitute (2 x 5 minutes), and then rehydrated using a
graded ethanol series (95% EtOH 2 x 2 minutes, 70% EtOH for 2 minutes, ddH20 2 x 2 minutes).
For antigen retrieval, slides were places in a 1:100 dilution of Antigen Unmasking Solution (Vector
Laboratories) and heated in a boiling bath for 20 minutes and then left to sit at room temperature
until solution cooled. Sections were washed as follows: ddH20 1 x 5 minutes, 1 X PBS 2 x 3
minutes, 0.1% Triton X-100 in 1X PBS 2 x 3 minutes. Sections were incubated in blocking solution
(10% normal goat serum, 0.1% Triton X-100 in 1X PBS) for 1 hour at room temperature and then
incubated with primary antibody diluted in staining solution (2% normal goat serum 0.1% Triton
X-100 PBS) overnight at 4°C. After 4 X 5-minute washes in 0.1% Triton X-100 in 1X PBS, tissue
sections were incubated with secondary antibody and DAPI diluted in staining solution for 1 hour
at room temperature. Secondary antibody incubation was followed by 4 x 5-minute washes in
0.1% Triton X-100 in 1X PBS and slide mounting using Fluor-Gel mounting medium (Electron
Microscopy Sciences).
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The following primary antibodies were used: Anti-KI67 (1:100, ab16667, Abcam), Anti-Sox9 (1:500,
ab185966, Abcam), Anti-KERATIN 17 (1:300, 4543, Cell Signaling Technology), anti-hair cortex
cytokeratin/K40 [AE13] (1:50, ab16113, Abcam), and anti-RFP (1:500, Rockland Immunochemicals,
Cat # 600-401-379).

The following secondary antibodies were used: Alexa Fluor 488 Goat anti-Mouse (1:500, A11001,
ThermoFisher Scientific), Alexa Fluor 488 Goat anti-Rabbit (1:500, A11008, ThermoFisher
Scientific), Alexa Fluor 594 Goat anti-Rabbit (1:500, A11012, ThermoFisher Scientific), Alexa Fluor
594 Goat anti-Mouse (1:500, A11005, ThermoFisher Scientific), and DAPI (1:1000, 40043, Biotium).

Image acquisition of stained tissue sections

Images of stained tissue sections were acquired using an Olympus BX51 equipped with a
Hamamatsu Orca CCD camera or a Leica DM6 B equipped with a Leica DFC9000 GT fluorescent
camera and a Leica DMC2900 brightfield camera.

Corneal epithelial cell isolation for flow cytometry and sorting

Whole globes were isolated and the corneas, including the limbus and marginal conjunctiva, were
dissected and placed into 2.4 units/ul of Dispase prepared in Keratinocyte Serum Free Medium and
incubated at 37°C for one hour (sample 1) or overnight at 4°C (sample 2). For each cornea, the
epithelium was gently peeled off, washed in 1 X PBS, and incubated in Trypsin-EDTA (0.25%) at
37°C for 20 minutes. Following incubation, tissue was processed into a cell suspension via
successive rounds of manual pipetting with a P1000 tip. 2 ml of FBS and 6 ml of 1 X PBS were
added to the cell suspension and cells were spun down at 1000-1500 rpm for 5 minutes. Following
centrifugation, the supernatant was aspirated, cells were resuspended in 1X PBS, and the entire
volume was filtered through a 40 pm cell strainer to obtain a single cell suspension. For cell
staining, DAPI (1:1000) was added directly to the cell suspension and incubated for 10 minutes on
ice. Following incubation, cells were spun down at 1000-1500 rpm for 5 minutes, supernatant was
aspirated, and cells were resuspended for sorting in 2% FBS 5 mM EDTA in 1X PBS. Flow cytometry
was performed on a BD LSRII cytometer (BD Biosciences), sorting on a BD FACS Aria II sorter (BD
Biosciences). Only GFP+ live cells were collected from sorting. Flow cytometry data was collected
and exported using BD FACs Diva software (BD Biosciences) and analyzed and plotted using Flow]Jo
software.

Library preparation and data generation

The FACS-generated cell suspension was used to generate a single-cell RNA-seq library according to
the 10x Genomics protocol (Chromium Single Cell 3’ Library & Gel Bead Kit v3, PN-1000075). Single
cell separation was performed using the Chromium Single Cell B Chip Kit (PN-1000074). The
library was sequenced on an Illumina NextSeq500 instrument with a high-output mode (Illumina,
20024907) 150bp paired-end reading strategy according to 10X recommendations.

Processing of 10X Genomics data

Cell Ranger (version 3.1.0) was used for primary data analysis (alignment, filtering, barcode and
UMI counting) to determine transcript counts per cell (producing a gene-barcode matrix).
Transcripts were mapped to the mouse reference genome, GRCm38 (refdata-cellranger-mm10-
2.1.0/GRCm38.84)

Downstream analysis of single-cell RNA sequencing data

The single cell RNA-seq dataset was processed, explored and visualised using Cellenics community
instance (https://scp.biomage.net/2) that is hosted by Biomage (https://biomage.net/ %) Filters for
mitochondrial content (>7%), number of genes vs UMIs (linear regression, p-value=0.0003250) and
doublet (scDblFinder, probability thresholding=0.56) were applied to exclude low quality cells.
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Data integration was performed using Harmony (2000 highly variable genes, LogNormalized).
Dimensionality reduction was performed using 30 principal components with 87.09% variation
explained, and normalized excluding ribosomal, mitochondrial and cell cycle genes. UMAP
embedding was carried out using Euclidean distance metric and 0.6 minimal distance. Clustering
was performed using Louvain at 0.3 resolution.

