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Abstract

Background The existence of stem/progenitor cells in the lens epithelium has been demonstrated, but their iden-
tification remains challenging. Accurate identification requires advanced technologies and a comprehensive under-
standing of lens epithelial cell (LEC) subtypes, presenting a significant challenge in age-related cataract research.

Methods Eight pairs of human donor lens epithelium samples were collected for single-cell RNA sequencing
(scRNA-seq). This included four non-aged (< 65 years) and four aged (> 65 years) individuals. Subsequent analyses
involved cell (sub)type characterization, trajectory inference, and cell-cell communication. Experimental validation
was conducted through transcriptome sequencing and immunofluorescence on human lenses, lens organoids, rab-
bit regenerated lenses, mouse lenses, and cell lines.

Results Six groups were identified via UMAP mapping of scRNA-seq data: four LECs, one lens fiber cells (LFCs),

and one immune cells. One of the four LEC clusters exhibited a distinct gene expression profile and was identified

as transient amplifying cells (TACs). TACs specifically express TOP2A and are localized at the lens equator. CytoTRACE
analysis to the LEC and LFC data sets provided a differentiation trajectory. The TAC group was determined as stage 2
in the trajectory and LFCs last. The 3 sub groups were labelled early, mid and late LECs and corresponded to stage 1,
3 and 4 in the path. While cell population demographics remained stable with age, transcriptomic changes in LECs
were observed, including weaker intercellular crosstalk and adhesion, and fewer TACs in S phase. Lens progenitor-like
cells (LPLCs) were identified as a sub-population in early LECs and express ID1. In addition, pleiotrophin (PTN) signal-
ing was prevalent at all differentiation stages, with a notable weakening of PTN signaling in aged LPLCs.

Conclusions This study identified four subclasses of LECs within the human lens epithelium that follow a progres-
sive staged development pathway from progenitor cells to mature LECs. TOP2A can serve as a biomarker for TAC
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development.

in the lens, and LPLCs sustain their dedifferentiated state by expressing ID1. The aging process does not appear
to alter cell population demographics, but significant alteration in gene expression profile is observed. Moreover,
PTN signaling emerges as a crucial factor in lens homeostasis and represents a potential target for cataract drug

Keywords scRNA-seq, Aging, Lens epithelial cell, Transient amplifying cell, Lens stem cell

Background

Cataracts remain the leading cause of blindness world-
wide, with age-related cataracts (ARCs) being the most
prevalent type, affecting approximately 80% of individu-
als aged 60 to 89 [1-3]. Lens epithelial cells (LECs) play a
critical role in maintaining lens transparency and physi-
ological function [4]. It has been established that LEC
dysfunction disrupts lens homeostasis with aging, con-
tributing to the development of ARCs [4, 5]. Therefore,
LECs have long been a central focus of cataract patho-
genesis research and drug development.

It is well established that the equatorial region of the
lens epithelium serves as the site for cell division and
differentiation of LECs into lens fiber cells (LFCs) [4, 5].
The central region of the epithelium is generally consid-
ered a non-dividing cell population. Although mitotic
activity is limited, these cells remain functionally active
and are essential for lens maintenance and homeostasis.
Cells within the epithelium, particularly in the central
region, comprise a large population of truly aged cells
that have persisted since embryonic development [5, 6].
This population of cells therefore provides insights not
only into the effects of aging in the lens but also into cel-
lular aging itself. Functional clustering analysis revealed
age-related differences, with genes regulating translation,
protein synthesis, stress responses, and cell transport
being upregulated, while genes involved in repair sys-
tems and matrix regulation were downregulated [7, 8].
In other organs and tissues, such as the skin, intestines,
and cornea, the decline in self-renewal of adult stem cells
with age leads to tissue senescence [9]. This suggests that
the lens epithelium may also rely on adult stem/progeni-
tor cells to maintain homeostasis and counteract aging-
related factors.

The presence of stem/progenitor cells in the lens epi-
thelium has been supported by numerous studies [10—
13]. Adult stem cells exhibit robust tissue repair capacity
and are both morphologically and functionally primitive.
However, the identification of these stem cells remains
challenging. Previous attempts have relied on two main
approaches, one of which involves labeling infrequent
or slow-cycling stem cells with DNA precursors such as
tritiated thymidine (3H-TdR). Although 3H-TdR labeling
has demonstrated a high proportion of labeled LECs,

this does not accurately reflect adult stem cells [12].
The second approach is based on specific markers. The
use of classical adult stem cell markers, such as SOX2,
MSIL, and LGR4, has also proven unreliable for the spe-
cific identification of lens stem cells using conventional
immunohistochemistry [11, 14]. Thus, accurate identi-
fication of lens stem/progenitor cells requires advanced
technologies and a comprehensive understanding of LEC
subtypes, posing a significant challenge in cataract basic
research.

Single-cell RNA sequencing (scRNA-seq) has advanced
rapidly in recent years, providing high-resolution insights
into cellular heterogeneity and enabling the identifica-
tion of transient amplifying cells (TACs) and adult stem
cells in other tissues [15—17]. In this study, we utilized
scRNA-seq to analyze human lens epithelium samples,
enabling the transcriptomic identification of subpopula-
tions within the lens epithelium at single-cell resolution.
This approach identified six cell populations within the
lens epithelium, including TACs and lens progenitor-like
cells (LPLCs). Trajectory analysis revealed a sequential
progression from lens progenitor cells to mature epithe-
lial cells. The overall cell population demographics did
not differ significantly with age, but significant changes in
gene expression profiles were observed.

