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PURPOSE. To generate a single-cell RNA-sequencing (scRNA-seq) map and construct cell–
cell communication networks of mouse corneas.

METHODS. C57BL/6 mouse corneas were dissociated to single cells and subjected to
scRNA-seq. Cell populations were clustered and annotated for bioinformatic analysis
using the R package “Seurat.”Differential expression patterns were validated and spatially
mapped with whole-mount immunofluorescence staining. Global intercellular signaling
networks were constructed using CellChat.

RESULTS. Unbiased clustering of scRNA-seq transcriptomes of 14,732 cells from 40 corneas
revealed 17 cell clusters of six major cell types: nine epithelial cell, three keratocyte, two
corneal endothelial cell, and one each of immune cell, vascular endothelial cell, and
fibroblast clusters. The nine epithelial cell subtypes included quiescent limbal stem cells,
transit-amplifying cells, and differentiated cells from corneas and two minor conjuncti-
val epithelial clusters. CellChat analysis provided an atlas of the complex intercellular
signaling communications among all cell types.

CONCLUSIONS. We constructed a complete single-cell transcriptomic map and the complex
signaling cross-talk among all cell types of the cornea, which can be used as a foundation
atlas for further research on the cornea. This study also deepens the understanding of
the cellular heterogeneity and heterotypic cell–cell interaction within corneas.

Keywords: single-cell transcriptomics, cell–cell interaction, keratocytes, corneal endothe-
lial cells, corneal epithelial cells

The transparent avascular cornea allows light into the
eye and refracts light on to the retina. It also insulates

internal ocular tissue from the external environment.1 Struc-
turally, it is composed of five layers: the outermost stratified
epithelium, Bowman’s layer, collagenous stroma, Descemet’s
membrane, and the innermost endothelium. The epithelium
is an important barrier against external injury. The corneal
stroma, composed of highly aligned collagen fibers and

an extracellular matrix produced from embedded kerato-
cytes, provides key mechanical support for the structural
integrity of the cornea. The corneal endothelium consists of
a monolayered hexagonal cell sheet residing on Descemet’s
membrane. It not only allows nutrient influx from the aque-
ous humor into the cornea but also actively pumps excess
water from the corneal stroma back into the aqueous humor
to prevent corneal edema.2
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TABLE. The Detailed List of the Corresponding Antibodies and Desired Concentrations

Antibody Brand Catalog Number Dilution Ratio

KERA LSBio LS-B8216 1:200
Col14A1 Thermo Fisher Scientific PA5-49916 1:200
EGFL6 Bioss bs-13062R 1:50
CCL2 BioLegend 505911 1:200/1:600
CD109 Santa Cruz Biotechnology sc-271085 1:50
Col8A1 EpiGentek A62310-100 1:200
Krt15 Santa Cruz Biotechnology sc-47697 1:50
Tetranectin Abcam ab202134 1:100
F4/80 Abcam ab6640 1:200
CD31 Abcam ab28364 1:200
GPA2 Santa Cruz Biotechnology sc-390194 1:200
Krt12 Abcam ab185627 1:100
Ki67 Thermo Fisher Scientific rm-9106s 1:200
SKAP Santa Cruz Biotechnology sc-398914 1:50
PBK Proteintech 16110-1-AP 1:100
Krt14 Abcam ab7800 1:200
Amphiregulin Santa Cruz Biotechnology sc-74501 1:50
Occludin Thermo Fisher Scientific 40-4700 1:50

Single-cell RNA sequencing (scRNA-seq) technology is
a powerful tool that can reveal the heterogeneity of
cells and their functions in complex biological systems
of normal or diseased status.3,4 Several human corneal
single-cell transcriptomic maps have been reported.5–9 The
heterogeneity of cellular components of the human cornea
has been revealed by scRNA-seq analysis of postmortem
human cornea samples.9 These samples were often kept
in culture/storage medium for different durations before
sequencing, which might account for the variation in the
reported transcriptomes. Mice are a popular model for
corneal research owing to advances in genetic tools.10 A tran-
scriptomic atlas of all corneal cell populations and a map of
their cell–cell signaling networks could provide crucial infor-
mation to analyze the physiological regulation and patho-
biology of corneal diseases. In addition, such a data set
can serve as a model map for future research on corneal
physiology and pathology. Up-to-date scRNA transcriptomes
of mouse corneal epithelium have been reported,11,12 but
the need remains for a complete transcriptomic atlas that
includes and compares all cell populations within the mouse
cornea.

In this study, we constructed a complete scRNA-seq tran-
scriptomic atlas of normal mouse corneas. We generated an
scRNA-seq data set based on 14,735 corneal cells isolated in
the physiological state. We identified 17 cell clusters, includ-
ing all major cellular components within the cornea, delin-
eated the cellular heterogeneity of the cornea, created indi-
vidual spatial maps of cluster-specific marker expression
using immunofluorescence (IF) analysis, and mapped the
global intercellular signaling networks. Our data can be used
as a reference for further study of corneal physiology and
pathobiology.

MATERIAL AND METHODS

Tissue Preparation

Eight-week-old C57BL/6 mice were purchased from the
Taiwan National Laboratory Animal Center, Taiwan. All
procedures with mice were approved by and performed in
accordance with the requirements of the Institutional Animal
Care and Use Committee of National Taiwan University. The

study also adhered to the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research.

Isolation of Single Cells From the Mouse Cornea

In the prior work on mouse single-cell study,11 the EDTA-
based digestion protocol yielded abundant corneal epithe-
lial cells but a few keratocytes and very few, if not at all,
corneal endothelial cells. To obtain a comprehensive tran-
scriptomic map of cornea, we modified the cell isolation
method to ensure that a sufficient number of all corneal cell
types was obtained, especially endothelial cells and kera-
tocytes. Detailed procedures can be found in the supple-
mentary materials and methods section. After tissue disso-
ciation, we used restricted gating cell sorting (FACSAria
III; BD Bioscience, Franklin Lakes, NJ, USA) with FSC/SSC
and PI-negative to exclude cell debris, doublets, aggregates
and unqualified cells. 10x Genomics (Pleasanton, CA, USA)
recommends cell sorting or the dead cell removal kit for
eliminating cell debris to enhance cell viability. Cell sorting
offers additional capability to remove cells between healthy
and unhealthy. Thus we opted for cell sorting instead. A total
of ∼1250 single-live keratocytes/corneal endothelial cells
and ∼5250 single-live corneal epithelial cells were obtained
from subsequent cell sorting. The cell number of corneal
epithelium and corneal stromal cells/endothelium were then
pooled at a ratio of 1:1 before loading on the chip. Although
our cell viability decreased during long-time cell sorting,
the cell viability before loading on the chip was 99%. The
flowchart is summarized in Figure 1A.