Quantitative image analysis of CB1-GFP+ cells

Raw digital files from 2-photon imaging were acquired and saved in the OIB format using the
microscope manufacturer’s software (FluoView, Olympus USA). Extended fields-of-view that
encompass the entire ocular surface epithelium, including the cornea, limbus, and conjunctiva,
were captured using a tiling method to reconstruct a single image from multiple full-thickness
serial optical sections (FluoView, Olympus USA). To image the entire eye with the 10X objective
lens, a matrix area of 2 X 2 (XY) field-of-view with 10% overlap between tiles is defined. Using the
motorized platform, the microscope automatically acquires the four fields-of-view in a sequential
pattern and uses information from the overlapping margins to stitch the individual fields-of-view
into a single image. Raw image files were imported into Image]/Fiji (NIH) using Bio-Formats for
further analysis. For cell counts, supervised image segmentation and blob detection was
performed on individual optical sections. Identified blobs were manually validated and their
number, size, and signal intensity as mean gray values were measured. Images shown in figures
typically represent maximum projections or single optical sections selected from the z stacks
unless otherwise specified.

Quantitative image analysis of corneal epithelium thickness
Images at the central cornea and limbus of stained H&E tissue sections were acquired using an
Olympus BX51 equipped with a Hamamatsu Orca CCD camera or a Leica DM6 B equipped with a
Leica DFC9000 GT fluorescent camera and a Leica DMC2900 brightfield camera. Length
measurements were recorded using the straight line and Set Measurements functions in
Image]/FIJL. Epithelial and stromal compartments were measured separately and then combined
to generate values for total corneal thickness.

Statistical analysis

Sample sizes were not pre-determined. Data were collected and quantified randomly, and their
distribution was assumed normal, but this was not formally tested. Lineage tracing experiments
were successfully reproduced under similar conditions using different mouse cohorts. The values
of “n” (sample size) refer to number of corneal samples, unless otherwise indicated in the figure
legends. Statistical calculations and graphical representation of the data were performed using the
Prism software package (GraphPad). Data are expressed as percentages or mean + SEM and two-
tailed Student’s t test was used to analyze datasets with two groups, unless otherwise stated in the
figure legends. For all analyses, p-values < 0.05 were designated as significant and symbolized in
figure plots as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, with precise values supplied in
figure legends. No data were excluded from the analyses.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma Cat #T5648

Ketamine Midwest Veterinary Supply Cat #17033-100-10

Xylazine Midwest Veterinary Supply Cat #310-01150-3
: Cat#

Isoflurane USP Piramal NDC6679401325

Dispase Fisher Cat # NC9886504

Trypsin-EDTA (0.25%), phenol red Gibco Cat # 25200056

Keratinocyte SFM Media Emsco/Fisher Cat # 10744019

Fetal Bovine Serum (FBS) Millipore Sigma Cat # F2442-500ml
Triton X-100 Sigma Cat # 10789704001
Goat Serum (Donor Herd) Sigma G6767-500ML
Fluoro-gel EMS Cat #17985-10
Antigen Unmasking Solution Fisher Cat # NC9401067

BSA Blocking Buffer, 3% in PBS

Thermo Scientific

Cat #J61655-AP

5-Bromo-2'-deoxyuridine (BrdU)

Sigma Aldrich

Cat # C974V20

Everclear Xylene Substitute

Azer Scientific

Cat # ES657

PBS 10x Powder

RPI

Cat # P32200-1000

Experimental Models: Organisms/Strains

Mouse: Crl:CD1(ICR)

Charles River

RRID:IMSR_CRL:022

Mouse: p63-CreERT2

Lee et al., 2014

N/A

Mouse: Sox9-CreERT2

Kopp et al., 2011

RRID:IMSR_JAX:013
106

Mouse: K14-CreERT

Vasioukhin et al., 1999

RRID:IMSR_JAX:005
107

Mouse: Rosa26-nT-stop-nG

The Jackson Laboratory

RRID:IMSR_JAX:023
035
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Mouse: Rosa26-stop-tdTomato

Madisen et al., 2010

RRID:IMSR_JAX:007
9208

Mouse: Rosa26-stop-tTA

Wang et al., 2008

RRID:IMSR_JAX:008
600

Mouse: pTRE-H2BGFP

Tumbar et al., 2004

RRID:IMSR_JAX:005
104

Mouse: TetOS-dnMAML-GFP

A. C.Y.Changetal., 2011; L. Chang et
al., 2012

RRID:IMSR_JAX:017
918

Mouse: Sox9-IRES-EGFP Kl

Chan et al., 2011

RRID:IMSR_JAX:030
137

Mouse: CycB1-GFP

Klochendler et al., 2012

RRID:IMSR_JAX:023
345

Mouse: Sox9 fl/f]

Akiyama et al., 2002

RRID:IMSR_JAX:013
106

Antibodies

Rabbit anti-KERATIN 12 Abcam Cat # ab185627
Rabbit anti-KERATIN 14 Biolegend Cat #905301
Rabbit anti-LORICRIN Biolegend Cat #905103
Rabbit anti-Sox9 Abcam Cat # ab185966
Rabbit anti-KI67 Abcam Cat # ab16667
Rat anti-BrdU Abcam Cat # ab6326

Alexa Fluor 488 Goat anti-Rabbit IgG

ThermoFisher Scientific

Cat # A-11008

Alexa Fluor 488 Goat anti-Mouse 1gG

ThermoFisher Scientific

Cat # A-11001

Alexa Fluor 594 Goat anti-Rat IgG

ThermoFisher Scientific

Cat # A-11007

DAPI Biotium Cat # 40043
Critical Commercial Assays
RNeasy Mini Kit Qiagen Cat #74104

