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PURPOSE. Differentiated from adult stem cells (ASCs), transit-amplifying cells (TACs) play
an important role in tissue homeostasis, development, and regeneration. This study aimed
to characterize the gene expression profile of a candidate TAC population in limbal basal
epithelial cells using single-cell RNA sequencing (scRNA-seq).

METHODS. Single cells isolated from the basal corneal limbus were subjected to scRNA-seq
using the 10x Genomics platform. Cell types were clustered by graph-based visualization
methods and unbiased computational analysis. BrdU proliferation assays, immunofluo-
rescent staining, and real-time reverse transcription quantitative polymerase chain reac-
tion were performed using multiple culture models of primary human limbal epithelial
cells to characterize the TAC pool.

RESULTS. Single-cell transcriptomics of 16,360 limbal basal cells revealed 12 cell clusters.
A unique cluster (3.21% of total cells) was identified as a TAC entity, based on its less
differentiated progenitor status and enriched exclusive proliferation marker genes, with
98.1% cells in S and G2/M phases. The cell cycle-dependent genes were revealed to be
largely enriched by the TAC population. The top genes were characterized morpholog-
ically and functionally at protein and mRNA levels. The specific expression patterns of
RRM2, TK1, CENPF, NUSAP1, UBE2C, and CDC20 were well correlated in a time- and
cycle-dependent manner with proliferation stages in the cell growth and regeneration
models.

CONCLUSIONS. For the first time, to the best of our knowledge, we have identified a unique
TAC entity and uncovered a group of cell cycle-dependent genes that serve as TAC signa-
ture markers. The findings provide insight into ASCs and TACs and lay the foundation
for understanding corneal homeostasis and diseases.

Keywords: cell cycle-dependent genes, cornea, epithelium, limbal stem cells, single-cell
transcriptomics, transit-amplifying cells

Adult stem cells (ASCs), also known as somatic stem cells
or tissue-specific stem cells, are present in a variety

of human organs and tissues.1 ASCs are small populations
of quiescent, slow-cycling, undifferentiated cells with self-
renew ability and high proliferative potentiality.2–4

ASCs may generate differentiated progeny through asym-
metric or symmetric divisions.5–8 Asymmetric cell division
gives rise to one stem cell and one daughter cell committed
to progenitor cells or transit-amplifying cells (TACs), which
finally differentiate into functionally mature cells, regenerat-
ing all of the cell types of the tissue where they are located.
Symmetric division yields two identical SCs or two daugh-
ter cells committed to differentiation. The essential feature
of this “transit” cell population is their capacity to generate
many maturing cells from very few cells. The cells entering

the transit stage, or TACs, are capable of rapidly producing
many differentiated cells, not only during development but
also during regeneration. Thus, TACs have been identified as
a subpopulation intermediate between ASCs and differenti-
ated cells.6,9,10

This stem cell/TAC model of tissue homeostasis is well
recognized in multiple organisms and different organs and
tissues, including the skin and hair follicles, hematopoi-
etic system, intestine, nervous system, and corneal epithe-
lium.6,10 The physiological and pathological roles of TACs
in health and disease have been increasingly investigated
and are broadly recognized in the research areas of tissue
homeostasis, wound healing, and regeneration, as well as in
malignant diseases such as cancer,9,11–13 although the field
of regenerative biology has tended to be stem cell-centric.
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The importance of TACs and their diverse functions goes
beyond merely producing tissues. Defects in regeneration
or injury repair are also likely to be caused by problems in
TACs, not just in stem cells. The impact of TACs on stem cells
and their niche may represent a pathogenesis and poten-
tial therapeutic targets for halting or reversing degenerative
diseases. Understanding TAC biology is of important signifi-
cance not only for elucidating the fundamental principles of
tissue development and regeneration but also for advancing
our current treatment of regenerative and neoplastic disease.

It is worth mentioning, however, that some researchers
believe that TACs do not contribute to epidermal homeosta-
sis and tissue formation. The existence of a TAC cell type
has been challenged by studies based on a model of mouse
tail epidermis,14 raising the question of whether TACs are an
entity in their own right or represent a function. This argu-
ment has not been solved because most previous research
on TAC characterization and identification has been done at
tissue and bulk cell population levels.

The cutting-edge, high-throughput, single-cell RNA-
sequencing (scRNA-seq) technology holds the promise to
revolutionize our understanding of diseases and associated
biological processes due to its unprecedented resolution.
It has the power to reveal new cell types, identify unique
cell states, and dissect underlying heterogeneity in a high-
throughput and unbiased manner.15,16 Single-cell transcrip-
tomics opens a new door to uncovering and identifying TAC
populations in adult tissues.

The paradigm of limbal stem cells (LSCs), TACs, and
differentiated cells in the corneal epithelium has been widely
accepted for more than three decades, and many features
of TACs have been characterized.17–20 However, this distinct
epithelial cell population in the basal cornea limbus has
not been well defined at the molecular level. In the present
study, we performed scRNA-seq on basal limbal epithelial
cells and identified a cell cluster with increased expression
of proliferation-associated genes that may represent a TAC
population.

