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Abstract

Diabetic retinopathy is a major ocular complication of diabetes, characterized by progressive retinal microvascular
damage and significant visual impairment in working-age adults. Traditional bulk RNA sequencing offers overall
gene expression profiles but does not account for cellular heterogeneity. Single-cell RNA sequencing overcomes
this limitation by providing transcriptomic data at the individual cell level and distinguishing novel cell subtypes,
developmental trajectories, and intercellular communications. Researchers can use single-cell sequencing to
draw retinal cell atlases and identify the transcriptomic features of retinal cells, enhancing our understanding

of the pathogenesis and pathological changes in diabetic retinopathy. Additionally, single-cell sequencing is
widely employed to analyze retinal organoids and single extracellular vesicles. Single-cell multi-omics sequencing
integrates omics information, whereas stereo-sequencing analyzes gene expression and spatiotemporal data
simultaneously. This review discusses the protocols of single-cell sequencing for obtaining single cells from retina
and accurate sequencing data. It highlights the applications and advancements of single-cell sequencing in the
study of normal retinas and the pathological changes associated with diabetic retinopathy. This underscores the
potential of these technologies to deepen our understanding of the pathogenesis of diabetic retinopathy that may

lead to the introduction of new therapeutic strategies.

Introduction

Diabetic retinopathy (DR) is a prevalent ocular complica-
tion in patients with diabetes that presents as a chronic
progressive vision-impairing oculopathy characterized by
retinal microvascular damage [1]. Statistically, it shows a
high prevalence, rendering it a leading cause of blindness
in working-age adults. Globally, the International Diabe-
tes Federation estimates that the number of people with
DR will rise to 160.5 million by 2045 [2]. In the United
States in 2021, epidemiological data indicated that
9.6 million individuals had DR, of which 1.84 million 1
suffered from vision-threatening diabetic retinopathy [3].
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Based on epidemiological studies, researchers and oph-
thalmologists have identified DR as a public health issue
that causes a heavy economic burden. Current treat-
ments for DR include intraocular antiangiogenic drug
injections, retinal laser photocoagulation, and vitrec-
tomy. However, each of these treatments has limitations,
and none are capable of fully reversing the retinal damage
induced by DR, partly because of the incomplete eluci-
dation of the underlying pathophysiological mechanisms
of the disease [4, 5]. Given that the pathophysiological
mechanisms and therapeutic targets of DR have yet to
be thoroughly clarified, further systematic investigations
are required to elucidate the alterations occurring in spe-
cific retinal cells during the progression of DR. Further-
more, owing to the involvement of various retinal cell
types in DR pathogenesis, a research methodology with
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Applications of
ScRNA-seq in
Normal Retinas

Single-cell sequencing assists
in the study of cellular typing
in the normal retina and
physiologic functions of
retinal cells. It also helps to
investigate pathological
changes and therapeutic
targets in DR.

cellular-level resolution is required to dissect the patho-
genesis and therapeutic targets of DR.

Advancements in high-throughput sequencing tech-
nologies have enabled researchers to conduct large-scale
analyses of genes and their products, including DNA
sequences, chromatin structures, RNA sequences, and
proteins, generating extensive genomic datasets, includ-
ing genomes, transcriptomes, and proteomes [6, 7]. Tra-
ditional high-throughput sequencing obtains molecular
samples from numerous cells, thereby providing insight
into the overall gene expression of these cells. However,
even though multi-omics data analysis has gradually