Chromium Single Cell 3' GEM, Library
& Gel Bead Kit v3

10X Genomics

Cat # PN-1000075

Chromium Single Cell B Chip Kit

10X Genomics

Cat # PN-1000074

NextSeq 500/550 High Output Kit v2.5

Illumina

Cat # 20024907
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Software and Algorithms

https://www.graphpad.com/scientific-

GraphPad Prism 9 : N/A
software/prism/
https://www.olympus-

Olympus FluoView lifescience.com/en/support/download | N/A
s/

Imagel/FlI https://imagej.nih.gov/ii/ N/A

Adobe Photoshop and Illustrator https://www.adobe.com N/A
https://www.bdbiosciences.com/en-
us/instruments/research-

FACS Diva software instruments/research-software/flow- N/A
cytometry-acquisition/facsdiva-
softwar

FlowJo software https://www.flowjo.com/ N/A
https: .10xgenomics.com/suppo

10X Genomics, Cell Ranger v3.1.0 psi//wws. 10xgenom [suppo |\

rt/software/cell-ranger/downloads

R v4.3.2 (Eye Holes)

R Core Team

https://www.r-

project.org/

R package — Seurat (version 5.0.0)

Hao et al., 2023

https://satijalab.org
/seurat/articles/inst
all.html

Other

Mouse reference genome NCBI build
38, GRCm38 (mm10)

Genome Reference Consortium

https://www.ncbi.nl
m.nih.gov/assembly
/GCF_000001635.20

'

Cell strainer 40 um

VWR

Cat #76327-098
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Supplementary Figure 1.

Single cell sequencing reveals CycB1-GFP sorted cells from the corneal epithelium have a mitotic, basal cell signature. (A)
Representative images of FACS gating strategy used to sort for GFP+ cells from Cyclin B1-GFP animals. (B) Umap plots of
integrated single cell datasets comparing this study with a published study of single cell transcriptomic analysis of bulk
corneal epithelial cells (Altshuler et al. 2021 ). (C) Violin plots of proliferation (Mki67) and differentiation (Dsg1a) markers.
(D) Violin plots of basal, suprabasal, cell cycle and apoptotic markers of mouse corneal epithelial cells profiled in the present
study.
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Supplementary Figure 2.

(A) Dot plot of top differentially expressed genes between the identified cell clusters. (B) Umap plots of differentially

expressed genes in each of the identified cell clusters.
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Supplementary Figure 3.

Sox9 Expression in the mouse eye. (A/A’) Immunofluorescence images of Sox9 in the limbus and central cornea (C/C’) of
control corneas (n = 25 corneas [13 animals]). (B/B’) Immunofluorescence images of Sox9 in the limbus and central cornea
(D/D’) in Sox9-cKO corneas (n = 21 corneas [11 animals]). (E/E') Immunofluorescence images of control and Sox9-cKO (F/F’)
eyes stained for Sox9 in the retina. Muller glial cells in the retina are non-epithelial cells that also express Sox9 but are not
targeted for deletion by Cre recombinase. Asterisks indicate non-specific background staining. Scale bars are 100 pm.
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Supplementary Figure 4.

Keratin expression is abnormal in Sox9 cKO corneas. (A/A’) Immunofluorescence images of K14 in the limbus and central
cornea (C/C’) of control corneas (n = 25 corneas [13 animals]). (B/B’) Immunofluorescence images of K14 in the limbus and
central cornea (D/D’) of Sox9 cKO corneas (n =21 corneas [11 mice]). (E/E’) Immunofluorescence images of K12 in the limbus
and central cornea (G/G’) of control corneas (n = 25 corneas [13 animals]). (F/F') Immunofluorescence images of K12 in the
limbus and central cornea (H/H’) of Sox9-cKO corneas (n = 21 corneas [11 animals]). Keratin 14 (K14), Keratin 12 (K12); Scale

bars are 100 ym.
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Supplementary Figure 5.

Sox9 cKO corneas express the cornification marker, loricrin. (A/A’) Immunofluorescence images of Loricrin in the limbus and
central cornea (C/C’) of control corneas (n = 25 corneas [13 animals]). (B/B') Immunofluorescence images of Loricrin in the
limbus and central cornea (D/D’) in Sox9-cKO corneas (n =21 corneas [11 animals]). Loricrin (LOR); Asterisks indicate non-
specific background staining. Scale bars are 100 pm.

Control || Sox9 cKO

LOR /DAPI LOR /DAPI

Limbus

| Central Cornea ”

Supplementary Figure 6.

Sox9 loss leads to unchecked proliferation throughout the corneal epithelium. (A/A’) Immunofluorescence images of KI67 in
the limbus and central cornea (C/C’) of control corneas (n = 8 corneas [7 mice]). (B/B’) Immunofluorescence images of KI67 in
the limbus and central cornea (D/D’) in Sox9-cKO corneas (n = 7 corneas [4 animals]).