MATERIALS AND METHODS

Donor Corneal Tissues and Single-Cell Isolation
From the Corneal Limbal Epithelial Basal Layer

Fresh human corneoscleral tissues were obtained from the
Lions Eye Bank of Texas (Houston, TX, USA) for this study.
The corneal tissues used for scRNA-seq were obtained from
two healthy young donors, one male and one female, who
had not undergone any refractive surgery and did not have
ocular diseases, chronic diseases, cancer, or chronic infec-
tions such as hepatitis B and C or human immunodeficiency
virus. After the central cornea was removed and superficial
layers were scraped, the remaining limbal tissue with basal
cells was incubated in Dispase II (10 mg/mL; Sigma-Aldrich,
St. Louis, MO, USA) in supplemented hormonal epithelial
medium (SHEM) at 4°C overnight.21 The loose limbal epithe-
lial sheets were gently peeled and digested with 1 mL of
0.05% trypsin/1-mM EDTA at 37°C for 10 minutes. Trypan
blue was used to test the viability of the single cells.

Single-Cell RNA-seq

Single-cell RNA-seq was performed at the Single Cell
Genomics Core at Baylor College of Medicine. In brief,
single-cell cDNA library preparation and sequencing were

performed following the manufacturer’s protocols (10x
Genomics, Pleasanton, CA, USA). Single-cell suspensions at
1000 cells/μL in PBS were loaded onto a 10x Genomics
Chromium Controller to generate a single-cell Gel Bead-
in-Emulsion (GEM). The scRNA-seq library was prepared
with Chromium Single Cell 3′ Reagent Kit, version 2
(10x Genomics). The product was amplified by PCR and
sequenced on Illumina NovaSeq 6000 (Illumina, San Diego,
CA, USA).

Bioinformatic Analysis of scRNA-seq Data

Cell Ranger 2.1 software (10x Genomics) with default
settings was used for alignment, barcode assignment, and
unique molecular identifier (UMI) counting of the raw
sequencing data with genome reference hg19 (Supplemen-
tary Table S1).

After generating the UMI count profile, we applied Seurat
3.0 for quality control and downstream analysis.22 A global-
scaling normalization method, LogNormalize, was employed
to normalize the gene expression measurements for each cell
by the total expression, then the result was multiplied by a
scale factor (10,000 by default) and log-transformed in each
dataset. For data alignment, we selected 1000 highly variable
genes in each data matrix and performed the FindIntegratio-
nAnchors and IntegrateData functions. Next, we performed
clustering using FindClusters to identify sub-cell-type clus-
ters. The Uniform Manifold Approximation and Projection
(UMAP) results for each dataset were visualized if a cluster
was derived from both donors.

To identify differentially expressed genes (DEGs) in each
cluster, we used the FindAllMarkers function based on the
Wilcoxon rank-sum test in Seurat. Cell-cycle scoring was
performed with cell-cycle phase marker genes using the Cell-
CycleScoring function in Seurat.23,24

Primary Human Limbal Epithelial Cultures and In
Vitro Cell Growth and Regeneration Models

Primary human limbal epithelial cells (HLECs) were cultured
using explants from donor corneal limbal rims for multi-
ple in vitro models by our previous methods.21,25 In brief,
for growth stages, cultures were collected at about 70% or
100% confluence for marker staining and reverse transcrip-
tion and quantitative polymerase chain reaction (RT-qPCR).
For the regeneration model, wound incisions were made
by scraping cells in 2-mm-wide areas in confluent primary
HLEC cultures. Cultures at different time periods of epithelial
regeneration after wounding were used for RNA extraction
or immunofluorescent staining.

BrdU Proliferation Assays and
Immunofluorescent Staining

HLECs were cultured until 70% or 100% confluence, or
during different time points after wounding on eight-
chamber slides. Each chamber was incubated with fresh
SHEM medium with 10-μM 5-bromo-2′-deoxyuridine (BrdU)
for 60 minutes at 37°C and 5% CO2 to detect cell prolifera-
tion or regeneration. After being labeled with BrdU, slides
were washed three times with washing buffer and fixed with
70% acidic ethanol for 20 minutes at –20°C, followed by
blocking with 20% normal goat serum in PBS for 60 minutes
and incubation with primary anti-BrdU antibody (1:10) for
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2 hours. Alexa Fluor 594 (1:200; Thermo Fisher Scientific,
Waltham, MA, USA) was used as secondary antibody with
4′,6-diamidino-2-phenylindole (DAPI) for nuclear counter-
staining.

Total RNA Extraction, and RT-qPCR

As previously described,25,26 total RNA was isolated from
cells using the RNeasy Plus Micro Kit (QIAGEN, Hilden,
Germany) and quantified using the NanoDrop ND-1000
(Thermo Fisher Scientific), and stored at –80°C. The first-
strand cDNA was synthesized using Ready-To-Go You-Prime
First-Strand Beads (Cytiva Life Sciences, Marlborough, MA,
USA), and real-time RT-qPCR was performed using the
QuantStudio 3 Real-Time PCR System (Applied Biosys-
tems, Waltham, MA, USA) with TaqMan qPCR reagents
(Applied Biosystems). The TaqMan gene expression assays
included human glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; Hs99999905-ml), MKI67 (Hs04260396_g1),
RRM2 (Hs00357247_g1), TK1 (Hs01062125_m1), CENPF
(Hs00193201_m1), NUSAP1 (Hs01006195_m1), UBE2C
(Hs00964100_g1), and CDC20 (Hs00415851_g1) (Applied
Biosystems). The results were analyzed by the comparative
threshold cycle method and normalized by GAPDH.