covered nearly all aspects of the central dogma, cell het-
erogeneity causes the sequencing data of sample reso-
lution alone to not fully satisfy the precise analysis of
omics data. In contrast to bulk RNA sequencing (bulk
RNA-seq) which provides a quantitative reflection of
the overall gene expression level in a sample, single-cell
RNA sequencing (scRNA-seq) enables high-throughput
omics data acquisition of transcripts from individual cells
with a tissue [8]. Consequently, compared to traditional
sequencing methods, researchers can extensively use sin-
gle-cell sequencing to investigate cellular differences and
unveil novel cell subtypes and their specifically expressed
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genes. Moreover, this method facilitates studies on cellu-
lar development trajectories and intercellular communi-
cation, thereby deepening our understanding of disease
development mechanisms. Building on scRNA-seq, sin-
gle-cell multi-omics analysis offers a more comprehen-
sive understanding of cellular events and extends various
aspects of genetic information transmission and regula-
tion. Additionally, single-cell spatiotemporal genomics
technology enables the simultaneous acquisition of gene
expression characteristics and spatial distribution data at
the tissue level [9, 10]. Studies have shown that the devel-
opment of DR is related to individual retina cells [11].
Therefore, the unique cellular resolution of single-cell
sequencing is well suited for resolving the heterogeneous
cellular alterations associated with the pathological
changes in DR. In fact, single-cell sequencing is widely
adopted in ophthalmology. Studies using this technology
introduce novel perspectives for elucidating disease eti-
ology and targeted therapies, which significantly enhance
the understanding of the pathogenesis of DR.

Recently, single-cell sequencing has been used to char-
acterize diverse transcriptional profiles and spatiotem-
poral information associated with cellular function and
development across various cell types. This technology
underpins our understanding of the cellular heterogene-
ity implicated in DR-related alterations. With the con-
tinuous evolution of single-cell sequencing, novel ways to
study DR have emerged, leading to a deeper understand-
ing of its pathogenesis and the potential to build new
therapeutic strategies. This paper reviews the application
and advancements of single-cell sequencing in research
on the normal retina and pathological changes in DR,
thereby indicating the research prospects and develop-
ment directions for single-cell sequencing in DR and
retinopathy.

Single-cell sequencing protocols in retinal research
General protocols of single-cell sequencing

The basic protocols for single-cell sequencing involve cell
sorting and extraction of target molecules from cells for
sequencing analysis. This process begins with sampling,
cell dissociation, labeling, forming sequencing librar-
ies for subsequent data processing, and finally ends with
analysis to obtain results [12]. Data processing primarily
involves reading mapping, normalization, batch correc-
tion, and missing data imputation, whereas data analysis
involves dimensionality reduction, differential expres-
sion analysis, and cell clustering [13]. Studies assessing
the performance of different single-cell RNA sequenc-
ing methods across various parameters have provided
guidance for selecting the most appropriate method for
future experiments [14—16]. According to these studies,
SMART-seq2 offers lower-throughput sequencing with
full-length transcriptome quantification but lacks mRNA
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specificity. In contrast, 10x Chromium systems provide
higher throughput, and are suitable for studying highly
heterogeneous tissues and a large number of cells [17].

The first challenge in single-cell sequencing for reti-
nal research is obtaining single cells. The major methods
for sorting single cells in samples with high cell counts
include flow-activated cell sorting (FACS) and microflu-
idics, with the 10x Chromium microdrop system being
an example of the latter [18]. The 10x Chromium system
uses gel beads to capture mRNA from cells, and each gel
bead carries hundreds of thousands of oligonucleotide
sequences on its surface. The oligonucleotide sequence
has four components: a readl (sequence 1) for sequenc-
ing runs, a 10x barcode sequence for identifying the cell
of origin, a unique molecular identifier (UMI) sequence
for tagging DNA molecules, and a polyT tail of approxi-
mately 30 bases for capturing mRNA molecules with
polyA tails [19-22]. Gel beads in oils and single-cell sus-
pension are simultaneously added to the channels of the
Chromium Chip G in the 10x Chromium “T” cross sys-
tem to form a gel beads-in-emulsion (GEMs). Theoreti-
cally, each GEM contains a single cell, and the RNA from
this single cell binds only to one gel bead, thus isolating
the mRNA from each cell [22-24].