Control “ Sox9 cKO

Limbus

I Central Cornea ||

Gabriella Rice et al., 2024 eLife. https://doi.org/10.7554/eLife.99555.1 27 of 35


https://doi.org/10.7554/eLife.99555.1
https://doi.org/10.7554/eLife.99555.1

7 eLife

References

Akiyama H., Chaboissier M. C., Martin J. F., Schedl A., De Crombrugghe B. (2002) The
transcription factor Sox9 has essential roles in successive steps of the chondrocyte
differentiation pathway and is required for expression of Sox5 and Sox6 Genes and
Development 16:2813-2828 https://doi.org/10.1101/gad.1017802

Altshuler A. et al. (2021) Discrete limbal epithelial stem cell populations mediate corneal
homeostasis and wound healing Cel/ Stem Cell 28:1248-1261 https://doi.org/10.1016/j.stem
.2021.04.003

Amitai-Lange A., Altshuler A., Bubley J., Dbayat N., Tiosano B., Shalom-Feuerstein R (2015)
Lineage tracing of stem and progenitor cells of the murine corneal epithelium Stem Cells
33:230-239 https://doi.org/10.1002/stem.1840

Aoki Y., Saint-Germain N., Gyda M., Magner-Fink E., Lee Y. H., Credidio C., Saint-Jeannet ). P
(2003) Sox10 regulates the development of neural crest-derived melanocytes in Xenopus
Developmental Biology 259:19-33 https://doi.org/10.1016/S0012-1606(03)00161-1

Bastide P. et al. (2007) Sox9 regulates cell proliferation and is required for Paneth cell
differentiation in the intestinal epithelium journal of Cell Biology 178:635-648 https://doi
.org/10.1083/jcb.200704152

Bhattacharya S. et al. (2019) SOX2 Regulates P63 and Stem/Progenitor Cell State in the
Corneal Epithelium Stem Cells 37:417-429 https://doi.org/10.1002/stem.2959

Blache P., Van De Wetering M., Duluc 1., Domon C., Berta P., Freund J. N., Clevers H., Jay P.
(2004) sox9 is an intestine crypt transcription factor, is regulated by the Wnt pathway,
and represses the CDX2 and MUC2 genes Journal of Cell Biology 166:37-47 https://doi.org/10
.1083/jcb.200311021

Catala P., Groen N., Dehnen J. A,, Soares E., van Velthoven A. J. H., Nuijts R. M. M. A, Dickman M.
M., LaPointe V. L. S. (2021) Single cell transcriptomics reveals the heterogeneity of the
human cornea to identify novel markers of the limbus and stroma Scientific Reports

11 https://doi.org/10.1038/s41598-021-01015-w

Chan H.Y., Sivakamasundari V., Xing X., Kraus P., Yap S. P., Ng P., Lim S. L., Lufkin T (2011)
Comparison of IRES and F2A-based locus-specific multicistronic expression in stable
mouse lines PLoS ONE 6 https://doi.org/10.1371/journal.pone.0028885

Chen B., Mi S., Wright B., Connon C. ] (2010) Investigation of K14/K5 as a stem cell marker in
the limbal region of the bovine cornea PLoS ONE 5 https://doi.org/10.1371/journal.pone
.0013192

Chhadva P., Goldhardt R., Galor A (2017) Meibomian Gland Disease: The Role of Gland
Dysfunction in Dry Eye Disease Ophthalmology 124:520-S26 https://doi.org/10.1016/j.0phtha
.2017.05.031

Gabriella Rice et al., 2024 eLife. https://doi.org/10.7554/eLife.99555.1 28 of 35


https://doi.org/10.7554/eLife.99555.1
https://doi.org/10.1101/gad.1017802
https://doi.org/10.1016/j.stem.2021.04.003
https://doi.org/10.1002/stem.1840
https://doi.org/10.1016/S0012-1606(03)00161-1
https://doi.org/10.1083/jcb.200704152
https://doi.org/10.1002/stem.2959
https://doi.org/10.1083/jcb.200311021
https://doi.org/10.1038/s41598-021-01015-w
https://doi.org/10.1371/journal.pone.0028885
https://doi.org/10.1371/journal.pone.0013192
https://doi.org/10.1016/j.ophtha.2017.05.031

7 eLife

Collin J. et al. (2021) A single cell atlas of human cornea that defines its development,
limbal progenitor cells and their interactions with the immune cells Ocular Surface 21:279-
298 https://doi.org/10.1016/].jtos.2021.03.010

Cotsarelis G., Cheng S.-Z., Dong G., Sun T.-T., Lavker’ R. M (1989) Existence of Slow-Cycling
Limbal Epithelial Basal Cells That Can Be Preferentially Stimulated to Proliferate:
Implications on Epithelial Stem Cells In Cell 57

Coulombe P. A,, Kopan R., Fuchs E (1993) Expression of Keratin K14 in the Epidermis and
Hair Follicle: Insights into Complex Programs of Differentiation Current Eye Research
109:2295-2312 https://doi.org/10.3109/02713689309029222

Creamer B., Shorter R. G., Bamforth J. (1961) The turnover and shedding of epithelial cells
Part I The turnover in the gastro-intestinal tract In Gut 2

Di Girolamo N., Bobba S., Raviraj V., Delic N. C., Slapetova L., Nicovich P. R, Halliday G. M.,
Wakefield D., Whan R., Lyons J. G. (2015) Tracing the fate of limbal epithelial progenitor
cells in the murine cornea Stem Cells 33:157-169 https://doi.org/10.1002/stem.1769

Dora N. ., Hill R. E., Collinson J. M., West J. D (2015) Lineage tracing in the adult mouse
corneal epithelium supports the limbal epithelial stem cell hypothesis with intermittent
periods of stem cell quiescence Stem Cell Research 15:665-677 https://doi.org/10.1016/].scr
.2015.10.016

Dou S. et al. (2021) Molecular identity of human limbal heterogeneity involved in corneal
homeostasis and privilege: Single-cell RNA sequencing of human limbus Ocular Surface
21:206-220 https://doi.org/10.1016/].jtos.2021.04.010

Dua H. S., Shanmuganathan V. A., Powell-Richards A. O., Tighe P. J., Joseph A (2005) Limbal
epithelial crypts: A novel anatomical structure and a putative limbal stem cell niche
British Journal of Ophthalmology 89:529-532 https://doi.org/10.1136/bj0.2004.049742

