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ABSTRACT
Limbal epithelial stem cells (LESCs), located in the basal layer of the limbal epithelium, rarely proliferate under normal condi-
tions. Upon proliferation, LESCs give rise to early transient amplifying (eTA) cells, which are thought to be morphologically and 
phenotypically indistinguishable from LESCs. Following corneal epithelial wounding, LESCs are activated to repair the corneal 
epithelium via expansion of eTA cells, a process crucial for maintaining corneal epithelial homeostasis and tissue transparency 
as well as essential for clear vision. To understand how this process is regulated, we conducted a single cell RNA sequencing 
assay of mouse corneal rims with and without injury and observed an expansion of the stem/eTA cell cluster after corneal injury. 
Interestingly, we found that Interferon Induced Transmembrane Protein 1 (IFITM1) was predominantly expressed in stem/eTA 
cells and was positively associated with such stem/eTA cell expansion after corneal wounding. In vivo knockdown of IFITM1 
using an AAV (adeno-associated virus) vector significantly attenuated stem/eTA cell expansion and activation of stem/eTA cells 
to proliferate after mouse corneal wounding. In human limbal epithelial cell cultures, IFITM1 positively impacted the prolifera-
tion of stem/eTA cell-enriched limbal epithelial cells, contributing to expansion of the stem/eTA cell population. Such expansion 
was due, in part, to inhibition of OVOL1 (Ovo like zinc finger 1), a negative regulator of epithelial cell proliferation. These results 
provide key molecular insights into how stem cell activation and eTA cell expansion are regulated. Elucidating the IFITM1/
OVOL1 pathway that governs stem/eTA cell proliferation not only deepens our knowledge of tissue homeostasis but also opens 
avenues for developing novel regenerative therapies.
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1   |   Introduction

The corneal epithelium is a self-renewing stratified squamous 
epithelium [1–6]. A unique feature of the corneal epithelium 
is that the stem cells, which govern self-renewing tissues, are 
not located in the corneal epithelium; rather, they are pref-
erentially situated in the basal layer of the limbal epithelium 
(called limbal epithelial stem cells (LESCs); see [1, 4, 5, 7–10] 
and references therein). LESCs possess properties such asqui-
escence, extensive proliferative capacity, relatively undiffer-
entiated states, and the ability to generate committed progeny: 
transit amplifying (TA) cells [1, 4, 5, 7–16]. Early TA cells 
(eTA), which represent the immediate stem cell progeny, also 
reside in the limbal epithelial basal layer and have high prolif-
erative capacity [3, 5]. It is believed that LESCs and eTA cells 
are phenotypically and functionally indistinguishable [17, 18]. 
Since LESCs are essential for maintaining corneal epithelial 
homeostasis, the loss or dysfunction of LESCs results in per-
sistent epithelial defects and loss of vision [19–26]. Therefore, 
it is clinically important to understand the molecular signal-
ing pathways that are key for regulating stem cell physiology, 
including stem cell proliferation.

In addition to corneal epithelial homeostasis, LESCs also play 
an important role in corneal wound healing. Recently, two dis-
crete LESC populations have been identified by single cell RNA 
sequencing and lineage tracing [15, 27]. The LESCs located in 
the outer limbus divide at a significantly lower rate than the 
LESCs residing in the inner limbus [15, 27]. In response to 
corneal injury such as chemical burn or physical debridement 
of the central corneal epithelium, numerous outer and inner 
LESCs enter the cell cycle, and thus, the limbal basal layer pro-
duces more epithelial cells for re-epithelialization of the corneal 
epithelium [3, 15, 27–29]. For decades, it has been demonstrated 
that one of the strategies to produce more corneal epithelial 
cells is to activate LESCs to proliferate, thus expanding the eTA 
cell population [3]. Since the activation of LESCs [3, 15, 27] and 
expansion of the eTA cell population [3] are crucial for corneal 
epithelial wound healing, understanding the molecular mecha-
nisms regulating such processes is critical.

IFITM1(Interferon Induced Transmembrane Protein 1) is 
an interferon-induced antiviral protein. Recently, evidence 
showed that IFITM1 exerts functions other than antiviral, 
such as involvement in the maintenance of stem cells. IFITM1 
is highly expressed in human embryonic stem cells, and such 
expression progressively decreases when stem cells differ-
entiate [30]. IFITM1 is also expressed in mouse primordial 
germ cells (PGCs) indicating a role in PGC development [31]. 
In addition, IFITM1 plays an important role in cancer stem 
cells. For example, IFITM1 is required for the progression of 
non-small cell lung cancer (NSCLC) in patients [32]. Loss of 
IFITM1 leads to a significant reduction in sphere formation, 
which is considered a unique feature of cancer stem cells [32]. 
In colorectal cancer, IFITM1high cells form organoids with 
more proliferating cells [33]. Such a positive role of IFITM1 
in cancer cell proliferation is also observed in cervical squa-
mous cell carcinoma [34]. Overall, these reports suggest that 
IFITM1 expression positively correlates with the numbers of 
cancer stem cells, and such correlation may be due to the pos-
itive role of IFITM1 on proliferation.