The second challenge in single-cell sequencing in reti-
nal research is avoiding PCR amplification errors and
interference from other molecules to accurately form
RNA sequencing libraries. Currently, two main sequenc-
ing library preparation methods are used: SMART and
TargetAmp. The TargetAmp method, used by the Illu-
mina sequencer, can amplify a small amount of RNA (as
little as one cell, approximately 10 pg) to the nanogram
level, sufficient for high-throughput sequencing [25, 26].
The 10x Chromium system disrupts cell membranes
in GEMs, allowing reverse transcriptase in the aqueous
phase to interact with nucleic acid primers bound to gel
beads and AN'TP substrates, facilitating reverse transcrip-
tion, and forming cDNAs with barcode tags. The cDNAs
are then prepared for Illumina sequencing [22-25]. After
sequencing runs, raw data can extract the barcode and
UMI of the cells, compare the reference genome to cor-
rect the barcode, filter the corrected UMIs, count them,
and then differentiate between the barcode of the con-
taining cells and the background barcode according to
an algorithm that extracts real single-cell data [27]. This
process yields a gene expression matrix for each cell type.
Furthermore, cell clustering and data normalization can
be performed using various algorithms. Common dimen-
sionality reduction analysis algorithms, such as PCA,
t-SNE, and UMAP, are widely used to identify cell groups
and marker genes [28, 29].
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Specialized protocols of single-cell sequencing in retinal
research

The scRNA-seq protocol for the retina largely mirrors
that used for other tissues. Rachayata et al. described a
detailed methodology for retinal scRNA-seq, including
retinal sampling, single-cell isolation, and sequencing
data analysis [30]. However, the retina is fragile and sen-
sitive to mechanical forces and enzymatic degradation,
particularly in pathological conditions. To address this
issue, Fadl et al. designed an optimized scRNA-seq pro-
tocol to protect the delicate and complex tissues of the
retina during sequencing runs [31]. Retinal dissection
and single-cell preparation on ice should be performed
to minimize damage. The preparation of single-cell sus-
pensions from methanol-fixed samples is suggested for
tissues that cannot be processed immediately. Addition-
ally, antioxidants were incorporated into the single-cell
suspension to mitigate the oxidative stress induced by
cell preparation. Compared to standard protocols, modi-
fications by Fadl et al. increased cell viability and reduced
cell loss, thereby enhancing the accuracy of the single-cell
data (Fig. 1) [31].

Applications of scRNA-seq in normal retinal tissue

Retinal cell atlas

Researchers have continually described and updated the
retinal atlas by introducing scRNA-seq into retinal stud-
ies (Fig. 2). In 2015, Macosko et al. first used Drop-seq to
analyze 44,808 mouse retinal cells and identified 39 dis-
tinct cell clusters [32]. In 2019, Lukowski et al. used five
retinal samples from three human donors and clustered
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retinal cells into 18 clusters representing photoreceptor,
Miiller, bipolar, longissimus-free, retinal ganglion, astro-
cytic, microglial and others cell types [33]. Their study
updated human retinal transcriptome profiles, laying
the foundation for cell typing in subsequent single-cell
sequencing studies of the retina. Furthermore, Chen et al.
noted that earlier studies had analyzed only a single data-
set with an insufficient number of cells, which did not
fully characterize the retinal cell atlas. They performed
a joint analysis of eight human and mouse scRNA-seq
datasets (containing 276,402 cells) and identified multiple
cross-species retinal cell marker genes [34]. These data
provide clear insights into the transcriptome profiles of
human retinal cell types.

The use of scRNA-seq can also elucidate subregional
variations in the retina. Viogt et al. used scRNA-seq to
explore the fovea centralis and peripheral retina in three
human samples, differentiating the expression of 148
genes between the macular and peripheral retinal cells
[35]. Notably, they identified enrichment of the gene
encoding beta-carotene oxygenase 2 in peripheral optic
cone cells, suggesting that deficiency of this enzyme in
the macula may contribute to carotenoid accumulation,
resulting in yellow pigment deposition [35]. Peng et al.
applied scRNA-seq to the fovea centralis and periph-
eral retina of Macaca rhesus and found similarities in
cell types but differences in cell ratios and gene expres-
sion in both regions [36]. Similarly, Yan et al. analyzed
the fovea centralis and peripheral retina in normal adults
using scRNA-seq, reporting nearly identical cellular com-
positions between these areas but notable disparities in
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Fig. 1 Single-cell sequencing protocols in retinal research. (A) General protocols and specialized applications of single-cell sequencing in retina research.
(B) Two main challenges in single-cell sequencing in retinal research: how to obtain single cells and how to avoid PCR amplification errors and interfer-

ence from other molecules to accurately form RNA sequencing libraries
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Fig. 2 Retinal anatomy and cell atlas. Using scRNA-seq, researchers clustered retina cells into many clusters, including photoreceptor, Mdller, bipolar,
retinal ganglion, microglial, astroglial, endothelial, retinal pigment epithelial, and macrophage cells

gene expression and proportions [37]. Collectively, these
studies elucidate the mechanistic basis of the specialized
functions of the fovea centralis.