Single-Cell RNA Sequencing

Cells were captured and libraries were generated. This
involved gel bead-in-emulsion generation, barcoding, post
gel bead-in-emulsion–reverse transcription (RT) cleanup,
cDNA amplification, library preparation, quality control, and
sequencing with the use of Single Cell 3ʹV1 chemistry (10x
Genomics). Library quality control metrics were as follows:
41.4 ng/μL with an average size of ∼495 bps. Libraries were
sequenced to ∼40,000 reads per cell on the NovaSeq 6000
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FIGURE 1. ScRNA-seq analysis of adult mouse cornea. (A) Flowchart of the scRNA-seq experiment. (B) Transcriptomic profiles and unbiased
clustering of two mouse cornea libraries shown by UMAPs for the 17 distinct clusters identified in this study. (C) Integrated UMAPs of
the above two libraries because of identification of similar clusters. (D) Comparative heatmap of selected differentially expressed genes
demonstrating the different transcriptomic profiles of the 17 cell clusters. (E) Feature plots demonstrating representative gene signatures of
major cell clusters.

platform (Illumina, San Diego, CA, USA). All scRNA-seq
data were deposited in the Sequence Read Archive database
under the accession code PRJNA891516. All scRNA-seq data
sets can be assessed and visualized in http://www.sjlin.
tw. In addition, the detailed procedure for bioinformatics
analysis of the scRNA-seq data, trajectory inference, cell-
cycle discrimination, and cell–cell communication network
analysis are provided in the Supplementary Material and
Methods.

RESULTS

Single-Cell Transcriptomic Atlas of the Mouse
Cornea Reveals Heterogeneity of Corneal Cells

We sequenced the transcriptomes of single corneal cells
using the droplet-based scRNA-seq technique (Fig. 1A). We
constructed two scRNA-seq data sets from 20 cornea samples
each for analysis with the 10x Genomics platform. One
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FIGURE 2. Trajectory analysis of corneal cell subtypes. (A) Trajectory inference analysis of scRNA-seq transcriptomic profiles of 17 clusters.
(B) Cell cycle scoring analysis of 17 cell clusters in the mouse cornea. (C) Distribution of root cells (left panel) and end points (right panel).
(D) A representive pseudotime inference utilizing slingshot analysis with the starting point set as cluster 14 for corneal epithelial clusters.

data set yielded 8575 cells with 21,978 genes and the other
6157 cells with 25,991 genes. A relatively low cell number
obtained resulted from additional cell sorting to achieve a
99% viability. Uniform manifold approximation and projec-
tion (UMAP) demonstrated similar transcriptomic profiles
for the two data sets (Fig. 1B). Unsupervised clustering cate-
gorized the cells in both data sets into 17 transcriptionally
distinctive clusters.

We then integrated the two data sets for downstream
analysis with high consistency (Fig. 1C). The distinguishable
transcriptomic profiles of these 17 cell clusters are shown as
representative heatmaps with differentially expressed genes
(DEGs) (Fig. 1D). The 17 clusters were annotated using the
gene expression pattern of known cell-type-specific marker
genes as discussed below. The cell clusters corresponded to
seven major distinctive subtypes according to their expres-
sion of known marker genes (Fig. 1E). Three cell clusters
(1, 2, and 5) displaying high levels of keratocan (Kera),
the specific marker of corneal stromal keratocytes (CSKs),13

were designated as CSK clusters. Two cell clusters (6 and 11)
were identified as endothelial cells (CEnCs) because of their
high expression of collagen 8A1 (Col8A1).14 One cluster (13)
was identified as vascular endothelial cells because of its

high expression of Pecam1 (CD31).15 One cluster was desig-
nated as immune cells because of F4/80 (Adgre1) expres-
sion.16 Another cluster exhibited a high level of Clec3b and
Col14A1, suggestive of fibroblasts.17

The remaining large cell population expressing a
moderate-to-high level of keratin 12 (Krt12) was assigned to
the corneal epithelium.18 Residing close to Krt12+ cells were
two small clusters (16 and 17) expressing the Krt13 gene.
They were designated as conjunctival epithelial cells.19 The
expression of Krt12, Kera, and Col8A1 represented conven-
tional markers for three major corneal cell types (epithelium,
keratocytes, and endothelium).We also performed trajectory
analysis (Fig. 2A) and cell cycle analysis (Fig. 2B) to map
the progression of differentiation and the cell cycle status,
respectively.

Transcriptomic and Spatial Characterization of
Epithelial Cell Subclusters

Nine clusters displaying moderate-to-high expression of
Krt12 indicated their fate as the corneal epithelium (Fig. 3).
To map the process of differentiation from limbal stem cells
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FIGURE 3. ScRNA-Seq analysis of the corneolimbal epithelium. (A) Violin plots showing common and preferential expression of represen-
tative marker genes in epithelial clusters. (B–D) Immunofluorescence staining of the whole cornea to demonstrate differential expression
of genes including (B) Ocln/Areg (C) MKi67/Krt14, (D) Knstrn/PBK, (E) Gpha2/PBK, (F) Krt12/PBK, and (G) Krt15. The direction of the
yellow arrowhead indicates basal layer to superficial layer.

to terminally differentiated epithelial cells, we performed
trajectory analysis of the nine epithelial cell clusters
(Figs. 2C, 2D). We found expression patterns of epithelial
subcluster marker genes that have been reported in previ-
ous mouse cornea scRNA-seq maps11,12 and also found both
distinctive and overlapping gene expression between epithe-
lial subclusters (Fig. 3A). This finding agrees with human
scRNA-seq data showing that epithelial cells may not only

have exclusive markers but also share common gene expres-
sion as a part of the continuous epithelium differentiat-
ing from limbal-located stem cells to terminal differentiated
cells.6

Two Krt12+ clusters (7 and 4) were identified as differen-
tiated corneal epithelial cells (CEpiDCs) because of the high
expression of tight junction-related genes (Cldn3 and Ocln)
and suprabasal cell markers (Cldn4, Cdkn1a, and Dsg1a)
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and minimal expression of basal cell markers (Fig. 3A).11

Both CEpiDC clusters withdrew from active cell cycling into
a postmitotic state (Fig. 2B). CEpiDC II expressed higher
superficial tight-junction genes, such as Ocln, and evolved
from CEpiDC I in the epithelial trajectory (Fig. 2D). There-
fore we assigned CEpiDC II to the terminally differenti-
ated superficial epithelium and CEpiDC I to suprabasal
cells. IF staining confirmed strong expression of Ocln
within the superficial epithelium (Fig. 3B; Supplementary
Video S1).