Immunofluorescent Staining and Laser Scanning
Confocal Microscopy

Immunofluorescent staining was performed using proto-
cols as previously described.25,27 In brief, primary HLECs in
different models were fixed with cold acetone at –30°C for
3 minutes or 4% paraformaldehyde at 4°C for 10 minutes.
Cultured cells were permeabilized with 0.2% Triton X-100
(Sigma-Aldrich) in PBS at room temperature for 10 minutes.
After the samples were blocked with 20% normal goat serum
in PBS for 30 minutes, they were incubated with primary
antibodies overnight at 4°C. The primary antibodies against
markers for TACs were Ki67, RRM2, TK1, CENPF, NUSAP1,
UBE2C, and CDC20 (see details in Supplementary Table S2).
Alexa Fluor 488 (1:200; Thermo Fisher Scientific) was used
as secondary antibody with DAPI for nuclear counterstain-
ing. The digital images were captured with a laser scanning
confocal microscope (A1 RMP; Nikon, Melville, NY, USA) at
wavelengths from 400 to 750 nm and 1-μm z-steps. The
images were processed using NIS Elements 4.20 software
(Nikon).

Statistical Analysis

In addition to bioinformatics analysis for scRNA-seq data,
Student’s t-test or the Mann–Whitney U test was used for all
biological experiments to make comparisons between two
groups. Analysis of variance or the Kruskal–Wallis test was
used to evaluate three or more groups with the appropriate
post-test to compare pairs of group means.

Data and Code Availability

All of the raw data are available through the Gene Expres-
sion Omnibus (GEO) with accession number GSE153515
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE
153515). R scripts used to analyze are freely available at
github (https://github.com/sangbaekim/10xRNAseq_LSC).

RESULTS

Single-Cell Transcriptomics Revealed a Unique
Cell Type Representing TACs in Heterogeneous
Limbal Basal Epithelium of Human Cornea

To identify TACs, we isolated single cells from basal limbus
where LSCs and their progenitors reside. These cells are rela-
tively small at 10 to 20 μm in diameter, and in our study they
accounted for about 15% of total limbal epithelial cells, with
93% viability on average from donor tissues (Supplementary
Fig. S1).28

We constructed two scRNA-seq libraries of limbal cells
from the two healthy young donors and generated transcrip-
tomic profiles for 7096 and 10,491 cells with 823,020,840
and 861,610,927 total reads, respectively, using the 10x
Genomics platform. Mean reads per cell were 115,983 and
82,128, and median genes per cell were 3257 and 2731,
respectively (Supplementary Fig. S2). After quality assess-
ment and filtering,22,29 11 and 14 cell clusters were generated
from these two donors. Interestingly, the scRNA-seq data
revealed a unique cluster with an exclusive gene expression
pattern for cell proliferation cluster 11 (C11) from donor 1
(Figs. 1A, 1C) and C12 from donor 2 (Figs. 1B, 1D), which
represented a unique cell type with TAC features.

C11 of donor 1 contained 224 cells, which accounted
for 3.16% of the total single cells from the limbus, and
C12 of donor 2 contained 274 cells (2.61%). Their tran-
scriptomic profiles show a very similar pattern, as 89% of
the top 100 DEGs are equal, as shown in their heatmaps
(Fig. 2). In contrast, these top DEGs were mostly not or
weakly expressed by all other cell clusters in these two
datasets.

Based on the high similarity, we merged these two scRNA-
seq datasets using the graph-based visualization method
UMAP in Seurat 3.1.029 (Fig. 1E). A total number of 16,360
cells with good quality data were retained, and 12 cell clus-
ters were identified (Fig. 1E). We identified DEGs in individ-
ual clusters using the Wilcoxon rank-sum test in Seurat. As
anticipated, among the 12 clusters only cluster 8 displayed
an exclusive gene expression pattern (Fig. 1F) like C11 of
donor 1 and C12 of donor 2. In the combined dataset, C8
(526 cells) accounted for 3.21% of the total limbal single
cells (Fig. 1F), similar to 3.16% and 2.61%, respectively, in
the unmerged datasets from donors 1 and 2. The following
analysis and TAC identification are based on the combined
dataset with the transcriptomic profiles of 16,360 limbal
single cells.

A Unique Cell Type Was Identified as a TAC
Population Entity Based on Expression Patterns
of Marker Genes Known to be Related to
Differentiation and Proliferation of Epithelial
Cells

TACs are known to serve as intermediate progenitors
between SCs and differentiated cells.6,9,10 To identify the
progenitor feature of C8, all nine clusters of limbal
epithelial cells were further analyzed; the other three clus-
ters were determined to be conjunctival cells (C7) and
melanocytes (C9 and C11).28 Ten markers that have been
reported to be related to cell proliferation19,26,30–32 were
examined through heatmap visualization (Fig. 3A).

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153515
https://github.com/sangbaekim/10xRNAseqLSC
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FIGURE 1. scRNA-seq revealed the TAC cell type in limbal basal epithelium of human cornea. (A, B) scRNA-seq profiles of basal limbus
from both donors showed a unique cluster representing the TAC population. (C, D) Heatmaps from scRNA-seq showed the exclusive gene
expression pattern of cluster 11 from donor 1 (C) and cluster 12 from donor 2 (D). (E) UMAP showed similar transcriptomic profiles for cell
type clustering for each donor. (F) In a combined dataset of 16,360 single-cell transcriptomic profiles, UMAP revealed that cluster 8 was a
TAC population.

Among the nine clusters, C8 was the only cluster highly
expressing major proliferation markers, including CCNB1,
BIRC5, TOP2A, MKI67, FOXM1, and PLK1 (Figs. 3A, 3B).
The analysis of cell cycle status indicated that most cells
(98.1%) in C8 were in cell proliferation cycles, including
54.4% cells at S phase and 43.7% in the G2/M phases
(Fig. 3C), suggesting that C8 was the only cell type with
proliferative properties in human corneal limbal epithe-
lium. Thus, we identified C8 as a unique cell type of
TACs.