Materials and methods

Human lens samples and cell isolation

Eyes from 9 organ donors were obtained from the Eye
Bank of the Second Affiliated Hospital of Zhejiang Uni-
versity. The study was approved by the Human Ethics
Committee of the Second Affiliated Hospital of Zhejiang
University School of Medicine and adhered to the Dec-
laration of Helsinki. For this study, 16 lenses were cat-
egorized into aged and non-aged groups, using 65 years
as the cutoff for aged group, in accordance with the
World Health Organization’s definition. Details on donor
screening criteria and donor information are provided in
Text S1.

Within 6 h of death, both eyes were removed from each
donor. After eye bank staff cut off the corneas for trans-
plantation, the lenses were detached, cleaned of attached
tissues (e.g., iris, suspensory ligaments), and photo-
graphed under a stereomicroscope. The lenses were then
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immersed in saline for single-cell suspension preparation
(8 samples in total, each consisting of 2 lenses from the
same donor) and flat-mounted lens capsule immuno-
fluorescence (2 lenses from the same donor, 64 years old,
female). All procedures were completed within 2 h post-
eye removal.

For the 16 lenses, an incision was made to separate
the anterior capsule from the posterior capsule, starting
from the equatorial part of the lens, about one-fourth
the length of the equatorial circumference. The anterior
capsule was peeled away from the lens fibrous tissue, fol-
lowed by the posterior capsule. Larger capsule fragments
were cut with microscopic scissors. Capsule fragments
from 2 lenses of the same donor were immersed in 1 mL
of digestion solution (0.25% trypsin and 0.02% EDTA,
Gibco, USA) and incubated at 37 °C for 3 min. Diges-
tion was terminated with 2 mL of DMEM/F12 medium
(Corning, USA) containing 5% fetal bovine serum (FBS,
AusGeneX, Australia). The sample was pipetted gently to
disperse cell clusters into individual cells. After filtering
through a 40 pm pore size filter, the sample was centri-
fuged at 300xg for 4 min. The supernatant was discarded,
and cells were resuspended in 50 pL of PBS with 0.04%
BSA as a single-cell suspension (200-700 live cells/uL).
The samples were used promptly for scRNA-seq.

scRNA-seq and data analysis

scRNA-seq libraries were prepared using the Chromium
Single Cell 3" Library Preparation Kits and Gel Bead &
Multiplex Kits from 10X Genomics. Our goal was to
profile a total of 5000 cells per library, provided that an
adequate number of cells were preserved throughout the
dissociation process. Sequencing was performed on the
MGISEQ2000 platforms. The minimum sequencing satu-
ration is not less than 40.5%. The generated scRNA-seq
data were merged and analyzed using R (version 4.2.3)
and the Seurat R package (version 5.0.3). In the prelimi-
nary phase, post-Cell Ranger’s metric evaluation, cells
exhibiting less than 200 or more than 5000 gene detec-
tions and a mitochondrial gene proportion exceeding
20% were omitted from further analytical processes.
Specifically, cells with a high percentage of hemoglobin-
related genes (percent_hb) or ribosomal genes (per-
cent_ribo) were filtered out. Thresholds were empirically
determined based on the distribution of each metric
across all cells. Cells were retained for further analysis
only if they exhibited percent_hb value below 20% and
percent_ribo value below 20%. These thresholds ensured
the removal of stressed or dying cells, as well as cells
with high ambient RNA contamination. Upon the above
stringent quality control measures, a dataset comprising
56,717 cells was retained for subsequent computational
analyses. Dimensionality reduction was carried out and
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visualized through Uniform Manifold Approximation
and Projection (UMAP). Cluster annotation was con-
ducted using marker genes derived from established lit-
erature and by analyzing gene expression patterns across
clusters within our dataset. Gene Ontology (GO) analysis
of differentially expressed genes (DEGs), trajectory analy-
sis and cell-cell communication analysis were conducted
using the CytoTRACE R package (version 0.3.3), Velocyto
pipeline, and CellChat R package (version 1.6.1). Detailed
methodologies are described in Text S2.

Lens organoid

H9 human embryonic stem cells (ESCs, WiCell Research
Institute, Inc., USA) were cultured in mTesR medium
(Stemcell, Canada) on Matrigel-coated six-well dishes
(Corning, USA) and differentiated into lens organoids
using the “fried egg” method, as detailed in previous
studies [18—20]. In brief, the ESCs were induced to dif-
ferentiate into the ectoderm/neuroectoderm via noggin
until epithelial-like cells first appeared on day 6. FGF and
BMP signaling were then activated through bFGE, BMP4,
and BMP7. Cell clusters with a “fried egg” structure were
observed on day 11. On day 15, BMP4 and BMP7 were
replaced with WNT3A to trigger the differentiation of
LECs into LECs. By day 23 of culture, mature lens orga-
noids, which are transparent, refractive, and exhibit
lens-like structural and molecular characteristics, were
obtained. This in vitro system effectively emulates cell
growth and differentiation in human lens. To perform
transcriptome sequencing on lens organoids at different
developmental stages, total RNA was extracted (sampled
at day 0, 3, 4, 5, 6, 10, 15 and 23) using TRIzol Reagent
(Invitrogen, USA). Three biological replicates were pre-
pared. Details on transcriptome sequencing methods are
provided in Text S5.