To characterize the differentiation status of epithelial
subclusters, we compared reported stem cell markers and
cell cycle-related genes in the remaining five Krt12+ clusters
(Fig. 3A). We first identified cluster 14 as limbal stem cells
(LSCs) because of its high expression of the proposed limbal
stem cell markers Gpha2, Ifitm3, and Krt15, low expres-
sion of proliferative markers includingMki67, Top2a, Ccnb1,
Ccna2, Birc5, and Rrm2, high expression of basal cell mark-
ers of Krt14, Itgb1, and Itgb4.12 Most cells in this cluster were
arrested in a quiescent state whereas only a few cells were
in the G2/M phase (Fig. 2B). Consistent trajectory results
were obtained through both unsupervised and supervised
analyses (Fig. 2), including an unsupervised scVelo analy-
sis, as well as three additional analyses using slingshot to
validate cluster 14 as the start point, the origin of cells that
subsequently differentiated into three trajectories (Fig. 2D).
Therefore cluster 14 was annotated as LSC, despite the low
expression of the cornea-specific marker Krt12 and conjunc-
tival marker Krt13, which was consistent with previous stud-
ies showing co-localization of differentiation and stem cell
markers.11,12 The IF staining confirmed the spatial localiza-
tion of Gpha2 mostly at the basal layer of the outer limbus
(Fig. 3F; Supplementary Video S2).

Clusters 9 and 12, displaying high proliferative markers
(Fig. 3A) with most cells in G2/M and S phases (Fig. 2B),
were designated as highly proliferative transit-amplifying
cells (TACs). The Krt12+ cluster 8 expressed a moderate level
of proliferative markers, which was higher than their expres-
sion in CEpiDCs and LSCs but significantly lower than that
in the two TAC clusters 9 and 12. Most cells in cluster 8
were in the S phase. According to trajectory analysis, clus-
ter 8 stemmed from LSCs and developed into two trajectory
branches. One branch led to cluster 9 (a highly proliferative
TAC cluster), whereas the other led to the differentiated cells
in clusters 3, 4, and 7, suggesting the inherent commitment
of this branch to differentiation (Fig. 2D). Accordingly, we
defined cluster 8 as an early TAC cluster (TAC I). One of the
top DEGs of cluster 8 was the UNG gene, an important safe-
guard in the DNA repair system, which is highly expressed
in human pluripotent stem cells.20 IF staining showed a posi-
tive but somewhat stochastic UNG expression in corneas
(Supplementary Fig. S1).

The highly proliferative TAC cluster 12 stemming from
LSCs expressed a moderate level of Krt15 and had a
tendency to refuel the LSC cluster according to pseudo-
time data. We identified one of the top DEGs, Knstrn, in
cluster 12 (Fig. 1D) and validated its spatial localization
mainly, but not exclusively, in the inner limbal area (Fig. 3D;
Supplementary Video S3). In addition, Krt12/Gpha2 IF co-
staining revealed a Krt12−Gpha2− cell population located in
the inner limbus, between Krt12+Gpha2− corneal epithelial
cells and Krt12−Gpha2+ LSCs, similar to the spatial expres-
sion of Knstrn+ cells (Fig. 1F). We identified cluster 12 as a
highly proliferative TAC cluster located mainly in the inner
limbus and directly originating from LSCs (TAC II).

PBK has been defined as a mature TAC marker in the
cornea, but not the limbus, in humans.11 Originating from
an early TAC cluster (cluster 8), the highly proliferative TAC
population (cluster 9) exclusively expressed a high level
of PBK; it was designated as a mature TAC population in
corneas (TAC III). IF staining showed PBK expression in the
inner limbus/ peripheral cornea area, but not in the central
cornea. Notably, PBK was distributed more centripetally
than Knstrn in cluster 12 (Figs. 3D, 3E; Supplementary
Videos S3, S4).

The last Krt12+ cluster (3), stemming from cluster 8 in
the trajectory, expressed low levels of differentiation (Ocln,
Cldn3, and Areg), stem cell (Gpha2 and Krt15), and prolif-
eration (Mki67, Top2a, Ccnb1, Ccna2, Birc5 and Rrm2)
markers and high levels of basal cell markers (Gja1 and
Krt14). This cluster was designated as corneal basal epithe-
lial cells (CEpiBCs) (Fig. 3C; Supplementary Video S5). Two
small clusters (16 and 17) embedded within Krt12+ corneal
epithelial clusters were designated as conjunctival epithe-
lial cells because of the expression of known conjunctival
markers Krt13, representing some inevitable contamination
of conjunctival epithelium in our specimens.

Overall, by integrating whole-mount IF staining and
transcriptomic profiles, we identified and spatially mapped
subtypes of epithelial lineages from limbal stem cells to
terminally differentiated cells, including one LSC cluster, one
low-proliferative early TAC cluster, two highly proliferative
TAC clusters, and three differentiated cell clusters. We also
found that LSCs produced dissimilar differentiation branches
(Fig. 2D).

Transcriptomic and Spatial Characterization of
Keratocytes

We identified three clusters (1, 2, and 5) expressing high
keratin (Kera) as CSKs (Fig. 1C). The Kera gene is criti-
cal for maintaining corneal structure.13 Trajectory analysis
showed the differentiation progression from CSK I to CSK
III (Fig. 2A). Cell cycle analysis showed all three keratocyte
clusters at G1 phase or S phase (>90%) (Fig. 2B). Next, we
compared the representative DEG expression of these three
subtypes and found that Egfl6 was enriched in CSK I (clus-
ter 1) whereas Col14A1 was enriched in CSK II and CSK III
(clusters 2 and 5) (Fig. 4A). Whole-mount IF staining showed
the presence of Col14A1 across the whole stroma, albeit
higher in the posterior stroma, whereas the ECM protein
Egfl6 was preferentially expressed in the anterior stroma
(Fig. 4B; Supplementary Videos S6, S7). In addition, heatmap
analysis showed fibroblasts with high Col14A1 (Fig. 1D) and
IF staining (Supplementary Video S8).

Transcriptomic and Spatial Characterization of
Corneal Endothelial Cells

ScRNA-seq information for the mouse corneal endothe-
lium is lacking because the previously reported scRNA-
seq transcriptomic profiles of the corneal endothelium are
from human samples.6,21 Unsupervised clustering identified
two cell clusters (6 and11) as CEnCs with high expres-
sion of Col8A1, rather than Col8A2 as in human corneas
(Fig. 1D).14 Col8A1 as a CEnC marker was validated by its
exclusive localization in the corneal endothelium by IF anal-
ysis (Fig. 1F).
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FIGURE 4. ScRNA-Seq analysis of keratocytes and the corneal endothelium. (A) Violin plots showing common and preferential expression
of representative marker genes in keratocyte clusters. (B) Immunofluorescence staining of the whole cornea to demonstrate differential
expression of genes, including Col14A1 and Egfl6, indicating different distributions within the stroma. (C) Violin plots showing common
and preferential expression of representative marker genes in endothelial clusters. (D) Immunofluorescence staining of the whole cornea
revealing the heterogenous expression of CD109 in endothelial cells.