Ovo like zinc finger 1 (OVOL1) and OVOL2, encoding zinc fin-
ger protein homologous to Drosophila melanogaster Ovo, are 
important in the development of various tissues including cor-
nea and epidermis [35]. OVOL2 has a role in maintaining the 
transcriptional profile of corneal epithelial cells by repressing 
mesenchymal genes [36]. Mutations in OVOL2 have been asso-
ciated with posterior polymorphous corneal dystrophy, an in-
herited disorder of the corneal endothelium [37]. Loss of OVOL1 
leads to a defect in proliferation in the epidermis during devel-
opment [38], indicating an inhibitory role of OVOL1 in cell pro-
liferation. OVOL1 is downregulated in cutaneous squamous cell 
carcinoma [39] and mediates the suppression of proliferation 
in oral squamous cell carcinoma cells by inhibiting ZEB1(Zinc 
Finger E-Box Binding Homeobox 1) expression [40]. However, 
unlike OVOL2, the role of OVOL1 in the limbus/cornea remains 
unclear.

Here, we utilized single cell RNA sequencing (scRNA seq), 
which is an ideal approach to characterize rare cell popula-
tions such as stem cells, to identify novel regulators that may 
be responsible for the activation of stem cells and consequently 
the expansion of the eTA cell population after corneal injury. 
Our scRNA seq experiments demonstrated an expansion of the 
stem/eTA cell cluster following corneal injury. We observed 
that IFITM1 was upregulated in the stem/eTA cell population 
after mechanical and chemically induced corneal injury. AAV 
(adeno-associated virus) mediated delivery of shRNA-Ifitm1 re-
duced Ifitm1 expression in the limbal epithelium and attenuated 
the expansion of the stem/eTA cell cluster in response to corneal 
injury. Our findings demonstrate that IFITM1 is required for 
the activation of LESCs and the expansion of the TA cell popula-
tion in response to corneal injury.

2   |   Materials and Methods

2.1   |   Animal Experiments

Animal procedures were approved by the Northwestern 
University Animal Care and Use Committee and adherence to 
the ARVO Statement for the Use of Animals in Ophthalmic and 
Vision Research. Wt/wt C57BL/6 mice were purchased from 
The Jackson Laboratory. Mice were housed with free access to 
food and water in a barrier facility or a confinement facility for 
AAV transduction. Both male and female mice at 6–8 weeks of 
age were used.

AAV vector with shRNA-IFITM1 was purchased from 
VectorBuilder and packaged as previously described [41]. The 
AAV serotype is AAV8. To topically apply AAV vector onto 
mouse corneas, mice were anesthetized and 5 μL of AAV vec-
tor (1 × 10^9gc/μL) was applied topically once. Two shRNA 
sequences were used: AAV shRNA IFITM1 and AAV shRNA 
IFITM1 #3816.

To generate debridement wounds, as previously described 
[14], central corneal epithelium was removed using a rotating 
diamond burr while the peripheral corneal and limbal epithe-
lia remained intact. For the alkali burn model, mouse central 
corneas were exposed to 1 M NaOH solution for 30 s. Three 
days post injury, mouse corneas were isolated as previously 
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described [18]. For the BrdU pulse labeling assay, mice were 
injected with BrdU (50 μg/kg) intraperitoneally 1 h prior to 
euthanasia [42].

2.2   |   Single Cell RNA Sequencing Analysis

Single-cell isolation from corneal and limbal tissues. Eyeballs 
were cut about 1 mm behind the limbus toward the back of the 
eyeball using ophthalmological surgical scissors. This yields a 
corneal/limbal button including limbus and partial conjunc-
tiva. The iris was scraped off using the round handle side of a 
forceps. In this way, a limbal/corneal rim containing primarily 
epithelium, stroma, and endothelium is obtained. Tissues were 
incubated with 0.7 mg/mL liberase TM (from Roche) in RPMI at 
37°C for 1 h and then with 0.25%Trypsin for 15 min. Single-cell 
suspension was subjected to scRNA-seq analysis using the 10X 
genomics pipeline as previously described [14, 18, 43]. Raw se-
quencing data was processed using CellRanger. Data normaliza-
tion was performed by R Package. Seurat was used to account for 
the differences in the cell number between samples during inte-
gration and clustering as previously described [14, 18, 43, 44]. 
For data alignment, we selected 4000 highly variable genes in 
each data matrix and performed “FindIntegrationAnchors” and 
“IntegrateData” functions for integration. Next, we performed 
the clustering using ‘FindClusters’ in Seurat to identify cell type 
clusters. UMAP of each data set were visualized. The Seurat 
FindConservedMarkers() function was used to obtain a list of 
marker genes conserved across conditions. These marker genes 
for each cluster were used to annotate these clusters as specific 
cell types. Dot Plot was used to visualize conserved cell type 
markers and show both the expression level and the percentage of 
cells in a cluster expressing those marker genes. “FindMarkers” 
was used to identify the differentially expressed genes (DEG) 
between each sample in each cluster. Functional Annotation 
Clustering of DEGs was performed in DAVID Functional 
Annotation Bioinformatics Resources. AddModuleScore analy-
sis was conducted using a gene set that plays critical roles in reg-
ulating apoptosis from the MSigDB Collections. The scRNA-seq 
data that support the findings of this study are submitted to the 
NCBI GEO database (GSE275678 and GSE277598).