Quantitative real-time PCR

TRIzol Reagent (Invitrogen, USA) was used to obtain
total RNA from lens organoids during 23-days culture
period (sampled at day 0, 5, 10, 15 and 23, 3 repetitions
for each group) and the cDNA was synthesized using
PrimeScriptTM RT Master Mix (Takara, China). With
an ABI Fast 7500 RT-PCR system (Life Technologies,
v2.0.6), quantitative real-time PCR (qRT-PCR) was car-
ried out using SYBR Premix Ex TagTM (Takara, China).
Internal control was Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). Table S1 in the Supplementary
Materials lists all primers.

HLECs scratch model
The human lens epithelial cells (HLECs, SRA01/04)
scratch model was employed to simulate the lens
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epithelium damage repair process. Since the scratches
were largely healed after 24 h, immunofluorescence
staining was performed at 6, 12, and 24 h post-scratch-
ing. Details of the scratch model procedures are outlined
in Text S3.

Rabbit lens regeneration model

A novel method for constructing a rabbit lens regenera-
tion model has been described in our recent publication
[21]. The experiments are in strict accordance with ethi-
cal approval. Prior to surgery, surgical-depth anesthesia
was induced by intravenous administration of sodium
pentobarbital in saline (3 mg/100 mL). Euthanasia was
carried out by intravenous injection of an overdose of
sodium pentobarbital (150 mg/kg). Sodium pentobarbital
(Sigma-Aldrich, USA) was prepared in sterile saline at a
concentration of 60 mg/mL. The solution was adminis-
tered slowly into the marginal ear vein. Death was con-
firmed by the absence of a heartbeat and cessation of
breathing.This model reflects the in vivo process of lens
epithelial damage repair. The regenerated lenses at 2
and 4 weeks post-surgery were dissected to prepare flat-
mounted lens capsules and frozen sections for immuno-
fluorescence staining. Experimental and surgical details
are provided in Text S4.

Immunofluorescence

Lens organoids at various differentiation stages, flat-
mounted lens capsules from humans and rabbits, fro-
zen sections of rabbit regenerated lenses, and scratched
HLECs were fixed with 4% paraformaldehyde in PBS,
permeabilized with 0.5% Triton X-100 (Sigma-Aldrich,
USA) in PBS for 25 min, and incubated overnight at 4 °C
with primary antibodies (TOP2A polyclonal antibody,
1:25, Proteintech, China; ID1 polyclonal antibody, 1:50,
Proteintech, China). Following this, samples were incu-
bated with secondary antibodies (Anti-rabbit IgG, 1:1000,
Cell Signaling Technology, USA). Nuclei were labeled
with 1 pg/mL of 4,6-diamido-2-phenylindole dihydro-
chloride (DAPI, Sigma-Aldrich, USA). Images were cap-
tured using a Zeiss LSM 900 confocal microscope (Carl
Zeiss AG, Germany).

Mice and transcriptome sequencing

Total RNA was extracted from mice lenses using TRIzol
Reagent (Invitrogen, USA). Three biological replicates
were prepared. The experiments are in strict accord-
ance with ethical approval. Anesthesia was not admin-
istered as the experimental procedures did not involve
invasive interventions. Euthanasia was performed by
intravenous injection of an overdose of sodium pento-
barbital (150 mg/kg). Sodium pentobarbital (Sigma-
Aldrich, USA) was dissolved in sterile saline to achieve
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a concentration of 60 mg/mL. The solution was admin-
istered via the tail vein. Death was confirmed by the
absence of a heartbeat and cessation of breathing. Details
on mouse husbandry, experimental procedures, and tran-
scriptome sequencing methods are provided in Text S5.

Statistical analysis

Data are presented as the mean + SD. Statistical analyses
were performed using GraphPad Prism 8.0 (GraphPad
Software, USA) with unpaired Student’s t-test. P values
lower than 0.05 are considered statistically significant.

Results

Identification of human lens epithelium cell types using
scRNA-seq

Human lenses from four non-aged individuals (19, 25, 45,
and 50 years) and four aged individuals (70, 71, 72, and
73 years) were used in the study. Increased brunescence
was prominent in lenses obtained from aged donors
(Fig. 1A), providing evidence of biological aging. One
of the lenses in Aged 3 (71 years) had a clearly observ-
able cataract (Area of red dotted lines), the others did
not meet diagnostic criteria. Lens epithelium from each
donor was processed to generate single-cell suspensions
for scRNA-seq and subsequent analysis (Fig. 1B). Cells
that failed quality control tests were filtered from the
study. In total, transcriptome profiles of 56,717 individual
cells were obtained.

To determine whether the population was homogene-
ous or exhibited diversity, UMAP was employed. This
approach identified six distinct clusters within the over-
all population of isolated cells (Fig. 2A—C). The clusters
were classified as LFCs, early-differentiating lens epi-
thelial cells (eLECs), mid-differentiating lens epithelial
cells (mLECs), late-differentiating lens epithelial cells
(ILECs), TACs, and immune cells (ICs). The abundance
of each group varied, with the majority of cells classified
as mLECs and 1ILECs (Fig. 2B and C). The cell classifica-
tion/labeling of each cluster resulted from the following
approaches and subsequent findings.

Having determined six clusters, further analysis evalu-
ated the expression profiles of marker genes for cells
likely present in the isolated population (Fig. 2D and E).
Genes including PAX6 and AQPI were used as mark-
ers for the lens epithelial cell population. Four clusters
demonstrated high expression of both these markers
indicating that they were all isolated lens epithelial cells.
CRYBA1 and CRYBB1 were abundant in one cluster,
which strongly indicates a small population of lens fiber
cells were present. Distinct expression of immune cell
markers, including PTPRC, were also evident in a single
cluster.
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Fig. 1 scRNA-seq analysis of human lens of different ages. A Eight pairs of donated human lenses for scRNA-seq were divided into non-aged
(<65 years) and aged (= 65 years) groups. Red dashed lines indicate cataract-affected regions observed in the lenses. B Schematic diagram
of the lens epithelium anatomical structure and scRNA-seq sample preparation

(See figure on next page.)