In our previous report, we identified C10 as putative
LSCs and mapped the trajectory of LSC development stages

from LSCs (C10) to limbal progenitor cells (C5 and C6) and
TACs (C8), ultimately differentiating to post-mitotic cells (C1,
C3, and C4) and terminally differentiated cells (C0 and C2)
(Fig. 3D).28

Interestingly, TACs in C8 were found to express moder-
ately high levels of putative stem/progenitor markers such
as ABCB5, PROM1, POSTN, A2M, ITGA9, LEF1, ABCG2,
and TCF4, whereas these marker genes were strongly
upregulated in LSCs (C10) but dramatically downregulated
in TDCs (C0), as determined by analyzing the log2 fold
changes (all P < 0.05) of these markers in the three cell
types from scRNA-seq data (Fig. 3E).
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FIGURE 2. Heatmaps revealed a similar gene expression profile of TAC populations from two donors. Heatmaps from scRNA-seq compare
the expression patterns of the top 50 DEGs for cluster 11 in donor 1 (A) and cluster 12 in donor 2 (B).

Single-Cell Transcriptomic Profiles Revealed That
Many Cell Cycle-Dependent Genes Were
Exclusively Enriched by TACs

Interestingly, most of the top TAC population DEGs in C8 not
only are proliferation-related genes but are also cell cycle-
dependent genes, which directly control and regulate cell
cycles during proliferation. The Table lists the top 50 DEGs,
among which about 86% are cell cycle-dependent genes;
the others are proliferation regulators or related genes. This
finding indicates that these cell cycle-dependent genes may
serve as the signature markers for TAC populations.

These genes are known to control and regulate cell cycles
in different phases from initiation of DNA synthesis to cell
division in proliferation. It has been proposed that many
of these genes could serve as disease biomarkers for the
diagnosis and prognosis of a variety of cancers. For exam-
ple, RRM2 may serve as a proliferation marker and pharma-
ceutical target in adrenocortical cancer33; TK1 overexpres-
sion is associated with poor outcomes of patients with lung
cancer34; protein expression of BIRC5, TK1, and TOP2A may
provide predictive information regarding malignant periph-
eral nerve sheath tumors after surgical resection35; CCNB2,
NUSAP1, and TK1 are associated with the prognosis and
progression of hepatocellular carcinoma; UBE2C may serve
as a novel prognostic biomarker and a potential therapeu-
tic target for melanoma36; and CDC20 is frequently overex-
pressed in human cancers.37,38

To identify the signature marker genes of TACs, studies
have focused on cell cycle-dependent genes among the top
20 DEGs to explore their expression patterns and functional
roles in growth, proliferation, and regeneration of human
corneal epithelial cells.

Cell Cycle-Dependent Genes May Serve as TAC
Signature Markers Based on Their Expression
Patterns in Human Limbal Epithelial Cultures

Among the top 20 DEGs (Fig. 4A), the cell cycle-dependent
genes RRM2, TK1, CENPF,NUSAP1, UBE2C, and CDC20 (Fig.
4B) were selected for further characterization due to their
distinguishable roles in different cell cycle phases. MKI67,
a well-known proliferation marker, was used as a positive
control.39

RRM2 encodes the ribonucleotide reductase regulatory
subunit M2, a rate-limiting enzyme for DNA synthesis, by
catalyzing the conversion of ribonucleotides into deoxyri-
bonucleotides. RRM2 is expressed only during the late
G1/early S phase and is degraded in the late S phase.33,40

TK1 encodes thymidine kinase 1, a pyrimidine salvage
enzyme involved in the synthesis and repair of DNA. Its
activity is high in proliferating cells and peaks during the S
phase of the cell cycle, but it is very low in resting cells.41,42

Both RRM2 and TK1 are genes that initiate proliferation by
inducing cells to enter the S phase.

CENPF and NUSAP1 play major roles in the G2/M phase.
CENPF encodes centromere protein F, which is involved
in chromosome segregation during cell division. In late
G2 phase, the protein forms part of the kinetochore, a
disc-shaped protein complex that allows the centromere
of two sister chromatids to attach to microtubules (form-
ing the spindle apparatus).43,44 NUSAP1 encodes a nucle-
olar and spindle–associated protein that plays key roles
in spindle microtubule organization. The NUSAP1 gene
yields the highest protein abundance in M phase. It plays
key roles in mitotic progression, spindle formation, and
stability.45–47



Single-Cell Transcriptomics Identifies TAC Entity IOVS | July 2021 | Vol. 62 | No. 9 | Article 36 | 6

FIGURE 3. Cluster 8 was identified as a unique entity representing TAC progenitor cells in the combined scRNA-seq dataset of basal limbus
from two donors. (A) Heatmap shows the expression features of C8 TACs using 10 genes known as proliferation markers. (B) Violin and
feature plots show the top six proliferation markers enriched by C8. (C) Seurat cell cycle scoring revealed the cell cycle status of each
cluster. Most cells (98.1%) in C8 were in cell proliferation cycles. (D) Annotation of 12 clusters showing the different cell types based on
the single-cell transcriptomic profiles of 16,360 cells and biological validation. (E) The log2 fold changes of putative stem and progenitor
marker genes in three cell types, TDC_C0, TAC_C8, and LSC_C10, as revealed by scRNA-seq. TDC, terminally differentiated cell.
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TABLE. Top 50 DEGs by TAC Entity in Corneal Limbal Basal Epithelium