Raw scRNA-seq datasets of human corneas (GSE218123), cor-
neal epithelium with dry eye disease (GSE182582), and diabetic 
corneal epithelium (GSE182477) were downloaded from the 
NCBI GEO database and analyzed as described above.

2.3   |   Cell Culture

Limbal epithelial cells were isolated from human corneal/lim-
bal rims obtained from the Eversight eye banks (Ann Arbor, 
MI, USA) as described before [18]. Briefly, to isolate limbal ep-
ithelial cells, the cornea and conjunctiva were cut out from the 
tissues and thus the limbal rim was dissected out. The limbal 
rim was digested in dispase to isolate limbal epithelial cells. 
Primary human limbal epithelial cells (HLECs) were cultured 
in keratinocyte SFM media (Life Technologies), and first pas-
sage cells were used for experiments. Immortalized limbal epi-
thelial cells, hTCEpi, were cultured in keratinocyte serum free 
media (Life Technologies) as described previously [18]. To knock 

down gene expression, cells were transfected with a 5 nM siRNA 
pool against IFITM1, OVOL1 (Invitrogen, Carlsbad, CA, USA) 
or nontarget control (Invitrogen, Carlsbad, CA, USA) as previ-
ously described [42]. Cells incubated with BrdU (10 μM) for 1 h 
were used for the BrdU pulse labeling assay [42]. Total RNA was 
extracted for RT-qPCR as described below.

2.4   |   Immunostaining

Sections with mouse eye tissues were subjected to immunos-
taining with primary antibodies: IFITM1, OVOL1, KRT15, 
Ki67, p63, cleaved caspase 3 antibodies at 1:50 dilution, or BrdU 
mouse monoclonal antibody (G3G4, Developmental Studies 
Hybridoma Bank) at 1:10 dilution as previously described [14]. 
For cell culture, coverslips with cells were fixed in cold meth-
anol at −20°C for 10 min. Following antigen retrieval, sections 
were incubated overnight at 4°C with BrdU mouse monoclonal 
antibody (G3G4, Developmental Studies Hybridoma Bank) at 
1:10 dilution, IFITM1 mouse monoclonal antibody at 1:50 dilu-
tion, or OVOL1 rabbit polyclonal antibody at 1:50 dilution. Slides 
were visualized with a Nikon Ti-2 (Nikon, Tokyo, Japan) micro-
scope (Northwestern CAM core) [18]. ImageJ was used for cell 
counting and relative fluorescence intensity analysis.

2.5   |   Reverse Transcription-Quantitative 
Polymerase Chain Reaction (RT-qPCR)

Total RNAs were isolated from cells and mouse corneas and pu-
rified using an miRNeasy kit (Qiagen, Hilden, Germany). RT-
qPCR was performed with a BioRad CFX System using the Roche 
FastStart Essential DNA Green Master (Roche, Branchburg, NJ, 
USA) according to the manufacturer's instructions. The primer 
pairs for RT-qPCR were designed using the IDT PrimerQuest 
Primer Design Tool (IDT, Coralville, IA, USA).

2.6   |   Flow Cytometry

To determine cell death, 48 h after transfection with siR-
NAs, cells were subjected to staining with an antibody for the 
Annexin V-FITC. Apoptosis was determined using the Annexin 
V-FITC Apoptosis Detection Kit I (BD Biosciences) according 
to the manufacturer's protocols. To determine the cell cycle, 
cells were fixed in 75% cold ethanol (1 mL) and then incubated 
in 500 μL propidium iodide (50 μg/mL) containing 200 μg/mL 
RNase A (Sigma; St. Louis, MO) at 37°C for 20 min. Analysis 
was conducted using the FACSCalibur Flow Cytometer (BD 
Biosciences).

2.7   |   Bulk RNA Sequencing

HLECs isolated from 3 donors were transfected with a 5 nM 
siRNA pool against IFITM1 (Invitrogen, Carlsbad, CA, USA) or 
nontarget control (Invitrogen, Carlsbad, CA, USA) as previously 
described [42]. Three days later, cells were processed for total 
RNA isolation using miRNeasy kit (Qiagen, Hilden, Germany). 
Expression profiling was conducted using a Next-Generation 
Sequencing platform at Northwestern University Center for 
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Genetic Medicine core. The quality of reads, in FASTQ format, 
was evaluated using FastQC. Reads were trimmed to remove 
Illumina adapters from the 3′ ends using cutadapt (http://​code.​
google.​com/p/​cutad​apt/​). Trimmed reads were aligned to the 
Homo sapiens genome (hg38) using STAR [45]. Read counts for 
each gene were calculated using htseq-count [46] in conjunction 
with a gene annotation file for hg38 obtained from Ensembl 
(http://​useast.​ensem​bl.​org/​index.​html). Normalization and dif-
ferential expression were calculated using DESeq2 that employs 
the Wald test [47]. The cutoff for determining significantly dif-
ferentially expressed genes was an FDR-adjusted p-value less 
than 0.05 using the Benjamini-Hochberg method. Gene differ-
ential expression profiles obtained from RNA-seq analysis were 
subjected to gene ontology analysis using DAVID.

2.8   |   Quantification and Statistical Analysis

Unpaired t test and paired t test were performed to determine 
statistical significance. The data are shown as means ± standard 
deviation (SD). Statistical significance was defined as * p < 0.05. 
All experiments were replicated at least three times.