Fig. 2 Identification of human lens epithelium cell types using scRNA-seq. A Heatmap of cell-type-specific gene signatures. Columns represent
clustered cell types, rows show expression of genes. Color scale indicates relative expression levels. B UMAP visualization of 56,717 single-cell
transcriptomes colored by annotated cell types. C Cellular composition analysis. Bar heights indicate relative abundance of each cell type
(percentage of total cells), with absolute cell counts labeled. Epithelial subtypes dominate. D Dot plot of marker genes across cell types. Dot

size represents percentage of cells expressing the gene; color intensity shows mean normalized expression. E Spatial expression patterns

of representative markers projected onto UMAP coordinates. The color key from gray to purple indicates low to high gene expression levels. Solid
boxes: definitive cell-type markers; dashed boxes: genes with relative enrichment in specific cell types

The identified cell types and their relative abundances
align with expectations. Therefore, it was necessary to
understand the differences between the four LEC clus-
ters and determine their putative roles within the lens.
The gene expression patterns for each cluster provide a
motif that is indicative of their role or function within
the epithelium. The cluster identified as TACs exhibits
clear markers of cell division, such as TOP2A, suggest-
ing that it represents a distinct population of prolifer-
ating LECs (Fig. 2D and E). However, the number of
TACs was notably low, with only 96 cells identified

in eight pairs of lenses (Fig. 2C), consistent with the
well-documented low rate of cell division in the lens
epithelium. The other three clusters of LECs have no
specific markers, but each have their own motif of rela-
tively higher expressed genes, such that eLECs had high
expression of TMEM256, DDT, and SCGB1D2, mLECs
expressed DACH2, OPCML, and PLCXD3, and ILECs
showed relatively high expression of SFRPI, ATP8B4,
and GRIA4 (Fig. 2D and E). These expression profiles
provide insights into specific roles within the lens epi-
thelium; however, to fully utilize the data, CytoTRACE
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Fig. 3 Reconstructing the Developmental Pseudotime Trajectory of lens epithelium. A CytoTRACE analysis of differentiation potential across cell
clusters, with higher scores indicating greater developmental potential. B RNA velocity projection embedded in UMAP space. Projection

of the velocity field arrows onto the UMAP plot depicted the order of differentiation. C Representative epithelial-differentiation-related gene
expression dynamics along differentiation trajectory. D Heatmap showing the gene expression dynamics along differentiation trajectories, the color
key from blue to red indicates low to high gene expression levels. Top gene ontology annotations of indicated biological process among each

timepoint are listed to the right

analysis of differentiation trajectories was performed.
This indicated a progressive pathway of lens matura-
tion across five clusters (recognized as LECs or LFCs)
(Fig. 3A). Projection of the velocity field arrows onto
the UMARP plot depicted the general trend of differenti-
ation (Fig. 3B). TACs and LFCs represent distinct com-
ponents within this pathway. TACs were identified as
the second stage, while LFCs, as expected, represented
the fifth and final stage (Fig. 3A). The three remaining
clusters were located at stages 1, 3 and 4 and were clas-
sified as early (stage 1), mid (stage 3) and late (stage 4)
LECs (Fig. 3A). The classification of eLECs, mLECs and
ILECs was further supported by expression of stem/
progenitor markers HES4 and ID3, predominantly at
early stages, whereas PROXI and DACH2, markers
associated with lens development, were expressed dur-
ing middle and late stages (Fig. 3C). GO enrichment

analysis highlighted significant biological processes at
various differentiation stages, with ribosomes, oxida-
tive respiratory chain, and ion transport being preva-
lent in early and middle stages. In contrast, markers
associated with lens development and visual perception
were highly expressed during the final stages of differ-
entiation (Fig. 3D).

Age-related changes in human lens epithelium cell
populations

After identifying subclasses of cells within the lens epi-
thelium samples, the impact of aging was evaluated using
UMAP to determine the distribution of cell type in aged
and non-aged donors (Fig. 4A and B). The proportional
distribution of cell types did not show significant dif-
ferences between aged and non-aged groups (Fig. 4C
and D). Interestingly, the Aged 3 sample with cataract
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Sample-specific stacked bar plot quantifying cellular composition. Bar width represents the proportion of this type of cell among all cells. D
Integrated stacked bar plot of cell type composition in aged and non-aged groups. Numbers on bar indicate the proportion of cell types. E
Heatmaps showing the distribution of upregulated (red) and downregulated (blue) DEGs for each cell type in human lens between the aged

and non-aged groups. Genes not differentially expressed are in gray and the numbers of DEGs are indicated. The upper part (dotted lines) indicates
the DEGs shared by at least 2 cell types, the lower panel indicated the unique DEGs of each cell type of each group. The numbers of gene are
annotated on the plots. F-G Representative shared GO terms of F upregulated and G downregulated DEGs in different lens cell types. The color
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formation showed the lowest eLEC proportion among all
aged groups (Fig. 4C), potentially suggesting an inverse
correlation between eLEC abundance and cataract devel-
opment. While cell distribution patterns appeared simi-
lar, at the transcriptomic level, significant numbers of

DEGs were detected in at least one cell type between
aged and non-aged groups. This included 433 upregu-
lated DEGs and 652 downregulated DEGs (Fig. 4E).
Common processes associated with upregulated DEGs
in the aged group, compared to the non-aged group,
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included the regulation of mitochondrial and oxidative
respiratory chain activities (Fig. 4F), whereas processes
influenced by downregulated DEGs involved cytoskeletal
organization and cell junctions (Fig. 4G). Overall, aging
had minimal impact on the proportion of cells in the lens
epithelium, but the transcriptome of these cells was sen-
sitive to aging. Changes in gene expression profiles are
likely to impact on physiologic functions.