Gene Name Protein Name Cell Cycle Function

1 UBE2C Ubiquitin-conjugating enzyme E2C M Controls progression through mitosis
2 KIAA0101 Proliferating cell nuclear antigen-associated factor — Regulator of DNA repair during DNA replication
3 TK1 Thymidine kinase 1 S DNA salvage enzyme involved in the synthesis of

thymidine triphosphate
4 BIRC5 Baculoviral IAP repeat-containing protein 5 — Negative regulation of apoptosis or programmed

cell death
5 CENPW Centromere protein W G2/M Assembly of kinetochore proteins, mitotic

progression, and chromosome segregation
6 NUSAP1 Nucleolar and spindle-associated protein 1 G2/M Associated with chromosomes; promotes the

organization of mitotic spindle microtubules
7 ZWINT ZW10 interacting kinetochore protein M Required for kinetochore formation and spindle

checkpoint activity
8 PBK Lymphokine-activated killer T-cell-originated

protein kinase
— Attenuation of G2/M checkpoint during

doxorubicin-induced DNA damage
9 CENPF Centromere protein F G2/M Required for kinetochore function and

chromosome segregation in mitosis
10 CDC20 Cell division cycle 20 M Required for sister chromatid separation and

disassembly of the mitotic spindle
11 CDK1 Cyclin-dependent kinase 1 G1/S, G2/M Modulating the centrosome cycle and mitotic onset;

promotes G2/M transition and G1/S transition
12 PRC1 Protein regulator of cytokinesis 1 S, G2/M Controlling spatiotemporal formation of the

midzone and successful cytokinesis
13 MAD2L1 Mitotic spindle assembly checkpoint protein

MAD2A
M Prevents the onset of anaphase until all

chromosomes are aligned at the metaphase plate
14 TYMS Thymidylate synthetase — Catalyzes the conversion of dUMP to dTMP
15 CENPH Centromere protein H M Plays a role in centromere structure, kinetochore

formation, and sister chromatid separation
16 RRM2 Ribonucleoside diphosphate reductase subunit M2 G1/S Catalyzes the biosynthesis of deoxyribonucleotides

from the corresponding ribonucleotides
17 TOP2A DNA topoisomerase II alpha S, G2 Controls topological states of DNA; essential for

proper segregation of daughter chromosomes
18 TPX2 Targeting protein for Xklp2 M Spindle assembly factor required for normal

assembly of mitotic spindles
19 MKI67 Marker of proliferation Ki67 — Nuclear protein associated with cellular

proliferation
20 CCNB1 G2/mitotic-specific cyclin-B1 G2/M Essential for the control of the cell cycle at the

G2/M (mitosis) transition
21 ANLN Anillin actin binding protein G2/M Plays a role in bleb assembly during metaphase

and anaphase of mitosis
22 STMN1 Stathmin 1 G2/M Regulation of the microtubule filament system;

promotes disassembly of microtubules
23 CENPK Centromere protein K M Assembly of kinetochore proteins, mitotic

progression, and chromosome segregation
24 CDKN3 Cyclin-dependent kinase inhibitor 3 G1/S May play a role in cell cycle regulation
25 UBE2T Ubiquitin-conjugating enzyme E2T G2/M Promotes proliferation via G2/M checkpoint in

hepatocellular carcinoma
26 GINS2 DNA replication complex GINS protein PSF2 G1 Initiation of DNA replication and progression of

DNA replication forks
27 TROAP Trophinin-associated protein — Involved with bystin and trophinin in a cell

adhesion molecule complex
28 CDT1 Chromatin licensing and DNA replication factor 1 G1 Required for pre-replication complex; promotes

stable kinetochore–microtubule attachments
29 HELLS Lymphoid-specific helicase G2/M Plays a role in DNA methylation, chromatin

packaging, control of Hox genes, and stem cell
proliferation

30 CCNB2 Cyclin B2 G2/M Essential component of the cell cycle regulatory
machinery

31 CENPM Centromere protein M G2/M Plays a role in the assembly of kinetochore
proteins, mitotic progression, and chromosome
segregation

32 SGOL1 Shugoshin-like 1 M Plays a central role in chromosome cohesion
during mitosis

33 KIF23 Kinesin family member 23 M Transports organelles within cells and moves
chromosomes during cell division
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TABLE. Continued

Gene Name Protein Name Cell Cycle Function

34 DHFR Dihydrofolate reductase G1/S A methyl group shuttle required for the de novo
synthesis of purines, thymidylic acid, and certain
amino acids

35 HMMR Hyaluronan-mediated motility receptor G2/M Involved in cell motility
36 SPC24 Spindle pole body component 24 G1/S Required for chromosome segregation and spindle

checkpoint activity
37 CENPA Centromere protein A G2 Required for recruitment and assembly of

kinetochore proteins
38 KIFC1 Kinesin family member C1 M Minus end-directed microtubule-dependent motor

required for bipolar spindle formation
39 TACC3 Transforming acidic coiled-coil-containing protein