3   |   Results

3.1   |   scRNA-Seq Analyses Reveal That Corneal 
Injury With NaOH Results in the Expansion 
of the Stem/eTA Cell Cluster

Since limbal epithelial stem cells reside in the limbal epithelial 
basal layer and are a rare cell population, it is difficult to iso-
late and characterize this discrete stem cell population. Thus, to 
investigate how the activation of stem cells and the expansion 
of the eTA cell population are regulated following a corneal in-
jury, we conducted a scRNA-seq analysis of mouse corneas that 
were either exposed to a 1 M NaOH solution for 30 s or uninjured 
(controls). Seurat-based analysis of the scRNA-seq data was con-
ducted, and we identified 15 distinct clusters (Figure 1A). Using 
well-known marker genes, the cell types of these clusters were 
identified and characterized (Figure 1B, Figure S1). Among the 
15 clusters, 8 were mesenchymal cells, expressing the mesen-
chymal marker Vimentin (Vim). These 8 clusters are subdivided 
into 3 keratocyte clusters, a corneal Schwann cell cluster, a 
smooth muscle cell cluster, a vascular endothelial cell cluster, 
and 2 macrophage clusters based on additional specific marker 
expression.

The remaining 7 cell clusters were identified as epithelial in na-
ture since they lacked mesenchymal markers (e.g., Vim). Cluster 
4 and 13 were identified as conjunctival epithelial cells based 
on the high expression of conjunctival markers such as keratin 
13 (Krt13), keratin 19 (Krt19) and mucin1 (Muc1) [15, 48, 49] 
(Figure  1B). Cluster 0 highly expressed glycoprotein hormone 
subunit alpha 2 (Gpha2), Cd63, interferon induced transmem-
brane protein 3 (Ifitm3), apolipoprotein E (Apoe), which are 
putative limbal epithelial stem/eTA cell markers [15, 16]. In ad-
dition, cluster 0 expressed low levels of differentiation markers 
such as desmocollin-3 (Dsc3) and desmoglein 3 (Dsg3) compared 
to the rest of the epithelial clusters [15, 50], confirming that 

cluster 0 is comprised predominately of limbal epithelial stem/
eTA cells. Clusters 2 and 5 were identified as more mature TA 
cell populations since TA cell markers including the marker of 
proliferation Ki-67 (Mki67), histone cluster 1, H2ap (Hist1h2ap), 
stathmin 1 (Stmn1), deoxyuridine triphosphatase (Dut), and 
helicase, lymphoid specific (Hells) [18, 51–53] were enriched in 
these two clusters. Cluster 1 highly expressed basal cell markers 
(e.g., Integrin beta 4 (Itgb4)) [54, 55]; while cluster 3 highly ex-
pressed differentiation markers (e.g., desmosome proteins, tight 
junction proteins) [15, 50]. Thus, cluster 1 was designated as cor-
neal epithelial basal cells and cluster 3 as differentiated corneal 
epithelial cells. Consistent with the idea that stem cells are acti-
vated to generate more eTA cells in response to injury [3, 5], the 
percentage of stem/eTA cells (cluster 0) increased in the NaOH 
injured WT cornea by an average of 25% compared to uninjured 
WT cornea (average 5%) (Figure 2A,B), indicating an expansion 
of the stem/eTA cell population.

3.2   |   scRNA-Seq Analysis Identifies Ifitm1 as a 
Novel Regulator of the Expansion of the Stem/Early 
TA Cell Cluster in Response to Corneal Injury

Activation of quiescent stem cells to proliferate leads to the ex-
pansion of proliferating eTA cells [3]. Thus, to understand how 
such expansion is controlled, we searched for proliferation-
related genes among the most highly differentially expressed 
genes (DEGs) in the stem/eTA cells (cluster 0) between un-
injured and injured corneas. In uninjured corneas, of the 
top DEGs, Ifitm1 was predominantly expressed in the stem/
eTA cell population (Figure  2C). To validate this observa-
tion in the human limbus, we analyzed a scRNA-seq dataset 
of human corneas (GSE218123) [56] (Figure  S2A) and found 
that IFITM1 was mainly expressed in the human limbal stem/
eTA cell cluster (Figure S2B). This suggests that in both mouse 
and human, IFITM1 plays a role in limbal epithelial stem/eTA 
cells. Immunofluorescence staining revealed that IFITM1 was 
more highly expressed in the limbal epithelium than in the 
corneal epithelium. Furthermore, IFITM1 was detected in 
those limbal epithelial cells expressing p63 and Krt15, puta-
tive limbal epithelial stem cell markers (Figure S2C,D). Bulk 
RNA seq suggests that Ifitm1 is significantly upregulated in 
label-retaining cells (putative stem cells) in the mouse lim-
bal epithelium [57] and colocalized with C/EBPδ, a putative 
stem cell marker, in the human limbal epithelial basal layer 
[58]. It has been shown that IFITM1 plays a positive role in 
cancer cell proliferation [33, 34]. Thus, we hypothesize that 
Ifitm1 may play a role in the proliferation of limbal epithe-
lial stem/eTA cells. Following corneal injury, our scRNA-seq 
analysis showed that Ifitm1 expression was upregulated in 
the stem/eTA cell population compared with the uninjured 
control (Figure  2D). To validate this, RT-qPCR showed that 
Ifitm1 expression was markedly upregulated in mouse cor-
neas 3 days after a NaOH burn (Figure S2E). Not surprisingly, 
immunostaining detected an increase in IFITM1 protein lev-
els in the stem/eTA cell-enriched limbal epithelium of NaOH-
injured mouse corneas compared with the uninjured controls 
(Figure  2E). Collectively, these observations indicate that 
Ifitm1 expression is positively correlated with the expansion of 
the stem/eTA cell population.