The two CEnC clusters were partially dispersive in their
transcriptional profiles (Fig. 4C). Both clusters were mostly
arrested in the G0/G1 phase whereas a small proportion
was in the S phase (Fig. 2B). This was consistent with
the limited proliferative capacity of the endothelium in
vivo.22 The CEnC I cluster showed higher expression of
mitotic inhibition–related genes (Cdkn1a, some TGF-βs, and
CD109), whereas CEnC II exhibited higher expression of
endothelial–mesenchymal-transition (EnMT)–related genes
(Fndc1, Acta2, and Myoc). The transcriptome differences
suggest functional heterogeneity in the corneal endothe-
lium. IF staining of candidate DEGs, including Penk, Chad,
Prss12, Smoc1, and Postn, was unable to spatially differenti-
ate between the two clusters. We then examined the expres-
sion of EnMT-related CD109 and found that CD109high cells
were scattered in the corneal endothelium in a somewhat
stochastic pattern (Fig. 4D; Supplementary Video S9). This
observation suggested the presence of cellular heterogeneity
in the corneal endothelium.

Transcriptomic and Spatial Characterization of
Vascular Endothelial Cells, Immune Cells, and
Fibroblasts

Within the 17 cell clusters, we also identified three support-
ive cell clusters. Vascular endothelial cells were identified
by the conventional marker Pecam1 (CD31) (Fig. 5A), with
high expression of other characteristic markers, includ-
ing Cldn5 and Col4A2 (Supplementary Video S10). Imag-
ing of the whole cornea showed distribution of vascular
endothelial cells at the periphery of corneolimbal samples
(Fig. 5B; Supplementary Video S11), representing limbal
vasculature. We identified immune cells by Adgre1 (F4/80)
gene expression, a monocyte/macrophage marker (Fig. 5C),
which mainly accounts for innate immunity of the cornea.23

This immune cell cluster presented a mixed immune cell
phenotype of Langerhans cell markers (Ccl3, Msr1, and
Ptprc)24 and a macrophage-specific marker (Fcgr1).25 The

distribution of F4/80+ immune cells decreased centripetally
as shown in IF images of the whole cornea (Fig. 5D; Supple-
mentary Video S12). Langerhans cells, with their charac-
teristic dendritic morphology, reside in the basal epithelial
layer of the peripheral corneal and limbal area. The corneal
stroma and the basal layer of the corneal epithelium were
enriched with F4/80+ macrophages with a pleomorphic
morphology (Fig. 5D). We also characterized fibroblasts with
Col14A1 and Clec3b expression based on mouse scRNA-seq
data26 (Fig. 5E). Whole-cornea IF imaging showed Clec3b+

cells in the limbal stroma and corneal endothelium (Fig. 5F;
Supplementary Video S8).

CellChat Inference of Cell–Cell Communication
Between Multiple Cell Populations in the Mouse
Cornea

We used CellChat27 to study the global intercellular commu-
nication networks within mouse corneas (Fig. 6). We first
constituted and quantified the global signaling cross-talk
atlases, which provided the number of cell–cell interac-
tions and their strengths in circle plots (Figs. 6A, 6B). The
thicker the line was, the higher the number of interac-
tions/strength. There were complex cell–cell interactions
within the cornea (Figs. 6A, 6B), with autocrine signaling
loops present in all cell types. In the global view, we found
that CSK I, CSK II, and CEpiBCs accounted for most inter-
cellular communications (Fig. 6A). The outgoing signaling
between 39 most significant pathways in CellChat was stud-
ied using pattern recognition analysis (Fig. 6C). We chose
one major signaling pathway with high communication
strength for the epithelium, keratocytes, and endothelium,
respectively.

Network centrality analysis of the inferred epidermal
growth factor (EGF) signaling network showed that epithe-
lial cells were the most prominent EGF ligand sources and
were themselves the primary EGF signaling targets (Fig. 6D).
These findings are consistent with the known critical role
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FIGURE 5. ScRNA-Seq analysis of vascular endothelial cells, immune cells, and fibroblasts. Violin plots of representative differentially
expressed genes for three minor cell types in the cornea: (A) Pecam1 (CD31) for vascular endothelial cells; (C) Adrge1 (F4/80) for immune
cells; and (E) Clec3b for fibroblasts. (B) Whole-cornea immunofluorescence staining for CD31. White and yellow arrowheads indicate the
corneal epithelium and corneal endothelial cells, respectively. (D) Whole-cornea immunofluorescence staining for F4/80. (F) Whole-cornea
immunofluorescence staining for Clec3b. White and yellow arrowheads indicate fibroblasts and corneal endothelial cells, respectively.

of EGF in corneal epithelial homeostasis.28 The relative
contribution of ligand–receptor pair analysis showed that
the HbEGf–EGFR pair contributed most to the EGF signal-
ing pathway (Fig. 6E), which is consistent with a previous
report.29 ScRNA-seq violin plots showed that EGF signaling
gene expression dominated in epithelial clusters (Fig. 6F).
Notably, LSCs were not a source of EGF ligands but only
the target of EGF signaling. This finding confirms that EGFR
inhibition affects LSCs proliferation and further corneal strat-
ification during corneal epithelial wound healing and also
may play a role in maintaining the normal thickness of the
epithelium.30

CellChat-inferred ncWNT signaling network revealed that
keratocytes and some endothelial cells (CEnC I) were the
main ligand sources (Fig. 6C), which acted both autocrinally
and paracrinally (Fig. 6G). WNT5a–Fzd2 was the major
ligand–receptor pair contributing to the ncWNT communi-
cation networks (Fig. 6H). ScRNA-seq violin plots showed
that ncWNT-pathway-related gene expression dominated in
keratocyte clusters and that expression was minor in the
endothelium (Fig. 6I). As in the skin,27 the FGF signaling
network was similar to that of ncWNT (Supplementary Fig.
S2A) with a predominant FGF18–FGFr1 ligand–receptor pair
(Supplementary Fig. S2B). This result agrees with previ-
ous work showing that FGF-1 and -2 promote the fibrob-

last phenotype and reverse the myofibroblast phenotype
induced by TGF-β in keratocytes.31