Dua S. H (1998) The conjunctiva in corneal epithelial wound healing The British journal of
Ophthalmology 82:1407-1411 https://doi.org/10.1136/bjo.82.12.1407

Farrelly O., Kuri P., Rompolas P (2019) In vivo genetic alteration and lineage tracing of
single stem cells by live imaging Methods in Molecular Biology 1879:1-14 https://doi.org/10
.1007/7651_2018_172

Farrelly O. et al. (2021) Two-photon live imaging of single corneal stem cells reveals
compartmentalized organization of the limbal niche Cell Stem Cell 28:1233-1247 https://doi
.0rg/10.1016/j.stem.2021.02.022

Formeister E. )., Sionas A. L., Lorance D. K., Barkley C. L., Lee G. H., Magness S. T (2009) Distinct
Sox9 levels differentially mark stem/progenitor populations and enteroendocrine cells of
the small intestine epithelium Am J Physiol Gastrointest Liver Physiol 296:1108-1118 https://
doi.org/10.1152/ajpgi.00004.2009.-SOX

Fuchs E., Green H (1980) Changes in Keratin Gene Expression during Terminal
Differentiation of the Keratinocyte Cell 19

Gabriella Rice et al., 2024 eLife. https://doi.org/10.7554/eLife.99555.1 29 of 35


https://doi.org/10.7554/eLife.99555.1
https://doi.org/10.1016/j.jtos.2021.03.010
https://doi.org/10.3109/02713689309029222
https://doi.org/10.1002/stem.1769
https://doi.org/10.1016/j.scr.2015.10.016
https://doi.org/10.1016/j.jtos.2021.04.010
https://doi.org/10.1136/bjo.2004.049742
https://doi.org/10.1136/bjo.82.12.1407
https://doi.org/10.1007/7651_2018_172
https://doi.org/10.1016/j.stem.2021.02.022
https://doi.org/10.1152/ajpgi.00004.2009.-SOX

7 eLife

Fuchs E., Tumbar T., Guasch G (2004) Socializing with the Neighbors: Stem Cells and Their
Niche Cell 116:769-778 https://doi.org/10.1016/s0092-8674(04)00255-7

Furuyama K. et al. (2011) Continuous cell supply from a Sox9-expressing progenitor zone in
adult liver, exocrine pancreas and intestine Nature Genetics 43:34-41 https://doi.org/10
.1038/ng.722

Gesteira T. F., Sun M., Coulson-Thomas Y. M., Yamaguchi Y., Yeh L. K., Hascall V., Coulson-
Thomas V. J (2017) Hyaluronan rich microenvironment in the limbal stem cell niche
regulates limbal stem cell differentiation Investigative Ophthalmology and Visual Science
58:4407-4421 https://doi.org/10.1167/iovs.17-22326

Gonzélez S., Uhm H., Deng S. X (2019) Notch Inhibition Prevents Differentiation of Human
Limbal Stem/Progenitor Cells in vitro Scientific Reports 9 https://doi.org/10.1038/s41598-019
-46793-6

Grieve K., Ghoubay D., Georgeon C., Thouvenin O., Bouheraoua N., Paques M., Borderie V. M
(2015) Three-dimensional structure of the mammalian limbal stem cell niche Experimental
Eye Research 140:75-84 https://doi.org/10.1016/j.exer.2015.08.003

Haddad A. (2000) Renewal of the Rabbit Corneal Epithelium as Investigated by
Autoradiography After Intravitreal Injection of 3 H-thymidine

Halprin K. M et al. (2023) Dictionary learning for integrative, multimodal and scalable
single-cell analysis Nature Biotechnology https://doi.org/10.1038/s41587-023-01767-y

Kadaja M., Keyes B. E., Lin M., Amalia Pasolli H., Genander M., Polak L., Stokes N., Zheng D.,
Fuchs E (2014) Sox9: A stem cell transcriptional regulator of secreted niche signaling
factors Genes and Development 28:328-341 https://doi.org/10.1101/gad.233247.113

Kaplan N., Wang J., Wray B., Patel P., Yang W., Peng H., Lavker R. M (2019) Single-cell RNA
transcriptome helps define the limbal/ corneal epithelial stem/early transit amplifying
cells and how autophagy affects this population Investigative Ophthalmology and Visual
Science 60:3570-3583 https://doi.org/10.1167/iovs.19-27656

Kasper M., Moll R., Stosiek P., Karsten U (1988) Histochemistry Patterns of cytokeratin and
vimentin expression in the human eye In Histochemistry 89

King I. A,, Angst B. D., Hunt D. M., Buxton R. S., Kruger M., Arnemann J (1997) Hierarchical
expression of desmosomal cadherins during stratified epithelial morphogenesis in the
mouse Differentiation 62:83-96 https://doi.org/10.1046/}.1432-0436.1997.6220083.x

Klochendler A. et al. (2012) A Transgenic Mouse Marking Live Replicating Cells Reveals In
Vivo Transcriptional Program of Proliferation Developmental Cell 23:681-690 https://doi.org
/10.1016/j.devcel.2012.08.009

Kowalczyk M. S., Tirosh L., Heckl D., Rao T. N., Dixit A., Haas B. J., Schneider R. K., Wagers A. J.,
Ebert B. L., Regev A (2015) Single-cell RNA-seq reveals changes in cell cycle and
differentiation programs upon aging of hematopoietic stem cells Genome Research
25:1860-1872 https://doi.org/10.1101/gr.192237.115