Identification and distribution of TACs

After clarifying the cell populations and age-related dif-
ferences, we aimed to identify the mechanisms of home-
ostatic maintenance and damage repair in the lens in
response to aging. Among the four LEC subpopulations,
TACs exhibit the most well-defined transcriptomic pro-
file, and their functional role is equally well character-
ized. TACs were notable for their low abundance but
high expression of cell cycle-related genes, including
TOP2A, CENPF, BIRCS, MKI67, BUB1, and MAD2L1
(Fig. 5A and B). TACs from non-aged lenses were pre-
dominantly in the S phase for DNA synthesis (Fig. 5C),
while TACs in aged lenses were more frequently in the
G1 phase, indicating reduced proliferative activity. To
further identify a reliable TAC marker, we analyzed tran-
scriptome sequencing data from normal mouse lenses
(Fig. 5D), which served as a crucial baseline for system-
atically excluding genes not expressed in normal lens
tissue. The results demonstrated that all six candidate
TAC markers were conserved across species, with Top2a
exhibiting the highest expression level among them. The
rate of cell division in the adult lens is relatively slow, and
thus the number of TACs isolated and available for analy-
sis is limited. To address this limitation, lens organoids
derived from induced pluripotent stem cells were utilized
(Fig. 5E). This approach captures different stages of lens
growth and enables the observation of cell proliferation
and fiber cell differentiation at varying levels of maturity.
TOP2A expression peaked during the early to mid-stages
and decreased with maturation, reaching its maximum
earlier than MAD2L1 and BIRCS (Fig. 5F). qRT-PCR vali-
dation revealed that TOP2A expression levels exhibited

(See figure on next page.)
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a similar trend of change and were higher than those
of other candidates (Fig. 5G). In summary, TOP2A was
identified as a robust TAC marker in lens epithelium.
TOP2A-positive staining was observed in the margins of
mature organoids (Fig. 5H). Immunodetection of TOP2A
provided definitive evidence for TAC populations in
human lens epithelium.The expected location of TACs
is the equator, which was confirmed by positive TOP2A
staining in the equatorial epithelium of donor human
lenses (Fig. 5I). In rabbit models of lens epithelial injury
repair (Fig. 5]J), TOP2A-positive cells were observed in
the initial stage of lens regeneration (two weeks postop-
eratively). By 4 weeks post-operation, TOP2A-positive
cells were rarely observed (Fig. 5K). This suggests that a
considerable proportion of LECs may possess the poten-
tial to transform into TACs after lens injury, and subse-
quently return to a non-proliferative state as tissue repair
and regeneration are accomplished.

Identification and age-related differences in lens
progenitor-like cells
Given that TACs arise from stem/progenitor cells
through asymmetric division, we hypothesized that
lens stem/progenitor cells are present in the upstream
eLECs. eLECs were sub-clustered into two subpopula-
tions: lens progenitor-like cells (LPLCs) and “other cells”
(Fig. 6A). There was no significant difference in the pro-
portion of LPLCs between aged and non-aged groups
(Fig. S1A). Heatmap analysis revealed distinct gene
expression profiles for the two cell types (Fig. 6B). DEGs
highly expressed in LPLCs included CCNDI1, HGF, HESS,
and ID1 (Fig. 6C and D), which are known to maintain
stemness in various organs [22-26]. Consistently, DEGs
in LPLCs were enriched in cell proliferation and nega-
tive regulation of growth (Fig. 6E), suggesting that they
exhibit a primitive, stem cell-like state. Comparison
of LPLC gene expression between aged and non-aged
groups revealed upregulated genes associated with apop-
tosis and senescence (Fig. 6F).

We further attempted to identify key genes regulat-
ing LPLC stemness. The baseline transcriptome data

Fig. 5 Identification and Distribution of TACs in Lens. A Violin plots of expression level of 6 cell cycle-dependent genes that were selected for TAC
characterization. B Spatial expression patterns of TAC candidate markers projected onto UMAP coordinates. Color gradient (gray — purple)

reflects log-normalized counts. C Cell cycle phase distribution (G1/S/G2M) quantified in aged vs. non-aged groups. D Violin plots of the expression
levels of the 6 TAC candidate markers from mouse lens transcriptome data. E ESC-derived lens organoid culture timeline (days 0-21). Brightfield
inset shows typical morphology at key stages (scale bar, 1 mm). F The expression trends of the 6 TAC markers during organoid development

by transcriptome sequencing. G gRT-PCR detection of TAC candidate markers during lens organoid development. H Immunofluorescence staining
of TOP2A(+) cells in lens organoids during development (scale bar, 50 um). I Distribution characteristics of TOP2A(+) cells in anterior and equatorial
region of human lens epithelium (scale bar, 50 um). J Schematic diagram of the rabbit lens regeneration model construction and the process