http://code.google.com/p/cutadapt/
http://code.google.com/p/cutadapt/
http://useast.ensembl.org/index.html
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FIGURE 1    |    scRNA-seq demonstrated 15 clusters in cells isolated from limbal/corneal tissues of uninjured and NaOH injured mice. (A) UMAP 
visualized 15 differential clusters of cells. (B) Dot plot was used to visualize conserved cell type markers and show both the expression level and the 
percentage of cells in a cluster expressing those marker genes.
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FIGURE 2    |     Legend on next page.
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3.3   |   IFITM1 Is Required for the Expansion 
of the Stem/Early TA Cell Cluster After 
Corneal Injury

To examine whether the upregulation of Ifitm1 is required 
for the expansion of the stem/eTA cell population in response 
to corneal injury, wild type mouse eyes were topically treated 
with AAV-shRNA-Ifitm1 or AAV-empty vector (control) once, 
14 days before they were subjected to a corneal NaOH burn. 
AAV-shRNA-Ifitm1 treatment downregulated Ifitm1 expres-
sion in mouse limbal epithelium (Figure 3A). Three days after 
corneas were injured, a scRNA-seq assay was conducted using 
cells isolated from corneal/limbal tissues. The scRNA-seq assay 
identified the stem/eTA cell population using Gpha2 expression 
(Figure S3), as a limbal epithelial stem/eTA cell marker [15, 16]. 
In AAV-empty vector (AAV-EV) treated mouse eyes (control), 
NaOH injury increased the numbers of stem/eTA cells com-
pared to uninjured eyes as seen previously (Figure 3B,C). Such 
expansion of the stem/eTA cell population following corneal in-
jury was markedly reduced in AAV-shRNA-Ifitm1 treated eyes 
(Figure  3B,C). This strongly suggests a positive role of Ifitm1 
in stem/eTA cell expansion after corneal injury. A possible in-
terpretation of such a reduction in the cell number of the stem/
eTA cell population is that cell viability is affected. To test this, 
we evaluated the strength of depletion of Ifitm1 associated with 
apoptosis by quantifying the overall activity of a gene set that 
plays critical roles in regulating apoptosis from the MSigDB 
Collections. This approach is more robust than individual gene 
expression as such overall activity of a gene set relies on multiple 
genes. Thus, we conducted the AddModuleScore analysis [59] 
and found that there was no significant difference in the over-
all activity of the gene set related to apoptosis in the stem/eTA 
cell cluster of uninjured, NaOH+AAV-EV, and NaOH+AAV-
shIfitm1-treated mice(Figure  3D). Consistently, immunostain-
ing for cleaved caspase 3 did not detect any positive cells in the 
limbal epithelium of both NaOH+AAV-EV and NaOH+AAV-
shIfitm1-treated mice (Figure S4C). The AddModuleScore anal-
ysis as well as immunostaining for cleaved caspase 3 provides 
evidence that the effect of the depletion of Iftim1 is not due to 
alteration of cell viability.

In response to corneal injury, LESCs are activated to prolifer-
ate and thus generate more proliferating eTA cells, which re-
sults in an overall increase in the proliferative cell population 
in the limbal epithelium [3, 28, 29]. Thus, to further determine 
the role of Ifitm1 in stem/early TA cell expansion, we investi-
gated whether knockdown of Ifitm1 will reduce the rate of pro-
liferation in the limbal epithelium after injury in vivo using a 
BrdU labeling assay, which detects cells in the S phase of DNA 

synthesis. Wild type mouse eyes were topically treated with 
AAV-shRNA-Ifitm1 or AAV-EV (control) and subsequently sub-
jected to either corneal epithelial debridement wounding or a 
NaOH burn. BrdU labeling showed that 24 h after corneal in-
jury, knockdown of Ifitm1 by AAV-shRNA-Ifitm1 diminished 
the BrdU+ cells in the limbal epithelium compared with control 
(Figure 4A,B). Cell proliferation was also evaluated by immu-
nostaining for Ki67. The alteration of the proliferative status of 
the AAV-shRNA-Ifitm1 transduced limbal epithelium was evi-
denced by a significant decrease in the number of Ki67+ cells 
(Figure 4C,D). We also tested the effect of another shRNA for 
IFITM1 and found that similarly, the AAV shRNA IFITM1 
#3816 can knockdown the expression of IFITM1 in limbal ep-
ithelium and reduce the BrdU+ cells in limbal epithelium after 
NaOH burn (Figure  S4A,B). These observations suggest that 
Ifitm1 is required for limbal epithelial cell proliferation in re-
sponse to corneal injury in vivo and further confirm the positive 
role of Ifitm1 in stem/eTA cell expansion following injury.