scRNA-seq can be used to analyze both the transcrip-
tomes of various retinal cells and their developmental
trajectories, making it a powerful tool for investigating
the function and development of retinal cells. Hu et al.
used scRNA-seq to identify key regulators and cellular
markers in the development of human fetal retinal cells,
elucidating critical timelines and events in retinal cell for-
mation [38]. Clark et al. used scRNA-seq to analyze the
development of the mouse retina and concluded that NFI
factors specifically expressed by retinal progenitor cells
regulate retinogenesis in the human fetal retina [39]. Lu
et al. used scRNA-seq to analyze the retina in 16 time
windows across four developmental stages and identified
species-specific gene expression patterns during human
and mouse retinal development [40]. They also found that
ATOHY expression plays an important role in the regu-
lation of photoreceptors during late retinogenesis [40].
Huang et al. applied scRNA-seq to more than 600,000
cells from nine developmental stages, ranging from 23
weeks of gestation to 81 years of age, across six spatial
subdivisions of the human retina to explore regional and

temporal gene expression differences from development
to senescence [41]. To understand the changes in cellu-
lar composition and intrinsic gene regulatory networks
during retinal aging, Yi et al. used scRNA-seq to estab-
lish molecular maps of retinal aging in both human and
rhesus macaques [42]. These studies indicated that reti-
nal development is finely regulated, with different cells
exhibiting distinct developmental characteristics and key
regulators.

Specific retinal cells
The retina comprises multiple cell types that detect
and transmit light signals, thereby maintaining retinal
homeostasis through complex interactions [43]. The use
of scRNA-seq has identified more than 100 retinal cell
subtypes, each with distinct physiological functions and
transcriptional characteristics [30]. Therefore, it is essen-
tial to study the cell types and functions of each type of
retinal cell individually to understand how the over-
all physiological functions of the retina are distributed
among these cells, which, in turn, will elucidate the alter-
ations observed in pathological states.

Human photoreceptors are classified as optic cone or
rod cells. These photoreceptors receive light signals and
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convert them into electrical signals that are transmit-
ted to bipolar cells. Yi et al. identified two novel classes
of rod cells (MYO9A +and MYO9A-) and demonstrated
a decline in photoreceptors with aging, notably a signifi-
cant reduction in MYO9A-rod cells [42]. This suggests
that MYO9A plays a crucial role in the anti-aging process
in rod cells [42].

Synaptic transmission from photoreceptors to bipolar
cells, generates an action potential that is transmitted to
retinal ganglion cells (RGCs) [43]. RGC axons traverse
the optic nerve, providing the sole conduit for visual
information from the retina to the brain. Anaplastic cells
are responsible for the complex processing of retinal
visual images, particularly the regulation of brightness
and darkness. Rheaume et al. used scRNA-seq to ana-
lyze mouse RGCs screened by immune antibody coat-
ing and identified more than 40 RGC subtypes and their
corresponding marker genes [44]. They also discovered
that KLP9 gene silencing, particularly in RGC subtypes,
enhanced axon regeneration [44]. Similarly, Tan et al
used scRNA-seq to identify 46 RGC species in the mouse
retina [45]. Daniszewski et al. identified the transcrip-
tome of human embryonic stem cell-derived RGCs by
scRNA-seq [46]. Shekhar et al. identified 15 bipolar cell
subtypes by scRNA-seq [47]. Yan et al. analyzed 32,000
anaplastic cells by scRNA-seq and ultimately identified
63 AC isoforms [48].

Many glial cells exist in the retina, among which
microglia are a class of active macrophages. Microglia
primarily participate in immune processes, including
inflammatory responses and antigen presentation, and
play a crucial role in maintaining retinal microenviron-
mental homeostasis [49]. O’Koren et al. identified two
microglial subtypes with distinct distribution patterns
in the mouse retina using scRNA-seq [50]. They also
observed that, under pathological conditions, microg-
lia migrate substantially toward the subretinal space and
adhere to the retinal pigment epithelium (RPE) to pre-
serve the structural integrity of the outer retina and RPE
[50].