Kruse F. E., Chen].]. Y., TsaiR.]. F,, Tseng S. C. G. (1990) ConjunctivQI Transdifferentiation Is
due to the Incomplete Removal of Limbol Basal Epithelium Investigative Ophthalmology &
Visual Science 31

Gabriella Rice et al., 2024 eLife. https://doi.org/10.7554/eLife.99555.1 30 of 35


https://doi.org/10.7554/eLife.99555.1
https://doi.org/10.1016/s0092-8674(04)00255-7
https://doi.org/10.1038/ng.722
https://doi.org/10.1167/iovs.17-22326
https://doi.org/10.1038/s41598-019-46793-6
https://doi.org/10.1016/j.exer.2015.08.003
https://doi.org/10.1038/s41587-023-01767-y
https://doi.org/10.1101/gad.233247.113
https://doi.org/10.1167/iovs.19-27656
https://doi.org/10.1046/j.1432-0436.1997.6220083.x
https://doi.org/10.1016/j.devcel.2012.08.009
https://doi.org/10.1101/gr.192237.115

7 eLife

Kurpakus M. A., Maniaci M. T., Esco M (1994) Expression of keratins K12, K4 and K14 during
development of ocular surface epithelium Current Eye Research 13:805-814 https://doi.org
/10.3109/02713689409025135

Lee V., Rompolas P (2022) Corneal regeneration: insights in epithelial stem cell
heterogeneity and dynamics Current opinion in genetics & development 77 https://doi.org/10
.1016/j.gde.2022.101981

Li D. Q. et al. (2021) Single-cell transcriptomics identifies limbal stem cell population and
cell types mapping its differentiation trajectory in limbal basal epithelium of human
cornea Ocular Surface 20:20-32 https://doi.org/10.1016/j.jtos.2020.12.004

Li). M., Kim S., Zhang Y., Bian F., Hu J., Lu R., Pflugfelder S. C., Chen R., Li D. Q (2021) Single-cell
transcriptomics identifies a unique entity and signature markers of transit-amplifying
cells in human corneal limbus Investigative Ophthalmology and Visual Science 62 https://doi
.0rg/10.1167/iovs.62.9.36

Li W., Hayashida Y., Chen Y. T., Tseng S. C. G (2007) Niche regulation of corneal epithelial
stem cells at the limbus In Cell Research 17:26-36 https://doi.org/10.1038/sj.cr.7310137

Liu C.-Y., Zhu G., Westerhausen-Larson A., Converse R., W-CKao C., Sun T.-T., Winston W.-Y. K.
(1993) Cornea-specific expression of K12 keratin during mouse development Current Eye
Research 12:963-974 https://doi.org/10.3109/02713689309029222

Lobo E. P., Delic N. C,, Richardson A., Raviraj V., Halliday G. M., Di Girolamo N., Myerscough M.
R., Lyons]. G. (2016) Self-organized centripetal movement of corneal epithelium in the
absence of external cues Nature Communications 7 https://doi.org/10.1038/ncomms12388

LuR., QuY., Ge)., Zhang L., Su Z., Pflugfelder S. C., Li D. Q (2012) Transcription factor TCF4
maintains the properties of human corneal epithelial stem cells Stem Cells 30:753-
761 https://doi.org/10.1002/stem.1032

McCulley J. P., Shine W. E (2003) Meibomian Gland Function and the Tear Lipid Layer
Laboratory Science The Ocular Surface 1:97-106 https://doi.org/10.1016/s1542-0124(12)70138
-6

Mei H., Gonzalez S., Deng S (2012) Extracellular Matrix is an Important Component of
Limbal Stem Cell Niche journal of Functional Biomaterials 3:879-894 https://doi.org/10.3390
/jfb3040879

Menzel-Severing J., Zenkel M., Polisetti N., Sock E., Wegner M., Kruse F. E., Schi6tzer-Schrehardt
U (2018) Transcription factor profiling identifies Sox9 as regulator of proliferation and
differentiation in corneal epithelial stem/progenitor cells Scientific Reports 8 https://doi
.org/10.1038/s41598-018-28596-3

Moll R., Franke W. W., Schiller D. L., Geiger B., Krepler R (1982) The Catalog of Human
Cytokeratins: Patterns of Expression in Normal Epithelia, Tumors and Cultured Cells
Review Cell 31:11-24 https://doi.org/10.1016/0092-8674(82)90400-7

Movahedan A., Afsharkhamseh N., Sagha H. M., Shah J. R., Milani B. Y., Milani F. Y., Logothetis
H. D., Chan C. C,, Djalilian A. R (2013) Loss of Notch1 Disrupts the Barrier Repair in the
Corneal Epithelium PLoS ONE 8 https://doi.org/10.1371/journal.pone.0069113

Gabriella Rice et al., 2024 eLife. https://doi.org/10.7554/eLife.99555.1 31 0f 35


https://doi.org/10.7554/eLife.99555.1
https://doi.org/10.3109/02713689409025135
https://doi.org/10.1016/j.gde.2022.101981
https://doi.org/10.1016/j.jtos.2020.12.004
https://doi.org/10.1167/iovs.62.9.36
https://doi.org/10.1038/sj.cr.7310137
https://doi.org/10.3109/02713689309029222
https://doi.org/10.1038/ncomms12388
https://doi.org/10.1002/stem.1032
https://doi.org/10.1016/s1542-0124(12)70138-6
https://doi.org/10.3390/jfb3040879
https://doi.org/10.1038/s41598-018-28596-3
https://doi.org/10.1016/0092-8674(82)90400-7
https://doi.org/10.1371/journal.pone.0069113

7 eLife

Nakatsu M. N., Ding Z., Ng M. Y., Truong T. T, Yu F., Deng S. X (2011) Wnt/B-catenin signaling
regulates proliferation of human cornea epithelial stem/progenitor cells Investigative
Ophthalmology and Visual Science 52:4734-4741 https://doi.org/10.1167/iovs.10-6486