TGF-βs play a key role in corneal development, heal-
ing of corneal scaring,32 and maintenance of the corneal
endothelium in a quiescent state.33 TGF-β proteins are
expressed in the corneal epithelium and are also present
in the aqueous humor.32,34,35 Our CellChat data showed that
corneal endothelial cells were the main TGF-β source acting
autocrinally and paracrinally (Fig. 6J). CellChat-inferred
TGF-β networks showed a discrepancy in the roles of
the epithelial lineage participating in the TGF-β pathway
(Fig. 6J). Terminally differentiated superficial epithelial cells
did not participate in the TGF-β pathway. The LSCs acted
as receivers only for TGF-β signals. Epithelial subtypes,
except for CEpiDC II and LSCs, were TGF-β ligand sources,
wheras only TAC III and LSCs acted as receivers. Kerato-
cytes were both sources and targets in the TGF-β path-
way and communicated with both the epithelium and the
endothelium, which confirmed its role in regulating fibrosis
in wound healing. CEnC clusters were both autocrinal and
paracrinal targets and sources (Fig. 6J). CEnC II contributed
more as a TGF-β source compared to the CEnC I cluster.
In addition to autocrine, CEnCs received TGF-β signaling
from most corneal cell types except for LSCs and CEpiDC
II. The major ligand–receptor in TGF-β signaling networks
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FIGURE 6. CellChat-inferred cell–cell communication networks reveal the functional heterogeneity of corneal cell populations. Global
communications are presented by circle plots showing the number (A) and weight/strength (B) of significant ligand–receptor pairs in
17 cell clusters. The edge width is proportional to the indicated number/weight of individual ligand–receptor pair signaling. The loop in
the individual plot indicates the autocrine pathway of the cell cluster. (C) The dot plot shows the comparison of outgoing signaling patterns
in top 39 signaling pathways of secreting cells in the 17 cell clusters. The dot size is proportional to the contribution score obtained from
pattern recognition analysis. A higher contribution score indicates that the signaling pathway is more enriched in the corresponding cell
cluster. Three representative signaling pathways, EGF (D–F), ncWNT (G–I), and TGF-β (J–L) pathways, were further analyzed. The inferred
networks of communication between all cell types are displayed using hierarchical plots (D, G, J). The relative contribution of each ligand–
receptor pair to the global signaling networks (E, H, K), and violin plots showing the expression distribution of signaling genes in each
signaling network (F, I, L) are also shown.
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was the activin A receptor like type 1 (Acvrl1)–TGF-βr1 pair
(Fig. 6K). Violin plots showed that, in addition to minor clus-
ters of fibroblasts and vascular endothelial cells, CEnC clus-
ters had higher expression of all TGF-β and TGF-βr isoforms
(Fig. 6L). The TGF-β1r gene was expressed in the epithelium,
keratocytes, and endothelium; this was consistent with the
known role of TGF-β signaling in corneas.32,33

CellChat revealed four novel significant pathways in
the healthy mouse cornea, including Granulin precursor
(Grn), Pros1(Pros), chemerin, and visfatin. Grn binds to
sortilin (Sort1) to regulate lysosomal function and microglial
responses in the CNS.36 Our results showed Sort1 expres-
sion in 3 keratocytes clusters and CEpiDCs II, whereas
progranulin (Pgrn) was expressed in all cell clusters (Supple-
mentary Figs. S3A–C). Pros1 and its receptor AxL receptor
tyrosine kinase (Axl) pathway regulate intrinsic mesenchy-
mal signaling and the extrinsic immune microenvironment,
contributing to the growth of aggressive tumors.37 Our
results revealed the autocrine manners in three kerato-
cyte clusters, two corneal endothelial cell clusters, and one
fibroblast cluster. The Pros1 is expressed in the vascular
endothelial cell cluster, and the Axl is expressed in immune
cells (Supplementary Figs. S3D–F).

DISCUSSION

Unlike the averaged global gene expression determined by
bulk RNA sequencing, scRNA-seq allows precise and simul-
taneous mapping of gene expression patterns in individual
cells.38 We provide a comprehensive scRNA-seq atlas of the
healthy mouse cornea, with 17 distinct cell clusters iden-
tified and spatially mapped, and unveil the complex cell–
cell communication networks using CellChat. We success-
fully designated the corneal endothelium and the small
population of LSCs. No previous mouse scRNA-seq analy-
sis has reported comprehensive endothelial transcriptomic
profiles.5–8,11,12

Several scRNA-seq analyses of human and mouse corneal
epithelial lineages, including our study, have disclosed an
undefined differentiation program, with a certain degree of
both interspecific and intraspecific discrepancies.5–8,11,12,39

Differences between species, diversity in scRNA-seq method-
ologies, and the lack of confirmed corneal epithelial staged
markers might have led to the variable results. We identified
seven clusters of corneolimbal epithelial lineages in normal
mouse cornea based on the expression of known matu-
ration, proliferation, and reported but inconclusive, stem
cell markers, and validated their differentiation status using
trajectory analysis (Fig. 2). In our study, only one cluster met
LSC criteria, including low corneal and conjunctival matura-
tion markers, low proliferative markers, basal localization,
and positive proposed putative LSC marker gene expression
(Gpha2+/Ifitm3+/CD63+/Krt15high/Krt14+/Krt12low/Muc20−)
(Fig. 3A). The LSC cluster also expressed Id1/3 and Sfrp112

genes, compatible with LSC characteristics. Not all cells of
the LSC cluster were at the quiescent G1 phase (Fig. 2A),
compatible with Altshuler’s data and the equipotent stem
cell model hypothesis that LSCs are not only found at
G0/G1 phase but also at S phase.12 Although we identified
a LSC cluster that was compatible with the “quiescent LSC”
population in the bi-compartmented LSC theory,12 we did
not identify an “active LSC” cluster exclusively expressing
the proposed active LSC markers.12 Instead, we identified
a TAC cluster (TAC I) stemming from the LSC cluster with
Mki67high40/Birc5high41/Krt15mod/Atf3high/Mt1high expression

(Fig. 3A) located in the inner limbal area. Therefore we
inferred that the TAC I cluster might overlap with the
“aLSC” population in Altshuler’s hypothesis,12 despite the
discrepancy in DEG expression. In trajectory analysis, the
TAC I cluster was inferred not only to stem from LSCs but
also to fuel the LSC cluster (Figs. 2A, 2D). Our inference was
not completely consistent with the bi-compartmented LSC
model.12 Therefore further studies are needed to clarify this
inference. In Altshuler’s study, two “mitotic cell” clusters
composed of mixed cell types, but not TACs, were anno-
tated.12 In our work, we identified three TAC clusters based
on their moderate-to-high proliferative marker gene expres-
sion (Fig. 3A) and inferred their differentiation stages by
trajectory analysis. We also identified differentiated corneal
basal, suprabasal, and terminally differentiated superficial
epithelial cells (Fig. 3). We did not perform subclustering
of superficial/suprabasal/basal limbal epithelium as in
previous studies with human data,5,7,8 because of the small
number of cells, depth of sequencing, and the sequencing
approach.

We identified three clusters of keratocytes (Fig. 1C) and
revealed differences in DEG expression between the clus-
ters: Egfl6 expression was enriched in CSK I with preferen-
tial anterior stromal distribution (Fig. 4B), whereas Col14A1
expression was enriched in CSK II and CSK III with the
protein distributed across the full thickness of the stroma,
especially the posterior stroma (Fig. 4A and B). Egfl6 is
known to be expressed in the early stage of develop-
ment and is related to tumorigenesis and angiogenesis.42

It implies the contribution of CSK I to the development
of the stroma and a possible correlation with angiogen-
esis following injury.42 Collagen XIV is crucial for regu-
lating fibrillogenesis and tissue mechanics in the corneal
stroma during development and following injury and is
also responsible for the maturation of the endothelium.43,44

The preferential expression of the Col14A1 gene in CSK
II and CSK III reflects their roles in regulating stromal
architecture and biomechanical strength. We did not anno-
tate a subpopulation of corneal stromal stem cells (CSSCs)
with Keralow/Fhl1high/Thy1high/Six2+/Scf+ expression as in a
previous study of mice,11 nor with MMP3high expression as
in a study of human data.5 In contrast to Fhl1low/Thy1low

keratocytes, Clec3b+ fibroblasts showed significantly upreg-
ulated expression of Fhl1, Thy1, and Fbln1 (human
limbal fibroblast marker).5 Therefore we designated
the Clec3bhigh/Fhl1high/Thy1high/Fbln1high/Keralow/ Six2−/Scf−

cluster as limbal fibroblasts, not as CSSCs. In our study, the
expression of potential CSSC markers was similar between
keratocyte clusters in UMAP. However, we identified the
same novel keratocyte DEG of NNMT6 as a common kerato-
cyte marker for human and mice corneas.