3
G2/M Motor spindle protein that may play a role in

stabilization of the mitotic spindle
40 AURKB Aurora kinase B G2/M Associate with microtubules during chromosome

movement and segregation
41 ASF1B Anti-silencing function 1B histone chaperone S Play a key role in modulating the nucleosome

structure of chromatin
42 NUF2 Kinetochore protein Nuf2 G2/M Associated with centromeres of mitotic HeLa cells
43 CCNA2 Cyclin A2 G2/M Cyclin that controls both the G1/S and the G2/M

transition phases of the cell cycle
44 CDCA8 Cell division cycle associated 8 M Required for centromeres to ensure correct

chromosome alignment, segregation, and
chromatin-induced microtubule stabilization and
spindle assembly

45 RMI2 RecQ-mediated genome instability 2 — Plays a role in homologous
recombination-dependent DNA repair and is
essential for genome stability

46 CDCA5 Cell division cycle associated 5 M Regulator of sister chromatid cohesion in mitosis,
stabilizing cohesin complex association with
chromatin

47 PLK1 Polo-like kinase 1 G2/M Regulation of centrosome maturation, spindle
assembly, mitotic exit, and cytokinesis

48 CEP55 Centrosomal protein of 55 kDa M Mitotic phosphoprotein that plays a key role in
cytokinesis

49 CKAP2L Cytoskeleton-associated protein 2-like G2/M Required for mitotic spindle formation and
cell-cycle progression

50 ARHGAP11A Rho GTPase activating protein 11A — Interacts with p53 and stimulates its
tetramerization, which results in cell cycle arrest
and apoptosis

dTMP, deoxythymidine monophosphate; dUMP, deoxyuridine monophosphate.

UBE2C and CDC20 appear to play major roles at M
phase, particularly in anaphase, when a cell is dividing and
ready for mitotic exit. UBE2C encodes ubiquitin-conjugating
enzyme E2C, which is a member of the anaphase-promoting
complex/cyclosome (APC/C), promoting the degradation of
several target proteins during the metaphase/anaphase tran-
sition.36,48 CDC20 encodes the cell division cycle protein
20 homolog and is an essential regulator of cell division;
it activates APC/C, which initiates chromatid separation and
entrance into the anaphase.49,50 UBE2C ubiquitinates CDC20
to facilitate its binding to APC/C, leading to spindle check-
point inactivation.51

It is well known that primary HLECs cultured from
limbal explants display heterogeneous cells ranging from
small progenitor cells to bigger differentiated cells,52 as
shown in a phase image in Figure 5A. In immunofluores-
cent staining images, the dense nuclei stained with DAPI
indicate small cells, whereas the loose nuclei represent
larger cells (Fig. 5A). We observed that most of these cell
cycle-dependent proteins were preferentially expressed by
small size cells with stronger immunoreactivity in primary

HCECs, supporting the notion that TAC cells are progenitor
cells.

Ki67 protein showed nuclear staining, and RRM2 and
TK1 immunoreactivities were entirely cytoplasmic (Fig.
5B). Interestingly, special patterns were observed for
CENPF, NUSAP1 (Fig. 5C), UBE2C, and CDC20 (Fig. 5D).
The CENPF protein was partially cytoplasmic surround-
ing the nucleus; the positive cells were often in different
dividing phases, from beginning to near the end. The
NUSAP1 protein appears to be located in chromosomes
inside the nucleus, and the different stages of spindle
formation can be easily observed in the proliferative cell
culture (Fig. 5C). The UBE2C and CDC20 staining was cyto-
plasmic, mainly in dividing and divided cells, indicating
their role in cell cycle anaphase, leading to mitotic exit
(Fig. 5D).

To confirm the correlation between cell cycles and these
markers, proliferation assays with BrdU labeling for 30
minutes were performed in HLECs, which showed BrdU
incorporation in cells in S phase with DNA synthesis. As
shown in Figure 5E, double staining with TAC markers
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FIGURE 4. scRNA-Seq revealed the exclusive DEGs in the C8 TAC population. (A) Heatmap shows an exclusive expression pattern for the
top 20 DEGs in C8. (B) Violin and feature plots show the expression patterns of six cell cycle-dependent genes in C8 that were selected for
TAC characterization.

clearly showed that cytoplasmic RRM2 and TK1 were often
co-stained with BrdU in the nucleus, supporting their role in
S phase. Of note, NUSAP1 and CDC20 did not co-stain with
BrdU because these two markers are expressed during the

mitotic phase. Ki67 nuclear protein was partially co-stained
with BrdU, because Ki67 is a general proliferation marker
expressed at all cycle phases during cell proliferation, except
the resting phase, G0.53
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FIGURE 5. Representative immunofluorescent staining images showing the differential expression patterns of six cell cycle-dependent genes
at the protein level in HLECs. (A) Six antibodies (green) stained more strongly and with greater frequency in small cells than larger cells,
with Ki67 as control. DAPI (blue) was used for nuclear counterstaining. Yellow circle: small cells; red circle: large cells. (B–D) Protein
distribution patterns of seven TAC markers. Ki67 showed nuclear staining, and RRM2 and TK1 were entirely cytoplasmic (B). CENPF was
partially cytoplasmic surrounding the nucleus and often positive in the dividing cells. NUSAP1 was located at chromosomes in the nucleus;
the figure shows the different stages of spindle formation (C). UBE2C and CDC20 were mainly located in the cytoplasm of dividing cells
(D). (E) BrdU incorporation with TAC markers. RRM2 and TK1 were partially co-stained with BrdU, but NUSAP1 and CDC20 did not co-stain
with BrdU.
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TAC Population Expansion and Activation of
Signature Marker Genes Were Correlated With
Cell Growing Conditions and Proliferation Stages

To evaluate the role of these markers in cell growth, the
primary HCECs were collected in different growing stages
with about 70% or 100% confluence for BrdU proliferation
assays, immunofluorescent staining, and RT-qPCR. As shown
in Figure 6A, the cultured cells were growing rapidly or
exponentially when they reached about 70% confluence,
but there was slow or no growth after 100% confluence,
as evidenced by the BrdU proliferation assays and general
proliferation marker Ki67 with immunofluorescent staining.
RRM2, TK1, CENPF, NUSAP1, UBE2C, and CDC20 were all
expressed much more strongly in the 70% confluent culture
during a rapid growing stage than in the 100% confluent
cultures.