3.4   |   IFITM1 Positively Regulates Proliferation 
of Human Limbal Epithelial Cells

To investigate whether IFITM1 induces stem/eTA cell prolifera-
tion in the human eye and consequently the expansion of stem/
eTA cells, we utilized stem cell-enriched primary cultures of 
human limbal epithelial cells (HLECs). HLECs were transfected 
with an siRNA pool against IFITM1 (siIFITM1) that resulted in 
a significant reduction of IFITM1 in these cells (Figure S5A). To 
assess cell proliferation, a BrdU labeling assay was conducted. 
After a 72-h transfection period, we observed a marked increase 
in the percentage of BrdU+ cells in siIFITM1 transfected HLECs 
compared to the scrambled control siRNA (siControl) trans-
fected cells (Figure  5A). Similar results were observed using 
hTCEpi cells, a human limbal epithelial cell line, with a reduc-
tion in BrdU+ cells with siIFITM1 transfection (Figure 5B). The 
alteration of the proliferative status of the siIFITM1 transfected 
cells was also evidenced by a significant increase in the num-
ber of hTCEpi cells in the S phase of the cell cycle detected by 
flow cytometry assays (Figure S2F). This suggests that IFITM1 
promotes the stem cell-enriched human limbal epithelial to pro-
liferate, which may contribute to the increased number of stem/
eTA cells noted after injury.

To exclude the possibility that the reduction of proliferation in 
the cells with IFITM1 knockdown is due to a loss in cell viabil-
ity, we determined the extent of cell death using flow cytometry. 
hTCEpi cells were stained with annexin V. As expected, there 
was no significant difference in annexin V staining between the 

FIGURE 2    |    Ifitm1 is predominately expressed in stem/early TA cells and its expression is positively associated with the expansion of the stem/
early TA cell cluster after injury. (A) UMAP visualized 15 differential clusters of cells in each sample. The stem/early TA cell cluster was highlighted, 
which visualized that the cell number of stem/eTA cell population was increased in NaOH injured WT cornea compared to in uninjured WT cornea. 
(B) Counting the cell numbers of stem/eTA cell population showed that NaOH injury significantly increased the cell number within the stem/eTA 
population. N = 3 for each group. (C) Violin plots show the expression of gene Ifitm1 among epithelial clusters. Among epithelial cell clusters, Ifitm1 
was highly expressed in the limbal stem/early TA cell cluster. (D) Violin plots show that the expression of Ifitm1 was markedly increased in limbal 
stem/early TA cells by NaOH injury compared to uninjured control. (E) Immunofluorescent images of IFITM1 in limbal epithelium (KRT15+ cells) 
showing that the relative fluorescent levels for IFITM1 were markedly increased in NaOH injured mouse limbal epithelium (N = 13) compared to 
uninjured control (N = 11). *p < 0.05.
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cells with IFITM1 knockdown and control cells (Figure S6G), 
indicative that cell survival is not affected by the depletion of 
IFITM1.

3.5   |   IFITM1 Positively Regulates Proliferation via 
Negatively Regulating OVOL1

To explore the mechanism underlying the positive effect of 
IFITM1 on limbal epithelial cell proliferation, bulk RNA se-
quencing was conducted using total RNA isolated from HLECs 
transfected with siIFITM1 or siControl (Figure  S5). RNA se-
quencing identified that 945 DEGs were significantly changed 
more than 2-fold between siIFITM1 and siControl treated 
HLECs (Figure S6A). Gene ontology (GO) analysis of these top 
DEGs (Figure S6B) indicated that the most enriched GO term 
was primarily involved in “cell division”. Among genes involv-
ing “cell division”, OVOL1 plays an important role in regulating 
proliferation and cell fate commitment in epidermal keratino-
cytes [38]. Immunostaining detected that IFITM1 and OVOL1 
were co-expressed in HLECs in vitro and in mouse limbal ep-
ithelium in  vivo (Figure  S6C,D), which suggests that IFITM1 
may regulate OVOL1 expression. Our RNA sequencing and 
RT-qPCR validation showed that knockdown of IFITM1 signifi-
cantly increased OVOL1 expression (Figure S6A,E). This obser-
vation confirmed the negative regulation of Ovol1 expression by 
Ifitm1. In support of such negative regulation, a NaOH injury to 
mouse corneas reduced OVOL1 (Figure 6A) in the limbal epithe-
lium compared with the uninjured mice, while IFITM1 expres-
sion was increased (Figure 2E). In mice, OVOL1 expression was 
markedly enhanced in the limbal epithelium of mice topically 
applied with AAV-shRNA-Ifitm1 compared to AAV-EV control 
(Figure  6B), indicating IFITM1 negatively regulates OVOL1 
expression in  vivo. Thus, to explore whether the decreased 
proliferation in cells with knockdown of IFITM1 is due to in-
creased OVOL1 expression, we conducted a rescue experiment 
by knocking down OVOL1 in cells lacking IFITM1. RT-qPCR re-
sults confirmed a significant decrease of OVOL1 or IFITM1 ex-
pression after cells were transfected with an siRNA pool against 
OVOL1 (siOVOL1) or an siRNA pool against IFITM1 (siIFITM1), 
respectively (Figure  S6E,F). Knockdown of OVOL1 in HLECs 
resulted in a marked increase in the percentage of BrdU+ cells 
(Figure 6C). Knockdown of IFITM1 reduced the percentage of 
BrdU+ cells (Figure 6C) while such a reduction was reversed by 
knockdown of OVOL1 (Figure 6C). Furthermore, knockdown of 
IFITM1 and OVOL1 did not affect cell survival as evidenced by 
no significant difference in annexin V staining between the cells 
with siIFITM1, siOVOL1, and sicontrol (Figure  S6G). These 

observations confirmed that IFITM1 positively regulates cell 
proliferation, in part, via negatively regulating OVOL1.