Miiller cells are the most prevalent neuroglia in the
mammalian retina and support the function of photo-
receptors and other retinal neurons by maintaining reti-
nal homeostasis. Extensive research has demonstrated
the critical role of Miiller cells in DR [51]. Liu et al. used
scRNA-seq to examine Miiller cells in normal and degen-
erative macular retinas, revealing a Miiller cell subtype
with low mitochondrial DNA (mtDNA) expression and
reduced protein synthesis in degenerative macular reti-
nas [52]. This subtype, which is characterized by impaired
homeostatic regulation, diminished proliferative capacity,
and enhanced proangiogenic function, shows alterations
in abundance rather than the generation of new subtypes
under degenerative conditions [52]. This finding further

Page 6 of 13

proves that pathological changes in DR, such as neovas-
cularization, may result from shifts in the abundance of
Miiller cell subtypes.

The retinal pigment epithelium (RPE), a layer of epithe-
lial cells in the outermost part of the retina, is crucial for
maintaining retinal homeostasis [53]. Xu et al. analyzed
three samples of human RPE using scRNA-seq and iden-
tified two RPE subtypes, macular (specifically express-
ing ID3) and peripheral (highly expressing CRYAB),
each with distinct functions [54]. Voigt et al. conducted
scRNA-seq using retinal cells from humans without or
with age-related macular degeneration, revealing that
choroidal capillaries specifically express regulators of cell
cycle genes that respond to complement activation and
induce apoptosis in endothelial cells [55].

These studies not only highlight the diversity of retinal
cell types but also identify key molecules that regulate
behavior (Table 1). Understanding the subtypes and key
transcriptional regulators of these cells using scRNA-seq
will enhance our understanding of retinal cellular hetero-
geneity and function.

Applications of scRNA-seq in DR
Pathogenesis of DR
Normal intercellular communication and mutual regu-
lation are essential for maintaining retinal homeostasis.
In the pathological state of DR, disruptions in retinal
homeostasis can lead to abnormal cell polarization or cell
subtype imbalances along with alterations in intracellular
transcriptomes and intercellular interactions [56]. Single-
cell sequencing enables researchers to identify cell sub-
types, analyze transcriptomics, and assess intercellular
communication and developmental trajectories. There-
fore, the application of single-cell sequencing in various
DR models provides a microscopic perspective for under-
standing the pathological mechanisms of DR (Table 2).
Mouse models are commonly used to study DR. For
example, Akimba mouse model, generated by crossing
Akita (Ins2) mice carrying a mutation in the Ins2 gene
with Kimba (trVEGF029) mice, serves as a valuable tool
for studying DR [57]. Van Hove et al. used Akimba mice
to investigate DR and identified macroglial subtypes with
distinct fibrotic, inflammatory, and gliotic profiles [58].
They also found that macroglia enhance the chemotaxis
and activation of immune cells by influencing antigen
processing, presentation, and interferon signaling, which,
in turn, can augment inflammatory responses and poten-
tially impair the supportive functions of Miiller cells [58].
Niu et al. used leptin receptor-deficient db/db mice for
scRNA-seq and cell communication studies [59]. They
observed that the upregulated RLBP1 expression in Mil-
ler cells served as a therapeutic target for mitigating neu-
rovascular degeneration in DR [59]. Sun et al. performed
scRNA-seq on streptozotocin induced diabetic mice and
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Table 1 Retinal cells found by scRNA-seq
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Retinal cell Cell subtype Function

Studies and Years

Photoreceptor MYO9A +and MYO9A- rod cells

MYOO9A- rod cells declined while aging, suggesting that MYO9A may play VYiet al. (2021) [42]

a crucial role in the anti-aging process in rod cells

Retinal ganglion
cells (RGCs)