Particularly, we observed that BrdU+ cells and Ki67+
cells were located primarily at or near the growing edges of
the 70% confluence rapidly growing cultures. Interestingly,
the positive cells of these markers were also preferentially
localized near the growing edges (Fig. 6B). TK1 protein was
found to translocate from the cytoplasm into the nucleus in
some cells at growing edges, indicating activation of TK1
protein during rapidly growing stages.54

The RT-qPCR results shown in Figure 6C confirmed these
findings not only at protein but also at mRNA levels. The
transcripts of these six marker genes were expressed at
significantly higher rates, ranging from 2- to 5-fold, by
rapidly growing cells in the 70% confluent cultures than
that in the 100% confluent cultures, which contained more
differentiated cells. All of these results suggest that these cell
cycle-dependent markers are significantly activated during
cell cultures, and the activation levels were closely related
to cell proliferation conditions and stages. These results
also indicate that TAC cells are largely amplified during cell
growth.

Functional Roles of TACs With Signature Marker
Genes Were Characterized Using the Corneal
Epithelial Regeneration Model

Using an in vitro epithelial regeneration model,25 we
observed that as the TAC population expanded, the signature
marker genes were significantly activated, and their expres-
sion levels were well correlated with the epithelial regener-
ation course after wounding.

Figure 7A shows the phase images indicating the course
of epithelial regeneration after a 2-mm-wide wound was
scratched, with untreated cultures serving as controls.
Immunofluorescent staining showed that all TAC signature
markers were expressed at low levels in the unwounded
controls. BrdU-incorporated cells largely increased at the
wound edge area during the healing process, with peak
levels at 24 hours after wounding, and Ki67 staining showed
patterns similar to those for BrdU, which represented cell
proliferation levels during the wound closure period.

The six cell cycle markers were significantly activated in
24 to 72 hours with different patterns. The increase of posi-
tive cells was mostly observed near the wound edges with
stronger immunofluorescent intensity. Some cells showed
activated TK1 expression with nuclear translocation. Inter-
estingly, the immunoreactivity of RRM2 and TK1 reached
peak levels at 24 hours, whereas the cells positive for CENPF,

NUSAP1, and UBE2C increased to peak levels at 48 hours,
and the highest number of CDC20+ cells occurred after 72
hours, when the wound was closed. These time-differential
expression patterns are closely related to the specific roles
of the cell cycle markers in cell cycle phases.

Furthermore, RT-qPCR results confirmed the expression
pattern of these markers at mRNA levels. The expression
of these marker genes increased significantly during the
regeneration process. The mRNA expression of RMM2 and
TK1 genes reached peak levels at 8 hours, whereas CENPF,
NUSAP1, and UBE2C reached peak levels at 24 hours. The
highest levels of CDC20 mRNA were observed at 48 hours
after wounding (Fig. 7B). These results provide evidence that
the TAC population was largely expanded by the strong acti-
vation of these cell cycle-dependent genes at protein and
mRNA levels during the tissue regeneration process after
wounding. The findings suggest that TACs play a vital role
in regenerating lost cells and repairing corneal epithelial
tissues.

DISCUSSION

Differentiated from ASCs at early stages and serving as the
progenitors intermediate between ASCs and differentiated
cells,6,9,10 TACs play an important role in tissue homeostasis,
development, and regeneration, the most important func-
tional feature of stem cells.5 However, it is still not clear
whether a TAC cell type is a real entity or just a functional
concept.

The LSCs and TACs paradigm in human corneal epithe-
lium is an excellent model for studying ASCs and TACs
because these cell populations are well known to reside at
the basal limbus in the human cornea.18,19 Using scRNA-seq,
we discovered that single-cell transcriptomic profiles that
were generated from two different donors at different times,
4 months apart, revealed the same unique cell type with
TAC features in heterogeneous limbal basal epithelium of
human cornea (Figs. 1, 2). These cell populations from two
different donors showed 89% similarity with regard to the
top 100 DEGs in their gene expression profiles. These top
DEGs, enriched by TACs, are distinguishable from all other
clusters or cell types.

In the combined dataset from 16,360 single cells, C8
(3.21% of total cells) displayed the progenitor feature with
a less-differentiated status, as evidenced by the low expres-
sion levels of the differentiation markers. C8 was the only
cluster exclusively expressing major proliferation markers,
with 98.01% of the cells in the proliferative phases of the
cell cycle (Fig. 3). Undoubtedly, C8 is a cell type unique to
TACs in human corneal limbus.