3.6   |   Downregulation of Ifitm1 Is Detected in 
Corneal Diseases Associated With Dysfunction 
of LESCs

It has been demonstrated that many corneal diseases (e.g., dry 
eye disease and diabetic keratopathy) are associated with dys-
function of LESCs, leading to impaired activation of stem cells in 
response to corneal injury. We examined scRNA-seq datasets of 
dry eye disease (GSE182582) and diabetic corneas (GSE182477) 
and found that Ifitm1 expression was reduced in the limbal 
stem/eTA cell population of both dry eye disease and diabetic 
corneas compared to healthy controls, which was accompanied 
by an increase in Ovol1 expression (Figure S7). These observa-
tions suggest that downregulation of Ifitm1 may contribute to 
defective stem cell activation in these diseases.

4   |   Discussion

Following a corneal injury, proliferation in the limbal epithe-
lium is induced to generate more epithelial cells, resulting in 
re-epithelialization of the corneal epithelium. The induced prolif-
eration is attributed to three strategies: (i) activation of the rarely-
cycling stem cells to divide, thus producing more early TA cells 
and expanding the early TA cell population; (ii) increasing the 
number of times the TA cells can replicate before they become 
postmitotic; and (iii) increasing the efficiency of stem/eTA cell rep-
lication by shortening the cell cycle time [3]. Even though these 
three strategies have been proposed for decades, direct evidence 
for how these processes are regulated is lacking due to the hetero-
geneity of the limbal epithelial basal layer, as well as the paucity 
of discrete stem cell markers, which makes it difficult to isolate 
and characterize the stem cell population in vivo. Here, we utilized 
scRNA seq, an ideal approach to characterize rare cell populations 
such as stem cells [18, 60]. We show that an upregulation of Ifitm1 
after corneal injury contributes to activation of LESCs and thus, 
the expansion of eTA cells, which is one of the three strategies. 
The activation of LESCs and expansion of eTA cells enhances pro-
liferation in the limbal basal layer. The positive role of Ifitm1 in ac-
tivating the proliferation of LESCs is partially attributed to Ifitm1 
inhibiting Ovol1, a negative regulator of epithelial cell proliferation 
[38]. Interestingly, Ovol1 expression is downregulated in limbal 
epithelium after corneal injury. Taken together, these observa-
tions indicate that Ifitm1 plays a positive role in regulating stem 

FIGURE 3    |    Knockdown of Ifitm1 reduces the cell number in the stem/early TA cell population after NaOH injury. Wild type mouse eyes 
were topically treated with AAV-shRNA-Ifitm1 or AAV-empty vector (control) and subsequently were subjected to a corneal NaOH burn. (A) 
Immunofluorescent images visualized the expression of Ifitm1 in limbal epithelium (Krt15+ cells) and showed that IFITM1 proteins were markedly 
decreased in limbal epithelium of mice topically applied with AAV-shRNA-Ifitm1 (N = 3) compared to AAV empty vector (control; N = 3). (B) Single 
cell RNA sequencing was conducted and UMAP visualized differential clusters of cells from mice with 3 different treatments: Uninjured, NaOH 
injury+AAV-empty vector, and NaOH injury+ AAV-shRNA-Ifitm1. Red dot highlights stem/early TA cell population. (C) Counting the cell numbers 
of stem/eTA cell population showed that NaOH injury increased the cell number of the stem/eTA population while such increase was reversed by 
topical treatment with AAV-shRNA-Ifitm1. N = 2 for each treatment. *p < 0.05. (D) AddModuleScore analysis was conducted using a gene set that 
plays critical roles in regulating apoptosis from the MSigDB Collections. The overall expression score of genes related to apoptosis was calculated to 
indicate no difference in the expression of apoptosis-related genes in these 3 groups. n.s.: Not significance.
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cell activation and consequently eTA cell expansion in vivo. Our 
novel findings provide a rationale to develop an AAV vector deliv-
ering IFITM1 cDNA. Topical application of AAV-IFITM1 cDNA 
should directly promote the proliferation of LESCs in patients, 
which may have considerable therapeutic potential in treating dis-
eases associated with the loss of LESCs, such as LSCD. It has been 
suggested that some of the putative human limbal epithelial stem 
cell markers are expressed in the basal layer of the entire mouse 
corneal epithelium [61], suggesting a difference in their expression 
pattern in human vs. mouse. Interestingly, we have demonstrated 
that in both human and mouse corneas, IFITM1 is predominantly 
expressed in limbal epithelial stem cells, which suggests that the 
findings from the mouse experiments in the present study should 
be translatable to human diseases. Interestingly, IFITM3 is also 
predominantly expressed in mouse outer limbal stem cells and de-
pletion of IFITM3 results in a more differentiated state [15]. This 
confirms a connection between IFITM family proteins and stem 
cell maintenance and functions.

It has been shown that several genes and pathways can regulate 
the proliferation of stem/eTA cell-enriched limbal epithelial cells. 