40 RGC subtypes in the mouse
retina regeneration

46 RGC subtypes in the mouse

KLP9 gene silencing, particularly in RGC subtypes, enhanced axon

46 RGC subtypes and their corresponding marker genes were

Rheaume et al.
(2021) [44]
Tan et al. (2019)

retina investigated [45]
Bipolar cell BC) 15 bipolar cell subtypes 15 BC subtypes and their corresponding marker genes were investigated ~ Shekhar et al.
(2016) [47]
Anaplastic cell 63 Anaplastic cell subtypes 63 AC subtypes and their corresponding marker genes were investigated Yan et al. (2020)
(AC) [48]
Microglia 2 microglial subtypes in the Under pathological conditions, microglia migrated and adhered to the O'Koren et al.
mouse retina retinal pigment epithelium (RPE) to preserve the structural integrity (2019) [50]
Muller cell Muller cell subtype with low This Muller cell subtype diminished proliferative capacity and enhanced  Liu et al. (2022)

mitochondrial DNA (mtDNA)
expression

Retinal pigment 2 RPE subtypes, macular (specifi-

2 RPE subtypes showed distinct functions in human retina

proangiogenic function [52]

Xu et al. (2021)

epithelium (RPE)  cally expressing ID3) and periph- [54]
eral (highly expressing CRYAB)
Table 2 Studies on the use of scRNA-seq to analyze the pathogenesis of diabetic retinopathy
Model Numberof  Celltype  Findings Studies and
cells Years

Akimba mice 9,474 cells Macroglia ~ Macroglia may enhance chemotaxis and activation of im- Van Hove et al.
mune cells and augment inflammatory responses (2020) [571

Leptin receptor-deficient dbo/db mice 51,558 cells ~ Muller cell  Highly expressed RLBP1 in Muller cells may serve as a thera-  Niu et al. (2021)
peutic target to mitigate neurovascular degeneration [58]

Streptozotocin-induced diabetic mice  >14,000 cells Endothelial ~Activation of IL-17 signaling pathways in endothelial cells Sun et al. (2021)

cells [59]

Streptozotocin-induced diabeticrats 35910 cells ~ Mdller cell ~ Ctxn3+Mdiller cells mediate endothelial damage and angio- ~ Wang et al.
genesis through intercellular communication pathways such  (2022) [60]
as DIl4-Notch1 and Vegf/Vegfr2

Diabetic cynomolgus macaques 8,708 cells Microglia  TNF-a signaling activates microglia in an autocrine manner Xiao et al.

(Macaca fascicularis) (2021) [61]

Human PDR-FVM 6,894 cells Microglia  Microglial cells exhibit profibrotic and antifibrotic properties  Hu et al. (2022)
and characteristics [62]

Human PDR-FVYM 4,044 cells Pericyte Pericytes regulate the pericyte-myofibroblast transformation ~ Corano Scheri

via AEBP1 signaling

etal. (2023) [63]

PDR-FVM, proliferative diabetic retinopathy-fibrovascular vitreous membranes; RLBP1, retinaldehyde binding protein 1

found that Cirbp, Rmb3, Mtl, and Mt2 were commonly
induced across various retinal cell subtypes [60]. Their
study also analyzed the transcriptomic changes in dif-
ferent retinal cells under diabetic conditions and experi-
mentally confirmed the activation of IL-17 signaling in
endothelial cells in DR [60].

Rat models have also been used to simulate DR and
perform single-cell sequencing. Wang et al. analyzed
35910 retinal cells from healthy and streptozotocin-
induced diabetic rats using scRNA-seq and defined two
subtypes of Miiller cells: Ctxn3— and Ctxn3+ [61]. Their
study suggested that Ctxn3 + Miiller cells mediate endo-
thelial damage and angiogenesis through intercellular
communication pathways, such as those involving DIl4-
Notchl and Vegf/Vegfr2 signaling [61]. In addition, Xiao
et al. used scRNA-seq to analyze the retina of diabetic

cynomolgus macaques (Macaca fascicularis) and found
that TNF-a signaling mediated microglial activation in
an autocrine manner via intercellular communication
[62]. This finding aligns with the study of Niu et al., which
demonstrated diabetes-induced microglial activation
through intercellular communication [59]. These studies
collectively emphasize the importance of Miiller cells and
microglial alterations in DR.