Interestingly, most of the top DEGs in the C8 TACs
are not only proliferation-related genes but also cell cycle-
dependent genes, directly controlling and regulating cell
cycles during proliferation. In the top 50 DEGs, about 86%
of the genes are cell cycle-dependent. The finding that the
cell cycle-dependent genes are largely enriched by TACs well
supports the role of TACs in maintaining corneal homeosta-
sis. Defects in regeneration or injury repair are also likely to
be caused by problems in TACs, not just in stem cells.9

This finding also suggests that the cell cycle-dependent
genes may serve as signature markers for TACs. We selected
six novel genes to characterize the features of TACs, with
general proliferation marker Ki6739 serving as control, from
the top 20 DEGs of C8 (Fig 4). Based on their roles in the
cell cycle, RRM2 and TK1 are S phase dependent, whereas
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FIGURE 6. The expression levels of TAC markers were correlated with cell growing stages in HLECs. (A) Representative images show that
the immunoreactivity of BrdU, Ki67, RRM2, TK1, CENPF, NUSAP1, UBE2C, and CDC20 was much stronger in the 70% confluent cells than
in the 100% confluent cultures. (B) TAC markers showed different patterns at the edges of growing cells. (C) RT-qPCR showed that these
seven genes were expressed at a higher rate in the 70% confluent cultures than in the 100% confluent cultures (n = 5). Data are shown as
mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 7. TAC markers were highly activated during limbal epithelial regeneration in vitro. (A) Representative images show the BrdU-
incorporated cells and protein levels of TAC markers during epithelial regeneration after wounding in HLECs. (B) RT-qPCR determined the
mRNA expression of Ki67, RRM2, TK1, CENPF, NUSAP1, UBE2C, and CDC20 during the regeneration process (n = 5). Data are shown as
mean ± SD. *P < 0.05; **P < 0.01.
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CENPF, NUSAP1, UBE2C, and CDC20 are specific for the
G2/M phase. RRM2 converts ribonucleotides into deoxyri-
bonucleotides,33,55 and TK1 promotes DNA synthesis.34,42

Both are highly expressed at peak levels in S phase for
cells coming from G1 phase. The other four genes are G2/M
phase specific, but UBE2C and CDC20 appear to play more
vital roles at M phase, particularly in anaphase, when the
cell is being divided and is ready for mitotic exit.36,43,48,49,56

Multiple culture models were used for characterizing the
signature features of these six marker genes for TAC identity.
In the confluent HLECs, we observed that most of these cell
cycle-dependent proteins were preferentially expressed by
small size cells with stronger immunoreactivity, supporting
the notion that TAC cells are progenitor cells. The differ-
ential patterns of protein distribution of these markers are
observed to well represent their specific roles in different
cell cycle phases. In particular, the beautiful immunofluo-
rescent images of NUSAP1 showing the spindle formation
process and those of UBE2C and CDC20 showing cytoplas-
mic staining of the dividing and divided cells indicate their
roles at mitotic anaphase, before mitotic exit (Fig. 5).

In a cell growth model, we observed that these cell cycle-
dependent markers were expressed much more greatly and
strongly in the 70% confluent cultures during the rapid grow-
ing stages, especially near the growing edges, than in the
100% confluent cultures (Fig. 6).

TAC entities with signature marker genes were further
characterized using the corneal epithelial regeneration
model. The immunoreactivity of RRM2 and TK1 reached
peak levels at 24 hours after wounding, whereas the cells
positive for CENPF, NUSAP1, UBE2C, and CDC20 increased
to peak levels at 48 to 72 hours, when the wound was clos-
ing. These time- and cycle-differential expression patterns
at protein levels were also confirmed at mRNA levels with
this model, suggesting that their expression levels are closely
related to their specific roles in cell cycle phases, as RRM2
and TK1 are mostly activated in S phase34,55 and the others
work in the mitotic phase.36,43,49,56

All of these functional assays provide evidence that the
TAC population was largely expanded with strong activation
of these cell cycle-dependent genes at protein and mRNA
levels during the cell growth and regeneration processes.
These results also suggest that the cell cycle-dependent
genes may serve as signature markers of TACs. Among the
six, the four genes in G2/M phase appeared to be more
representative of cell cycle status compared with other clus-
ters. As shown in Figure 3C, the huge difference in cell cycle
status between TACs and all others is the percentage of
cells in G2/M phase, such that TACs represented 43.7% of
the cells, and the others accounted for only 0% to 7.9%. In
contrast, TACs had 54.4% cells in S phase when other clus-
ters had 2.5% to 45.7%. We propose that CENPF, NUSAP1,
UBE2C, and CDC20 may serve as better marker genes to
identify TACs in human cornea. Among these four, UBE2C
and CDC20may be the best marker genes because these two
may represent the mitotic exit checkpoint genes.

Identification of a TAC entity and signature markers not
only advances our understanding of the roles of LSCs and
TACs in maintaining corneal homeostasis, but also has an
important impact on tumor pathology and treatment. All
cell cycle-dependent genes in this study are known to serve
as biomarkers that aid in diagnosing disease, determining
prognoses and responses to chemotherapy, and identify-
ing metastases, as well as serving as a potential therapeutic
target for a variety of malignant diseases.34,36,38,57–59 TACs

and cell cycle genes may provide new targets for studying
tumor stem cells and TACs in our quest to conquer cancer.

CONCLUSIONS

This human corneal scRNA-seq study has identified a unique
TAC entity in the heterogeneous limbal basal epithelium. Cell
cycle-dependent genes were found to be largely and exclu-
sively enriched by the TAC population. Six novel marker
genes were well characterized morphologically and func-
tionally at mRNA and protein levels through the use of multi-
ple cell culture models. We suggest that CENPF, NUSAP1,
UBE2C, and CDC20 would serve as better marker genes to
identify TACs in human cornea epithelium. The many other
cell cycle genes in the list of top DEGs require further inves-
tigation for TAC characterization.
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