Pajoohesh-Ganiji A., Pal-Ghosh S., Tadvalkar G., Stepp M. A (2012) Corneal goblet cells and
their niche: implications for corneal stem cell deficiency. Stem cells (Dayton Ohio 30:2032-
2043 https://doi.org/10.1002/stem.1176

Passeron T., Valencia . C., Bertolotto C., Hoashi T., Le Pape E., Takahashi K., Ballotti R., Hearing
V.J. (2007) SOX9 is a key player in ultraviolet B-induced melanocyte differentiation and
pigmentation PNAS 104:13984-13989

Pellegrini G., Dellambra E., Golisano O., Martinelli E., Fantozzi I., Bondanza S., Ponzin D.,
Mckeon F., De Luca M. (2001) p63 identifies keratinocyte stem cells Proceedings of the
National Academy of Sciences of the United States of America 98:3156-3161 https://doi.org/10
.1073/pnas.061032098

Poché R. A, Furuta Y., Chaboissier M. C., Schedl A., Behringer R. R (2008) Sox9 is expressed in
mouse multipotent retinal progenitor cells and functions in Muller Glial cell development
Journal of Comparative Neurology 510:237-250 https://doi.org/10.1002/cne.21746

Ramirez-Miranda A., Nakatsu M. N., Zarei-Ghanavati S., Nguyen C. V., Deng S. X (2011) Keratin
13 is a more specific marker of conjunctival epithelium than keratin 19 Molecular vision
17:1652-1661

Potten C. S., Saffhill R., Maibach H. I (1987) Measurement of the transit time for cells
through the epidermis and stratum corneum of the mouse and guinea-pig Cel/
Proliferation 20:461-472 https://doi.org/10.1111/}.1365-2184.1987.tb01355.x

Sartaj R., Zhang C., Wan P., Pasha Z., Guaiquil V., Liu A,, LiuJ., Luo Y., Fuchs E., Rosenblatt M. I
(2017) Characterization of slow cycling corneal limbal epithelial cells identifies putative
stem cell markers Scientific Reports 7 https://doi.org/10.1038/s41598-017-04006-y

Schermer A., Galvin S., Sun T.-T (1986) Differentiation-related Expression of a Major 64K
Corneal Keratin In Vivo and In Culture Suggests Limbal Location of Corneal Epithelial
Stem Cells Journal of Cell Biology 103:49-62 https://doi.org/10.1083/jcb.103.1.49

Schlotzer-Schrehardt U., Kruse F. E (2005) Identification and characterization of limbal stem
cells In Experimental Eye Research 81:247-264 https://doi.org/10.1016/j.exer.2005.02.016

Scott C. E. et al. (2010) Sox9 induces and maintains neural stem cells Nature Neuroscience
13:1181-1189 https://doi.org/10.1038/nn.2646

Shapiro M. S., Friend J., Thoft R. A (1981) Corneal re-epithelialization from the conjunctiva
Investigative Ophthalmology & Visual Science 21:135-142

Shwartz Y. et al. (2020) Cell Types Promoting Goosebumps Form a Niche to Regulate Hair
Follicle Stem Cells Cell 182:578-593 https://doi.org/10.1016/].cell.2020.06.031

Gabriella Rice et al., 2024 eLife. https://doi.org/10.7554/eLife.99555.1 32 of 35


https://doi.org/10.7554/eLife.99555.1
https://doi.org/10.1167/iovs.10-6486
https://doi.org/10.1002/stem.1176
https://doi.org/10.1073/pnas.061032098
https://doi.org/10.1002/cne.21746
https://doi.org/10.1111/j.1365-2184.1987.tb01355.x
https://doi.org/10.1038/s41598-017-04006-y
https://doi.org/10.1083/jcb.103.1.49
https://doi.org/10.1016/j.exer.2005.02.016
https://doi.org/10.1038/nn.2646
https://doi.org/10.1016/j.cell.2020.06.031

7 eLife

Taketani Y., Oka T (1983) Tumor promoter 12-O-tetradecanoylphorbol 13-acetate, like
epidermal growth factor, stimulates cell proliferation and inhibits differentiation of
mouse mammary epithelial cells in culture Proceedings of the National Academy of Sciences of
the United States of America 80:1646-1649 https://doi.org/10.1073/pnas.80.6.1646

Tseng S. C. G., He H., Zhang S., Chen S.-Y. (2016) Niche Regulation of Limbal Epithelial Stem
Cells: Relationship between Inflammation and Regeneration

Tumbar T., Guasch G., Greco V., Blanpain C., Lowry W. E., Rendl M., Fuchs E. (2004) Defining
the Epithelial Stem Cell Niche in Skin

Vasioukhin V., Degenstein L., Wise B., Fuchs E. (1999) The magical touch: Genome targeting
in epidermal stem cells induced by tamoxifen application to mouse skin

Vauclair S., Majo F., Durham A. D., Ghyselinck N. B., Barrandon Y., Radtke F (2007) Corneal
Epithelial Cell Fate Is Maintained during Repair by Notch1 Signaling via the Regulation of
Vitamin A Metabolism Developmental Cell 13:242-253 https://doi.org/10.1016/j.devcel.2007.06
.012

Vidal V. P. 1., Chaboissier M. C., Lutzkendorf S., Cotsarelis G., Mill P., Hui C. C., Ortonne N.,
Ortonne J. P., Schedl| A (2005) Sox9 is essential for outer root sheath differentiation and the
formation of the hair stem cell compartment Current Biology 15:1340-1351 https://doi.org
/10.1016/j.cub.2005.06.064