We provide the first mouse corneal endothelial transcrip-
tomic profiles. Most reported human endothelial marker
genes6,9 did not show significant expression in the mouse
endothelium, whereas TSPAN6, FZD2, and FGFR1 expressed
moderately, but not exclusively, in the mouse cornea. Unlike
the human endothelium9 where many respiratory markers
showed significantly higher expression than in other cell
types, only ATP1a1 and SLC4A4 expressed significantly, but
not exclusively, in the mouse endothelium. Similar to the
human endothelium,6 both endothelial clusters expressed
the PITX2 gene, whereas CEnC II showed higher expres-
sion than CEnC I. The expression of EnMT-related genes
varied markedly in the human endothelium,5,6,9 possibly
because of sample preparation.6 In our study, the expression
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of EnMT-related genes (ACTA2 and TAGLN) was higher in
CEnC II than in CEnC I at low-to-moderate levels. We suggest
that our endothelium data reflect the normal condition with-
out the influence of sample preparation5 and that the CEnC
II cluster contributed more to the EnMT process. CEnC I
expressed higher mitotic inhibition-related genes (Cdkn1a,
some TGF-βs, and CD109), reflecting its role in the main-
tenance of endothelial homeostasis. Both mouse keratocyte
DEGs and endothelial subpopulations were different from
human data.6 Nevertheless, we demonstrated the first mouse
keratocytes and endothelial transcriptomic profiles with the
presence of functional heterogeneity.

Another major outcome of this study is that we demon-
strated the complexity of signaling between corneal cells.We
provided the first CellChat analytic report on mice cornea,
revealing quantitative inferences of intercellular signaling
and predicts inputs and outputs.27 We displayed the top 2%
ranking of strong cell-cell interactions in cornea, including
well-known pathways and some novel pathways that have
not been addressed before, such as Pros, Grn, chemerin
and visfatin. (Fig. 6C and Supplementary Fig. S3). First, we
studied EGF signaling networks. All three major corneal
cell types may express EGF and its receptor,30,45,46 with
EGF receptors also present in limbal basal cells.47 In the
cornea, EGF signaling plays crucial roles in maintaining
epithelial homeostasis,28 myofibroblastic differentiation and
migration,48 and endothelial wound healing, and as a mito-
gen for the corneal endothelium.49 According to the CellChat
analysis, the epithelium was the major source and target of
EGF ligands, mostly autocrinally. Of note, LSCs receive EGF
signals only, confirming their role as a repository of cells
for regeneration of the epithelium. EGF signaling was previ-
ously thought to act partially and autocrinally in the three
major corneal cell types because of the coexistence of EGF
ligands and receptors.48,50 However, network centrality anal-
ysis decrypted that in fact, subpopulations of keratocytes
and endothelium act differently in EGF signaling networks
(Fig. 6D).

Compared to the significant role of the canonical WNT
pathway in regulating LSC proliferation,51 the ncWNT
pathway plays roles in migration and development of
the endothelium and the pathophysiology of keratoconus,
although the detailed mechanism remains unclear.52–54 Our
CellChat data inferred that keratocytes were the main
ncWNT sources both autocrinally and paracrinally (Fig. 6).
Similar to the communication between dermal fibroblasts,27

we found cell–cell communication networks of FGF and the
ncWNT pathway (Supplementary Fig. S2A). These results
suggest different roles for canonical WNT and ncWNT
signals in corneal homeostasis.

The TGF-β family plays a complex role in all three
major cell types in the cornea for maintaining corneal
integrity and in the wound healing process.55 TGF-β has
been shown to be restricted in the epithelium of the normal
healthy cornea. TGF-β1 is responsible for myofibroblastic
differentiation during stromal wound healing.55 TGF-β2 in
the aqueous humor is vital for inhibiting corneal endothe-
lial proliferation by suppressing entry into the S phase
during homeostasis.56,57 We confirmed that all three TGF-
β isoforms participated in corneal physiology (Fig. 6K).
CellChat inferred that functionally heterogeneous epithelial
subpopulations played different roles in the TGF-β pathway
(Fig. 6J), which has not been addressed before. Keratocytes
were also main targets, reflecting their role in regulating
fibrosis. The endothelium, but not the epithelium, acts as

the major cells secreting TGF-β ligands in the normal cornea
(Fig. 6C). The endothelial clusters are functionally diverse
(Fig. 6J). CEnC II contributed more as TGF-β sources than the
CEnC I cluster, consistent with the scRNA-seq finding that
CEnC II expresses more EnMT-related genes. Although the
exact nature of the newly discovered Pros, Grn and visfatin
signaling pathways in cornea remains unclear, it has been
observed that these three signaling pathways were associ-
ated with retina, including that Pros1 mutation correlates
with inherited retinal degenerations,58 Grn deficiency results
in photoreceptor degeneration in mouse retina59 and visfatin
expression in diabetic rat retina.60 Although chemerin has
been shown to promote vessel growth in the mouse corneal
angiogenesis model,61 its specific role in the cornea remains
unexplored.

In brief, the CellChat analysis provides a comprehen-
sive map of the global cell–cell communication networks
within the cornea. A revisit of the known cell-cell crosstalks
may help to decrypt the signaling pathways in cornea and
also functional heterogeneity in subpopulations of corneal
cells.

CONCLUSIONS

We provide a comprehensive scRNA-seq transcriptomic atlas
of all cell types in the mouse cornea, and also reveal the
complex intercellular signaling networks in the cornea using
CellChat analysis. These bioinformatics data provide a funda-
mental blueprint for further research on the cornea and
improvement of cell-based regenerative medicine for curing
corneal blindness.

Acknowledgments

The authors thank the Flow Cytometric Analyzing and Sort-
ing Core and the Sequencing Core, Department of Medical
Research, National Taiwan University Hospital, for technical
support.

Supported by Taiwan Bio-Development Foundation (TBF; to S.J.
Lin), Chang Gung Memorial Hospital (CMRPG3G1623 to H.Y.
Tan), Taiwan National Science and Technology Council (109-
2314-B-182A-050 and 110-2314-B-182A-116-MY2 to H.Y. Tan;
111-2327-B-002-015 to S.J. Lin) and National Taiwan University
Hospital (111IF0006; to S.J. Lin). Y.F. Wu was supported by a
postdoctoral fellowship from Taiwan National Science and Tech-
nology Council (111-2811-B-002-156). This work was supported
by the Brain Research Center under the Higher Education
Sprout Project, co-funded by Taiwan Ministry of Education and
the Ministry of Science and Taiwan National Science and Tech-
nology Council. The authors also thank the members of the S.J.
Lin laboratory for their discussion.