Some studies have used scRNA-seq to draw a cell atlas
of the human pathological environment in DR. Fibro-
vascular vitreous membranes (FVMs) are significant
pathological hallmarks of proliferative diabetic retinopa-
thy (PDR) [63]. Hu et al. performed scRNA-seq on PDR-
FVMs obtained by ophthalmic surgery and found that
microglial cells originating from the retina exhibited pro-
fibrotic and antifibrotic properties [64]. Similarly, Scheri
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et al. used scRNA-seq to analyze PDR-FVMs and found
that pericytes regulate pericyte—myofibroblast transfor-
mation via AEBP1 signaling, suggesting that targeting
AEBP1 may prevent scar tissue formation in advanced
DR [65].

Pathological changes of DR

Several studies have used scRNA-seq to investigate the
pathological changes associated with DR from various
perspectives. Vascular pathology plays a crucial role in
DR pathogenesis, and pericytes actively maintain vascu-
lar homeostasis. Pericyte dysfunction may also contrib-
ute to the progression of DR [66]. Xia et al. identified a
unique pericyte type associated with capillary dysfunc-
tion using scRNA-seq and Collal was identified as a
marker gene for this pericyte subtype [67]. Similarly, Xu
et al. used scRNA-seq to explore the link between dia-
betic nephropathy (DN) and DR and discovered that
renal mesangial cells and retinal pericytes share common
molecular features and undergo similar transformations
in response to diabetes [68]. The shared chemokine regu-
lation between these cell types is critical for the coexis-
tence of DN and DR [68]. Taken together, these studies
highlight the dysregulation of vascular homeostasis and
pericyte alterations in diabetes-related lesions. In addi-
tion, the immune system significantly influences the
progression of vascular injury in diabetes [69]. Liao et al.
used scRNA-seq to profile the circulating immune cells
in DR and demonstrated that JunD is a crucial regula-
tory factor in endothelial dysfunction [70]. Optic nerve
injury and ganglion cell apoptosis may also occur in DR.
For instance, Becker et al. integrated mRNA and miRNA
transcriptome analyses with public single-cell retinal
atlases and identified neuronal loss and accompanying
transcriptomic changes associated with DR [71].

Some studies have integrated data from single-cell and
other sequencing databases. Zhang et al. analyzed two
scRNA-seq datasets from the Gene Expression Omni-
bus (GEO) database and observed that the abundance of
Miiller, endothelial, microglial, and bipolar cells changed
during DR progression [72]. They also noted that the
changes in cellular pathways were mainly related to oxi-
dative stress and inflammatory pathways [72]. Similarly,
Gao et al. integrated two public bulk RNA-seq datasets
and one scRNA-seq dataset from patients with prolifera-
tive DR and identified periostin as a potential key factor
in DR progression [73]. Using a combined analysis of
transcriptome alterations in mRNA and miRNA among
both bulk RNA-seq data and public retinal single-cell
data, Becker et al. showed that RGC-mediated optic
nerve injury is associated with changes in Miiller cell-
mediated histidine and B-alanine signaling in DR [71]. In
addition, by integrating single-cell data from humans and
mice, Chen et al. found that bipolar cell subtypes were
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the most sensitive to pathological changes in DR across
all datasets analyzed [34]. These studies show that inte-
grating single-cell data from multiple databases facilitates
the elucidation of DR pathogenesis.

Further application of single-cell sequencing in DR and
retina research

Human cell atlas and meta-atlas of the retina
Advancements have been made in single-cell trans-
fer sequencing research from the genomic era to the
cell atlas era [74]. The Human Cell Atlas aims to estab-
lish a comprehensive reference atlas for all human cells
[75]. Sequencing data from 33 tissues, 289 donors, and
450,0000 single cells, including the retinal single-cell
atlas, are continuously updated in this program [75-77].
Besides the retinal cell atlas updated by Lukowski et
al., Swamy et al. developed the single-cell eye (scEiaD)
database [33, 78]. The scEiaD database is a user-friendly
online retinal atlas that offers data exploration, visualiza-
tion, and computational tools (R package) for scRNA-
seq data analysis [78]. While facing difficulties in dealing
with the heterogeneity of data from different sources
(e.g., different batches, experiments, and technique-
specific variations), single-cell databases integrate data
from multiple studies. The evolution and the conserved
physiological functions of the retina were investigated by
Gautam et al. and Yamagata et al., respectively, who did
comparative studies of the human retina with other spe-
cies, such as pigs and chickens [79, 80]. Additionally, new
single-cell sequencing techniques like a single-cell assay
for transposase-accessible chromatin (scATAC-seq) have
contributed to the construction of a multi-omics atlas of
the human retina [81, 82]. In conclusion, the integration
of extensive single-cell data continuously evolves the sin-
gle-cell retina atlas into a multi-species, multi-omics, and
multi-dataset meta-atlas accessible online. This informa-
tion will significantly enhance the ability of doctors and
researchers to analyze single-cell retinal data, thereby
improving our understanding of retinopathy.