Wei Z.-G., Sun T.-T., Lavker R. M., Lmvker R. M (1996) Rabbit Conjunctival and Corneal
Epithelial Cells Belong to Two Separate Lineages Investigative Ophthalmology & Visual Science
37:523-533

Wei Z.-G., Wu R.-L., Lavker R. M., Sunf T.-T. (1993) In Vitro Growth and Differentiation of
Rabbit Bulbar, Fornix, and Palpebral Conjunctival Epithelia Implications on Conjunctival
Epithelial Transdifferentiation and Stem Cells Investigative Ophthalmology & Visual Science
34:1814-1828

Xu P., Lin X,, Dong X., Liu Y., Wang Z., Wang S (2023) Trigeminal nerve-derived substance P
regulates limbal stem cells by the PI3K-AKT pathway IScience 26 https://doi.org/10.1016/]
.i5€i.2023.106688

Yoshida S., Shimmura S., Kawakita T., Miyashita H., Den S., Shimazaki J., Tsubota K (2006)
Cytokeratin 15 can be used to identify the limbal phenotype in normal and diseased
ocular surfaces Investigative Ophthalmology and Visual Science 47:4780-4786 https://doi.org/10
.1167/iovs.06-0574

Yoshida Y., Ban Y., Kinoshita S (2009) Tight junction transmembrane protein claudin
subtype expression and distribution in human corneal and conjunctival epithelium
Investigative Ophthalmology and Visual Science 50:2103-2108 https://doi.org/10.1167/iovs.08
-3046

Editors

Reviewing Editor

Valerie Horsley

Yale University, New Haven, United States of America

Gabriella Rice et al., 2024 eLife. https://doi.org/10.7554/eLife.99555.1 33 0f 35


https://doi.org/10.7554/eLife.99555.1
https://doi.org/10.1073/pnas.80.6.1646
https://doi.org/10.1016/j.devcel.2007.06.012
https://doi.org/10.1016/j.cub.2005.06.064
https://doi.org/10.1016/j.isci.2023.106688
https://doi.org/10.1167/iovs.06-0574
https://doi.org/10.1167/iovs.08-3046

7 eLife

Senior Editor
Kathryn Cheah
University of Hong Kong, Hong Kong, Hong Kong

Reviewer #1 (Public Review):
Summary:

The authors wanted to identify genes that are critical for regulating the asymmetric fates of
limbal stem cells and their transit amplified progeny in the central cornea. To this end, they
utilized an in vivo cell cycle reporter to isolate proliferating basal cells from the anterior
ocular surface epithelium and performed single-cell RNA-seq. This strategy revealed distinct
basal cell identities with unique expression profiles of structural genes and transcription
factors. The authors then focused on the Sox9 transcription factor implicated in stem cell
regulation. It was differentially expressed between limbal stem cells and their progeny in the
central cornea. Lineage tracing analysis confirmed that Sox9 marks long-lived limbal stem
cells. Conditional deletion of Sox9 led to abnormal differentiation and squamous metaplasia
in the central cornea. The authors suggest that Sox9 is required for the switch to asymmetric
fate and commitment toward differentiation, as transit cells exit the limbal niche. By
inhibiting the terminal differentiation of corneal progenitors and forcing them into
continuous symmetric divisions, the Sox9 loss-of-function phenotype was replicated.

Strengths:

Thus, the paper shows the important role of Sox9 in the spatial regulation of asymmetric fate
in the corneal epithelium and its proliferation and cell differentiation. The work is elegantly
done using several models that converge on the main conclusions. It is very novel and
delineates a new player in determining corneal epithelial cell fate. The experiments are well
done, and the data are credible.

Weaknesses:

This reviewer has some minor concerns mostly related to data interpretation and the use of
the LSC term.

https://doi.org/10.7554/eLife.99555.1.sa1

Reviewer #2 (Public Review):
Summary, strengths, and weaknesses:

This article by Rice et al focuses on the study of limbal epithelial stem cells (LESCs). To obtain
high resolution of stem/progenitor cell populations by single-cell RNA sequencing (scRNA-
seq), the authors enriched the stem/progenitors by capturing GFP+ epithelial cells undergoing
mitosis using the Cyclin-B-GFP transgene. The key novelty in the paper is that they identified
Sox9 as a new LSC gene that is important for the health of the cornea. They show that Sox9 is
expressed by LSCs at the mRNA and protein level, and that the Sox9-GFP transgene is useful
to identify LSCs in live animals. They performed lineage tracing of Sox9-Cre mice that clearly
demonstrated that Sox9+ cells are true LSCs. Further, Sox9-knockouts display severe
opacification of the cornea, accompanied by the transformation of the central cornea into
hyperplastic epidermis - a phenotype similar to previously described Notch1 conditional
knockout (cKO). By studying the lifetimes of Notch dominant-negative transgenic individual
basal corneal epithelial cells, they suggest that the thickening of the central zone in the Notch
model is due to the loss of asymmetric division, and from that, they infer the phenotype of
the Sox2-KO. In other words, it is suggested that the increased rate and type of division in the
central Sox9-null cornea produce this dramatic epithelial thickening phenotype. This claim
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makes sense but suggests a role for the Notch, not Sox9, and this role is relevant for the
central corneal epithelial cells, and not in LESCs. So I suggest considering revising the
conclusions (title of the paper) on this aspect. This would not affect the impact of the paper.

In general, I believe that this is a very interesting and novel study that will be of interest to a
broad readership. The methodology and study design are robust and elegant.

However, in some cases, typos, text modifications, additional controls, and new experiments
are suggested.
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