Disclosure: Y.-F. Wu, None; N.-W. Chang, None; L.-A. Chu,
None; H.-Y. Liu, None; Y.-X. Zhou, None; Y.-L. Pai, None;
Y.-S. Yu, None; C.-H. Kuan, None; Y.-C. Wu, None; S.-J. Lin,
None; H.-Y. Tan, None

References

1. DelMonte DW, Kim T. Anatomy and physiology of the
cornea. J Cataract Refract Surg. 2011;37:588–598.

2. Bonanno JA. Molecular mechanisms underlying the corneal
endothelial pump. Exp Eye Res. 2012;95:2–7.

3. Eberwine J, Yeh H, Miyashiro K, et al. Analysis of gene
expression in single live neurons. Proc Natl Acad Sci USA.
1992;89:3010–3014.

Downloaded from iovs.arvojournals.org on 04/25/2024



Single-Cell Atlas and Cell Interactions in the Mouse Cornea IOVS | October 2023 | Vol. 64 | No. 13 | Article 5 | 12

4. Potter SS. Single-cell RNA sequencing for the study of
development, physiology and disease. Nat Rev Nephrol.
2018;14:479–492.

5. Collin J, Queen R, Zerti D, et al. A single cell atlas of human
cornea that defines its development, limbal progenitor cells
and their interactions with the immune cells. Ocul Surf.
2021;21:279–298.

6. Catala P, Groen N, Dehnen JA, et al. Single cell transcrip-
tomics reveals the heterogeneity of the human cornea to
identify novel markers of the limbus and stroma. Sci Rep.
2021;11:21727.

7. Li DQ, Kim S, Li JM, et al. Single-cell transcriptomics iden-
tifies limbal stem cell population and cell types mapping
its differentiation trajectory in limbal basal epithelium of
human cornea. Ocul Surf. 2021;20:20–32.

8. Li JM, Kim S, Zhang Y, et al. Single-cell transcriptomics
identifies a unique entity and signature markers of transit-
amplifying cells in human corneal limbus. Invest Ophthal-
mol Vis Sci. 2021;62:36.

9. Ligocki AJ, Fury W, Gutierrez C, et al. Molecular character-
istics and spatial distribution of adult human corneal cell
subtypes. Sci Rep. 2021;11:16323.

10. Chakravarti S. The cornea through the eyes of knockout
mice. Exp Eye Res. 2001;73:411–419.

11. Kaplan N, Wang J, Wray B, et al. Single-cell RNA transcrip-
tome helps define the limbal/corneal epithelial stem/early
transit amplifying cells and how autophagy affects this
population. Invest Ophthalmol Vis Sci. 2019;60:3570–
3583.

12. Altshuler A, Amitai-Lange A, Tarazi N, et al. Discrete limbal
epithelial stem cell populations mediate corneal home-
ostasis and wound healing. Cell Stem Cell. 2021;28:1248–
1261.e1248.

13. Liu CY, Birk DE, Hassell JR, Kane B, Kao WW. Keratocan-
deficient mice display alterations in corneal structure. J Biol
Chem. 2003;278:21672–21677.

14. Peh GS, Chng Z, Ang HP, et al. Propagation of human
corneal endothelial cells: a novel dual media approach. Cell
Transplant. 2015;24:287–304.

15. DeLisser HM, Christofidou-Solomidou M, Strieter RM, et al.
Involvement of endothelial PECAM-1/CD31 in angiogenesis.
Am J Pathol. 1997;151:671–677.

16. Austyn JM, Gordon S. F4/80, a monoclonal antibody
directed specifically against the mouse macrophage. Eur
J Immunol. 1981;11:805–815.

17. Guerrero-Juarez CF, Dedhia PH, Jin S, et al. Single-
cell analysis reveals fibroblast heterogeneity and myeloid-
derived adipocyte progenitors in murine skin wounds. Nat
Commun. 2019;10:650.

18. Tanifuji-Terai N, Terai K, Hayashi Y, Chikama T, Kao WW.
Expression of keratin 12 and maturation of corneal epithe-
lium during development and postnatal growth. Invest
Ophthalmol Vis Sci. 2006;47:545–551.

19. Berry M, Ellingham RB, Corfield AP. Membrane-associated
mucins in normal human conjunctiva. Invest Ophthalmol Vis
Sci. 2000;41:398–403.

20. Park JC, Jang HK, Kim J, et al. High expression of uracil
DNA glycosylase determines C to T substitution in human
pluripotent stem cells.Mol Ther Nucleic Acids. 2022;27:175–
183.

21. van Zyl T, Yan W, McAdams AM, Monavarfeshani A, Hage-
man GS, Sanes JR. Cell atlas of the human ocular anterior
segment: tissue-specific and shared cell types. Proc Natl
Acad Sci USA. 2022;119:e2200914119.

22. Joyce NC, Harris DL, Mello DM. Mechanisms of mitotic inhi-
bition in corneal endothelium: contact inhibition and TGF-
beta2. Invest Ophthalmol Vis Sci. 2002;43:2152–2159.

23. Liu J, Li Z. Resident innate immune cells in the cornea. Front
Immunol. 2021;12:620284.

24. Hamrah P, Zhang Q, Liu Y, Dana MR. Novel characteriza-
tion of MHC class II-negative population of resident corneal
Langerhans cell-type dendritic cells. Invest Ophthalmol Vis
Sci. 2002;43:639–646.

25. Gautier EL, Shay T, Miller J, et al. Gene-expression profiles
and transcriptional regulatory pathways that underlie the
identity and diversity of mouse tissue macrophages. Nat
Immunol. 2012;13:1118–1128.

26. Xie T, Wang Y, Deng N, et al. Single-cell deconvolution of
fibroblast heterogeneity in mouse pulmonary fibrosis. Cell
Rep. 2018;22:3625–3640.

27. Jin S, Guerrero-Juarez CF, Zhang L, et al. Inference and
analysis of cell-cell communication using CellChat. Nat
Commun. 2021;12:1088.

28. Peterson JL, Ceresa BP. Epidermal growth factor receptor
expression in the corneal epithelium. Cells. 2021;10:2409.

29. Yoshioka R, Shiraishi A, Kobayashi T, et al. Corneal epithe-
lial wound healing impaired in keratinocyte-specific HB-
EGF-deficient mice in vivo and in vitro. Invest Ophthalmol
Vis Sci. 2010;51:5630–5639.

30. Nakamura Y, Sotozono C, Kinoshita S. The epidermal
growth factor receptor (EGFR): role in corneal wound heal-
ing and homeostasis. Exp Eye Res. 2001;72:511–517.