For example, knockout of Adrb2, which is the predominant ad-
renergic receptor expressed in the limbal epithelium, enhances 
limbal epithelial cell proliferation and the expression of puta-
tive limbal stem cell markers via targeting SHH signaling [62]. 
We have shown that inhibition of autophagy in vivo suppresses 
proliferation in the limbal epithelium after wounding [29]. 
Overexpression of Foxc1 promotes proliferation in the limbal ep-
ithelium of Pax6+/− mice following central corneal debridement 
injury [63]. However, in these studies, due to the lack of discrete 
markers for LESCs, it was impossible to determine the numbers of 
stem cells using immunostaining or flow cytometry with putative 
limbal stem cell markers. Thus, it remains unclear whether such 
alterations in limbal epithelial proliferation are due to changes in 
the number of stem/eTA cells or the frequency of quiescent stem/
eTA cell cycling to generate their progeny. Here, we took advan-
tage of scRNA seq, which is an ideal approach to interrogate rare 
cell populations such as stem/eTA cells. This is the first demon-
stration providing direct evidence that the stem/eTA cell number 
is regulated by Ifitm1. Our approach can be used to determine the 
roles of the other potential regulatory genes in stem cell expan-
sion not only in the cornea but also in other tissues.

FIGURE 4    |    Knockdown of Ifitm1 in vivo reduces limbal epithelial cell proliferation. Mouse ocular surfaces were topically treated once with 
AAV-shRNA-Ifitm1 or AAV empty vector (control). Fourteen days after AAV application, corneas were subjected to NaOH injury (A, C) or debride-
ment wounding (B, D). (A) 24 h after NaOH injury, immunofluorescent images showed that BrdU+ cells in the limbal epithelium of mice with AAV-
shRNA-Ifitm1 (N = 13) were decreased compared to control (N = 10). (B) 24 h after debridement wounding, immunofluorescent images showed that 
BrdU+ cells in the limbal epithelium of mice with AAV-shRNA-Ifitm1 (N = 9) were decreased compared to control (N = 9). The BrdU+ cells were 
counted using ImageJ. *p < 0.05. (C) 24 h after NaOH injury, immunofluorescent images showed that Ki67+ cells in the limbal epithelium of eyes 
with AAV-shRNA-Ifitm1 (N = 3) were decreased compared to control (N = 3). (D) 24 h after debridement wounding, immunofluorescent images 
showed that Ki67+ cells in the limbal epithelium of mouse eyes treated with AAV-shRNA-Ifitm1 (N = 4) were decreased compared to control (N = 4). 
The Ki67+ cells were counted using ImageJ. *p < 0.05.

FIGURE 5    |    Knockdown of IFITM1 reduces limbal epithelial cell proliferation. HLECs (A, N = 6) and cells from a limbal epithelial cell line hT-
CEpi (B, N = 3) were transfected with siControl or siIFITM1. Immunofluorescent images visualized the BrdU+ cells at 72 h after transfection. The 
percentage of BrdU+ cells were quantified by Image J and the results showed a decreased percentage of BrdU+ cells after siIFITM1 transfection. 
*p < 0.05.
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FIGURE 6    |    IFITM1 positively regulates limbal epithelial proliferation via OVOL1. (A) Immunofluorescent staining indicated that a NaOH burn 
in mouse corneas reduced OVOL1 in the limbal epithelium compared with uninjured mice. Relative fluorescence intensity was analyzed using 
ImageJ. *p < 0.05. (B) Immunofluorescent staining showed an increase in Ovol1 expression in the limbal epithelium of mice treated with AAV-
shRNA-Ifitm1 compared with AAV-EV control mice. Relative fluorescence intensity was analyzed using ImageJ. *p < 0.05. (C) HLECs were trans-
fected with siControl, siIFIMT1, siOVOL1 or siIFIMT1+ siOVOL1 for 72 h. The percentage of BrdU+ cells were quantified by ImageJ. *p < 0.05. pc: 
Peripheral cornea.
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OVOL1 and OVOL2 belong to a transcription factor family, en-
coding zinc finger proteins homologous to Drosophila melanogas-
ter Ovo. OVOL2 expression increased in posterior polymorphous 
corneal dystrophy, an autosomal dominant inherited disorder of 
the corneal endothelium [37]. In the corneal epithelium, OVOL2 
is an important regulator of the human corneal epithelial cell 
transcriptional program by repressing genes related to epithelial-
to-mesenchymal transition [36], suggesting a role in regulating 
corneal epithelial commitment. In contrast to OVOL2, the func-
tion of OVOL1 in the cornea was unknown. Interestingly, OVOL1 
negatively regulates cell proliferation in a variety of tissues. During 
epidermal development, the absence of Ovol1 markedly enhances 
keratinocyte proliferation [38]. During the induction of pluripo-
tent stem cells (iPSCs), knockdown of OVOL1 enhances prolifera-
tion in cells with high KLF4 levels [64]. OVOL1 is downregulated 
in cutaneous squamous cell carcinoma [39] and mediates the sup-
pression of proliferation in oral squamous cell carcinoma cells by 
inhibiting ZEB1 expression [40]. Here we show that the knock-
down of Ovol1 induces limbal epithelial cell proliferation, which 
is crucial for the maintenance of corneal homeostasis.
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