of lens regeneration after surgery. K Immunofluorescence staining of TOP2A(+) cells on the rabbit lens sections at 2 and 4 weeks postoperatively
(scale bar, 50 um) Bars presented mean £ SD of 3 samples per group. *p <0.05, **p <0.01, and ***p <0.001
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from mouse lenses revealed that Hgf and Hes5 were
barely expressed in normal lens tissue, narrowing down
the candidate genes to CCNDI and ID1 (Fig. 6G), with
ID1I expression peaking during the differentiation of lens
organoids (Fig. 6H). qRT-PCR further confirmed the peak
expression of ID1 at day 10 and its sustained high expres-
sion level upon maturation (Fig. 6I). Cellular models of
lens epithelial injury repair demonstrated ID1 expression
in HLEC: at the leading edge of injury (Fig. 6]). In animal
models of lens epithelial injury repair, ID1-positive cells
were observed at the injured epithelial sites of regener-
ated rabbit lenses two weeks postoperatively, while the
epithelium distal to the surgical wound showed nearly no
ID1-positive cells (Fig. 6K), suggesting that activated lens
stem/progenitor cells may facilitate repair via ID1-medi-
ated mechanisms.

Intercellular signaling networks regulating lens
development and homeostasis

Understanding the interactions between different sub-
populations within the lens epithelium is crucial. To
investigate intercellular communication among LECs,
CellChat DB analysis revealed extensive interactions
between all four LEC populations, including TACs
(Fig. 7A). However, interactions between LFCs and
LECs were less pronounced. Significant secreted signal-
ing pathways among the clusters are shown in Fig. 7B,
with a focus on those involved in lens development and
homeostasis (Fig. 7C). BMP signaling, which is crucial
for lens placode formation [27, 28], primarily originated
from eLECs and mainly targeted TACs. FGF signaling,
predominantly originating from ILECs, plays a role in the
differentiation of LECs into LFCs [27, 29]. WNT sign-
aling, essential for LFC arrangement and lens placode
development [27, 30], was mainly sourced from LFCs and
eLECs.

In addition to the classical pathways of lens develop-
ment, we identified a novel pleiotropic growth factor
signaling network, namely pleiotrophin (PTN), which is
strongly expressed (Fig. 6C). PTN signaling was wide-
spread among all LEC populations, with higher expres-
sion of Ptn and its receptors Sdc4, Sdc2, and Ncl in the

(See figure on next page.)
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mouse lens compared to components of the BMP/FGF/
WNT pathways (Fig. 7D). Transcriptome sequencing of
human lens organoids also revealed high expression of
PTN and its ligands (Fig. 7E), suggesting that PTN net-
works may play a significant role in lens differentiation
and homeostasis.

Age-related changes in intercellular crosstalk in human
lens epithelium

We compared intercellular networks between aged and
non-aged groups to assess the effects of aging. Total
intercellular interactions were reduced in the aged group,
with significant alterations in BMP, FGEF, PTN, and WNT
signaling pathways (Fig. 8A). The number and intensity
of interactions were notably lower in aged TACs, while
some interactions received by eLECs were reduced in
non-aged lenses, potentially as a compensatory mecha-
nism (Fig. 8B).

To investigate the effects of aging on lens stem/pro-
genitor cells, further analysis revealed a significant reduc-
tion in interactions between aged LPLCs and other cells,
particularly with TACs (Fig. 8C). Among classic signal-
ing pathways (Figs. 8D-F, S1B-E), we observed reduced
signaling both emitted and received by LPLCs in the
BMP network (Fig. 8D), accompanied by limited BMPR2
expression (Fig. S1C). Changes in FGF and WNT signal-
ing originating from ILECs were also observed (Fig. 8D).
The impact of PTN signaling from aged LPLCs was
markedly reduced, with the most pronounced decreases
in PTN-SDC2, PTN-SDC4, and PTN-NCL signal-
ing (Fig. 8E). PTN expression was also reduced in aged
LPLCs (Fig. 8F). These findings suggest that PTN sign-
aling not only regulates lens differentiation but also
influences LPLC function and the maintenance of lens
homeostasis.

Discussion

In this study, we present a comprehensive analysis of the
cellular composition of the human lens and age-related
changes using scRNA-seq of lens superficial tissues
from both non-aged and aged individuals. By mapping
the transcriptomes of 56,717 cells from eight donors,

Fig. 6 Identification and Age-Related Differences in Lens Progenitor-like Cells. A UMAP visualization of eLECs partitioned into two distinct
subpopulations. B Heatmap showing the scaled expression levels of genes highly expressed specifically in the 2 subpopulations of eLECs. C-D
Dedifferentiation signatures in LPLCs: C Dot plots and D feature plots showing the expression of dedifferentiation-related genes in LPLCs and other
cells. E Top enriched GO terms for LPLCs compared with other cells. F Volcano plot of 327 DEGs in aged vs. non-aged LPLCs. G Mouse lens
transcriptomes confirm LPLC marker (/d7 and CcndT) conservation under normal condition. H The expression trends of dedifferentiation-related
genes during organoid development by transcriptome sequencing. I gRT-PCR detection of D1, CCND1, and HGF expression during lens organoid
development. J Immunofluorescence staining of ID1(+) cells in the HLECs scratch healing assay (scale bar, 20 um). K Immunofluorescence

staining of ID1(+) cells at wound margins on the rabbit capsule 2 weeks postoperatively (scale bar, 20 um). Bars presented mean +SD of 3 samples

per group. *p<0.05, **p<0.01, and ***p <0.001
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(See figure on next page.)