31. Maltseva O, Folger P, Zekaria D, Petridou S, Masur SK.
Fibroblast growth factor reversal of the corneal myofibrob-
last phenotype. Invest Ophthalmol Vis Sci. 2001;42:2490–
2495.

32. Tandon A, Tovey JC, Sharma A, Gupta R, Mohan RR. Role of
transforming growth factor beta in corneal function, biology
and pathology. Curr Mol Med. 2010;10:565–578.

33. Beaulieu Leclerc V, Roy O, Santerre K, Proulx S. TGF-beta1
promotes cell barrier function upon maturation of corneal
endothelial cells. Sci Rep. 2018;8:4438.

34. Jampel HD, Roche N, Stark WJ, Roberts AB. Transforming
growth factor-beta in human aqueous humor. Curr Eye Res.
1990;9:963–969.

35. Fini ME, Stramer BM. How the cornea heals: cornea-specific
repair mechanisms affecting surgical outcomes. Cornea.
2005;24:S2–S11.

36. Townley RA, Boeve BF, Benarroch EE. Progranulin: func-
tions and neurologic correlations. Neurology. 2018;90:118–
125.

37. Sadahiro H, Kang KD, Gibson JT, et al. Activation
of the receptor tyrosine kinase AXL regulates the
immune microenvironment in glioblastoma. Cancer Res.
2018;78:3002–3013.

38. Hwang B, Lee JH, Bang D. Single-cell RNA sequencing
technologies and bioinformatics pipelines. Exp Mol Med.
2018;50:1–14.

39. Song Z, Chen B, Tsai CH, et al. Differentiation trajectory of
limbal stem and progenitor cells under normal homeostasis
and upon corneal wounding. Cells. 2022;11:1983.

40. Sun X, Kaufman PD. Ki-67: more than a proliferation
marker. Chromosoma. 2018;127:175–186.

41. Wang C, Zheng X, Shen C, Shi Y. MicroRNA-203 suppresses
cell proliferation and migration by targeting BIRC5 and
LASP1 in human triple-negative breast cancer cells. J Exp
Clin Cancer Res. 2012;31:58.

42. Tang CT, Zhang QW, Wu S, et al. Thalidomide targets
EGFL6 to inhibit EGFL6/PAX6 axis-driven angiogenesis
in small bowel vascular malformation. Cell Mol Life Sci.
2020;77:5207–5221.

43. Hemmavanh C, Koch M, Birk DE, Espana EM. Abnor-
mal corneal endothelial maturation in collagen XII and
XIV null mice. Invest Ophthalmol Vis Sci. 2013;54:3297–
3308.

44. Sun M, Zafrullah N, Adams S, et al. Collagen XIV Is an Intrin-
sic Regulator of Corneal Stromal Structure and Function.Am
J Pathol. 2021;191:2184–2194.

Downloaded from iovs.arvojournals.org on 04/25/2024



Single-Cell Atlas and Cell Interactions in the Mouse Cornea IOVS | October 2023 | Vol. 64 | No. 13 | Article 5 | 13

45. Imanishi J, Kamiyama K, Iguchi I, Kita M, Sotozono C,
Kinoshita S. Growth factors: importance in wound healing
and maintenance of transparency of the cornea. Prog Retin
Eye Res. 2000;19:113–129.

46. Wilson SE, He YG, Lloyd SA. EGF, EGF receptor, basic FGF,
TGF beta-1, and IL-1 alpha mRNA in human corneal epithe-
lial cells and stromal fibroblasts. Invest Ophthalmol Vis Sci.
1992;33:1756–1765.

47. Zieske JD, Wasson M. Regional variation in distribution of
EGF receptor in developing and adult corneal epithelium.
J Cell Sci. 1993;106(Pt 1):145–152.

48. He J, Bazan HE. Epidermal growth factor synergism with
TGF-beta1 via PI-3 kinase activity in corneal keratocyte
differentiation. Invest Ophthalmol Vis Sci. 2008;49:2936–
2945.

49. Woost PG, Jumblatt MM, Eiferman RA, Schultz GS. Growth
factors and corneal endothelial cells: II. Characterization
of epidermal growth factor receptor from bovine corneal
endothelial cells. Cornea. 1992;11:11–19.

50. Joyce NC, Joyce SJ, Powell SM, Meklir B. EGF and PGE2:
effects on corneal endothelial cell migration and mono-
layer spreading during wound repair in vitro. Curr Eye Res.
1995;14:601–609.

51. Nakatsu MN, Ding Z, Ng MY, Truong TT, Yu F, Deng SX.
Wnt/beta-catenin signaling regulates proliferation of human
cornea epithelial stem/progenitor cells. Invest Ophthalmol
Vis Sci. 2011;52:4734–4741.

52. Lee JG, Heur M. Interleukin-1beta-induced Wnt5a enhances
human corneal endothelial cell migration through regu-
lation of Cdc42 and RhoA. Mol Cell Biol. 2014;34:3535–
3545.

53. Chen Y, Huang K, Nakatsu MN, Xue Z, Deng SX, Fan G.
Identification of novel molecular markers through transcrip-
tomic analysis in human fetal and adult corneal endothelial
cells. Hum Mol Genet. 2013;22:1271–1279.

54. Kabza M, Karolak JA, Rydzanicz M, et al. Collagen synthesis
disruption and downregulation of core elements of TGF-
beta, Hippo, and Wnt pathways in keratoconus corneas. Eur
J Hum Genet. 2017;25:582–590.

55. Jester JV, Petroll WM, Barry PA, Cavanagh HD. Expression of
alpha-smooth muscle (alpha-SM) actin during corneal stro-
mal wound healing. Invest Ophthalmol Vis Sci. 1995;36:809–
819.

56. Chen KH, Harris DL, Joyce NC. TGF-beta2 in aque-
ous humor suppresses S-phase entry in cultured corneal
endothelial cells. Invest Ophthalmol Vis Sci. 1999;40:2513–
2519.

57. Joyce NC. Proliferative capacity of the corneal endothelium.
Prog Retin Eye Res. 2003;22:359–389.

58. Bushehri A, Zare-Abdollahi D, Alavi A, Dehghani A, Mousav-
imikala M, Khorram Khorshid HR. Identification of PROS1
as a Novel Candidate Gene for Juvenile Retinitis Pigmentosa.
Int J Mol Cell Med. 2019;8:179–190.

59. Takahashi K, Nakamura S, Shimazawa M, Hara H. Reti-
nal degeneration and microglial dynamics in mature
progranulin-deficient mice. Int J Mol Sci. 2021;22:
11557.

60. Qu S, Mo L, Niu Y, et al. Expression of visfatin in the diabetic
rat retina. Clin Exp Ophthalmol. 2016;44:251–259.

61. Nakamura N, Naruse K, Kobayashi Y, et al. Chemerin
promotes angiogenesis in vivo. Physiol Rep. 2018;6:e13962.

Downloaded from iovs.arvojournals.org on 04/25/2024