Fig. 8 Age-related changes in intercellular crosstalk in human lens epithelium. A Global communication changes. Vertical bar plots (upper)
indicated the number and strength of interactions. Horizontal bar plot (lower) indicated the significant signaling pathways between aged

and non-aged groups. The top signaling pathways colored red are more enriched in aged group; and the blue colored pathways are more enriched
in non-aged group. B Differential interaction landscape. The top-colored bar plot indicates the sum of column values (incoming signaling),

and the right bar plot indicates the sum of row values (outgoing signaling). Red indicates increased signaling in aged group compared to non-aged
group, and blue indicates decreased signaling. C LPLC-specific communication. Chord diagram illustrates age-dependent polarity changes: Red
color indicates that cellular interactions are stronger in the non-aged group and blue color indicates which are stronger in the aged group. D
Comparative heatmap of BMP/FGF/WNT/PTN signaling networks. E Dot plot of the age-related ligand-receptor interaction of outgoing signaling
from LPLCs. F Violin plots of PTN-related genes expression levels between aged and non-aged groups. G Schematic diagram of age-related changes
in cell biological function in lens epithelium
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we identified three major cell types within the samples,
which, as expected, were predominantly LECs, a small
population of residual LFCs, and ICs. The presence of ICs
within the lens epithelium is noteworthy and supports
previous reports indicating their presence in the lens [31,
32]. This cell population was not investigated in depth in
the current study but certainly warrants more detailed
analysis in future research. The primary focus of this
study was the lens epithelial cell population.

In recent years, studies have been conducted to inves-
tigate the heterogeneity and subpopulations of human
LECs, aiming to reveal their diverse manifestations across
different regions and developmental stages [7, 33, 34].
Within this general classification, four LEC subclusters
were identified based on gene expression profiles. Fur-
ther analysis using CytoTRACE and RNA velocity out-
lined a putative differentiation pathway for LECs. eLECs,
which are more primitive, differentiate into TACs, which
undergo a limited period of rapid mitosis, produce new
LECs, and subsequently differentiate into LFCs. The dis-
tinction between mLECs and ILECs lies in the fact that
mLECs are closer to newly proliferated cells derived from
TACs, whereas ILECs are best prepared to undergo fiber
cell differentiation upon receiving the required signals.
This finding helps delineate the progression of lens epi-
thelial cells through developmental programs, which
likely determine their function and fate. A recent scRNA-
seq study identified two LEC subtypes based on C8orf4
and ADAMTSL4 expression [35], whereas our study
offers a more detailed classification into four clusters and
delineates a differentiation trajectory. The four popula-
tions were closely situated and partially interspersed
in the UMAP plot (Fig. 2B), reflecting the underlying
expression profile of the epithelial cell phenotype. How-
ever, signature patterns of relative expression enabled
sub-classification and the establishment of four distinct
groups.

In this study, we characterized the effect of aging on
lens epithelial tissue for the first time using scRNA-seq.
The demographic composition of the cell subpopulations
did not change significantly with age, but distinct altera-
tions were observed. We found that pathways downreg-
ulated in aged LECs were primarily associated with cell
adhesion and junctions (Fig. 4G). Previous studies have
shown that channel proteins in LECs, such as aquaporins
(AQPs) and connexins (CXs), play critical roles in cell-
cell and cell-matrix adhesion, which are essential for lens
transparency [4, 36]. Aging progressively reduces AQPs
and CXs, disrupting ion and fluid circulation and con-
tributing to the development of ARCs [37]. A growing
number of studies also indicate that dysfunction of focal
adhesion kinase and integrin-linked kinase with aging
mediates cataract formation [38]. We also found that the
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common genes significantly upregulated in aged LECs
were primarily associated with mitochondrial function
and the oxidative respiratory chain (Fig. 4F). Mitochon-
drial dysfunction and the production of reactive oxygen
species (ROS) have long been recognized as prominent
mechanisms underlying cataract pathology [7, 39], which
is consistent with our findings.

The existence of adult stem cells in the lens epithelium
has been demonstrated through multiple lines of inves-
tigation. One research approach has focused on slow-
cycling cell properties, utilizing conventional stem cell
markers such as 3H-TdR or SOX2 to identify label-retain-
ing cells in specific epithelial regions [11-14], potentially
corresponding to LPLCs. Functional validation studies
have further reinforced this concept, showing that single
isolated lens epithelial cells can form clonal lens spheres
capable of differentiating into lens organoids [40]. Nota-
bly, mammalian lens regeneration models following
endocapsular extraction have revealed that residual
PAX6+LECs can reconstitute complete lens structures
[10], providing indirect but compelling evidence for
LPLC populations. All the evidence reveals the existence
of LPLCs, but their location remain a subject of debate.
Many studies suggest that stem cells are located in the
equatorial region of the human lens, within or near the
germinative zone (GZ) [10, 13]. Other studies propose
that stem cells reside in the central anterior epithelium,
with equatorial cells representing limited proliferative
cells [11, 12]. Our study demonstrated the presence of
TACs in the equatorial region through TOP2A stain-
ing, but specific markers for lens stem cells have not
yet been identified. We classified eLECs into LPLCs and
“other cells’, both of which exhibit high differentiation
potential. However, “other cells” are functional progeni-
tor cells with a tendency to differentiate, whereas LPLCs
maintain a more primitive, stem-like state. In LPLCs,
ID1 may play a crucial role in maintaining their dedif-
ferentiation properties. ID1, a transcriptional regulator,
is typically expressed in both stem and progenitor cells
and maintains self-renewal capacity by inhibiting differ-
entiation [41-44]. ID1 has been found to be enriched in
mouse basal epidermal progenitor cells, and its silencing
impairs progenitor cell proliferation [41]. Moreover, line-
age tracing of mouse intestinal epithelium revealed that
ID1-positive cells are self-renewing pluripotent stem/
progenitor cells and can serve as specific markers [42].
We observed high expression of ID1 in LEC injury repair
models (Fig. 61-K). These findings suggest that a subset
of LECs may revert to primary progenitor cells with high
differentiation potential, contributing to epithelial regen-
eration and healing. Overall, the understanding of lens
adult stem cells requires further investigation.
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Although the high proliferative potential of cells in
the equatorial GZ has long been recognized, our study
provides the first definitive identification of TACs in the
lens. Here, we utilized the widely recognized cell-cycle-
dependent genes from other tissues to characterize lens
TACs. Among these markers, TOP2A can induce DNA
double-stranded breaks, which catalyze DNA replication
[45]. For example, in scRNA-seq of corneal limbus, the
only cluster specifically expressing proliferation mark-
ers, including TOP2A, were identified as TACs [17, 46].
TOP2A plays a critical role in cell cycle regulation and
is specifically highly expressed in rapidly proliferating
cells [47]. By combining data from mouse lenses and lens
organoids (Fig. 5D—@G), we propose that TACs can be dis-
tinguished from other lens cells based on TOP2A expres-
sion. We observed a strikingly low abundance of TACs in
the lens epithelium, significantly outnumbered by their
upstream eLEC precursors. This quantitative disparity
aligns precisely with the lens’s unique tissue organiza-
tion and homeostatic demands. Most LECs persist from
birth with minimal turnover, resulting in very few prolif-
erative TACs at any given time [48, 49]. But at the same
time, a considerable LEC population retains a primitive,
low-differentiation state throughout life [10]. Our iden-
tified eLECs likely represent these cells, which can be
rapidly activated in the short term after injury (e.g., pos-
terior capsule opacification after cataract surgery [50];
rabbit lens regeneration models in Fig. 5]-K, abundant
TOP2A +cells were detectable) to initiate disordered
proliferation and regeneration.

Our findings reveal that classical signaling pathways
involved in lens development, including FGF, BMP, and
WNT, remain active among LEC populations (Fig. 7C).
Additionally, we identify, for the first time, a potential
role of PTN signaling in both lens differentiation and
aging processes. PTN is a secreted cytokine that func-
tions as a growth factor and plays a crucial role in the
development of the nervous system and neuroplasticity
[51]. PTN promotes the proliferation and differentiation
of neural stem cells and contributes to maintaining the
stability of the stem cell pool in the adult brain [52, 53].
The expression and activity of PTN decrease with age.
Although both the nervous system and the lens originate
from the ectoderm (the lens is derived from the surface
ectoderm and the brain from the neuroectoderm), no
study to date has reported the relevance of PTN to the
lens. Our study reveals, for the first time, widespread
PTN signaling among LEC types, with particularly high
enrichment in TACs (Fig. 7C). In the nervous system,
PTN receptors are diverse, and several studies have
reported that neurotrophic activities are associated with
its receptor SDC2 [54, 55]. This is consistent with our
findings. In lens organoid, the expression trend of SDC2
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closely parallels that of PTN compared to other receptors,
with low levels early in development but steadily increas-
ing towards the end (Fig. 7E). Therefore, the molecular
mechanisms by which PTN regulates lens development
and homeostasis require further investigation, especially
downstream targets or interactions with canonical path-
ways like XFGF/BMP/WNT. Next, we will establish PTN
gene-edited cell lines and animal models, combined with
scRNA-seq data to conduct molecular biology studies,
aiming to elucidate a novel signaling pathway regulating
lens development and aging.

This study has several limitations. Although we iden-
tified TACs and LPLCs in human lens epithelial tissues,
their precise spatial relationship—whether adjacent,
staggered, or distant—remains unclear. To address this,
we will perform spatial transcriptomics (10X Visium) on
age-stratified human lens sections to map TAC/LPLC
distributions at 55-um resolution, combined with multi-
plexed FISH to quantify intercellular distances between
TACs and LPLCs. These data will be integrated with
our scRNA-seq pseudotime trajectories to determine if
differentiation follows a structured spatial pattern and
whether age-related disorganization contributes to func-
tional decline. Additionally, scRNA-seq captures only
a small number of TACs and LPLCs, which limits the
precision of the analysis. Given that TACs are predomi-
nantly distributed in the equatorial epithelium, we plan
to perform scRNA-seq on the equatorial and anterior
epithelium separately, enabling us to analyze the regional
heterogeneity of LECs while increasing the proportion
of TACs. Furthermore, the experimental validation of
scRNA-seq results in animal models and organoid mod-
els is not sufficiently thorough or detailed, and further
refinement is needed.

Conclusions

Overall, this study elucidates the presence of LPLCs
and TACs in the human lens, delineates a LPLC-TAC-
dependent differentiation pathway during lens develop-
ment, and demonstrates age-related changes in LECs,
including alterations in cell adhesion and mitochondrial
function. PTN signaling is implicated in both lens dif-
ferentiation and the maintenance of stemness during
aging. This research provides a comprehensive view of
the single-cell transcriptional landscape and highlights
cell-type-specific, aging-regulated signaling networks,
advancing our understanding of age-related cataract
pathogenesis.
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