Retinal organoids

Retinal organoids (RtOgs) represent a novel approach
for studying retinopathies and offer a promising source
for artificial retinal transplantation, both of which ben-
efit research and treatment of DR [83, 84]. Single-cell
sequencing is a powerful tool for analyzing RtOgs
because of its excellent cellular-level analytical power,
and RtOgs have proven to be a good source of samples
for single-cell sequencing [85, 86]. Thus, single-cell
sequencing and RtOgs, cutting-edge methodologies used
in ophthalmology, have significant potential. Currently,
established retinal organoids are mainly derived from
human embryonic stem cells (hESCs), human pluripo-
tent stem cells (hPSCs), and induced pluripotent stem
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cells (iPSCs) [87]. Additionally, Brancati et al. developed
EyeSeedis, an online tool for analyzing RtOg spatiotem-
poral data [85].

To use RtOgs for the research and treatment of retinop-
athies, including DR, we need to identify similarities and
differences between RtOgs generated in vitro and normal
retinas developed in vivo [88]. Using scRNA-seq, Sridhar
et al. compared the transcriptomes of human fetal retinas
and hPSC-derived RtOgs and found similar proportions
of various cell types at the same developmental stage
[89]. Collin et al. analyzed hESC-derived RtOgs using
scRNA-seq and identified nine clusters of RtOgs: five
corresponding to the main retinal cell types and four rep-
resenting mitotic cells and extracellular matrix compo-
nents [90]. Wahle et al. established iPSC-derived RtOgs
and resolved their spatiotemporal profiles using single-
cell multi-omic sequencing [91]. They demonstrated the
suitability of iPSC-derived RtOgs for scRNA-seq studies
because of their similarity with the human retina, as con-
firmed by immunohistochemical assays and scRNA-seq
[91]. The concordance of scRNA-seq data between RtOgs
and normal retinas indicates that RtOgs closely resemble
the retina and can be used to model retinal development
in vivo.

Several studies have investigated the factors that regu-
late the development of RtOgs. Using scRNA-seq, Mao et
al. analyzed human hESC-derived 3D RtOgs in six time
windows before and after retinal neurogenesis, suggest-
ing that CCND1 promotes early retinal neurogenesis
[92]. Cowan et al. conducted scRNA-seq and compara-
tive analyses of iPSC-derived RtOgs at seven develop-
mental stages across different regions and concluded that
the cell types in these organoids mature in vitro through
a stable developmental process akin to human retinal
development in vivo [93].

Single-cell spatiotemporal multi-omics sequencing

Recently, single-cell sequencing has evolved from sin-
gle-cell transcriptomic sequencing to single-cell spa-
tiotemporal multi-omics sequencing, which involves
stereo sequencing (stereo-seq) and single-cell multi-
omics sequencing. Traditional scRNA-seq has two major
challenges. First, traditional single-cell sequencing col-
lects single-cell information but loses spatial informa-
tion, which is crucial for understanding many disease
pathologies. The earliest spatial omics technology, such
as single-molecule fluorescence in situ hybridization
(smFISH), could only perform in situ localization of a few
genes [94]. Advances in multicolor fluorescence labeling
have enabled the simultaneous detection of hundreds
or thousands of genes using techniques such as multi-
plexed error-robust fluorescence in situ hybridization
(MERFISH) and sequential fluorescence in situ hybrid-
ization (seqFISH) [95-97]. However, these techniques
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cannot simultaneously capture genome-wide gene
expression. Stereo-seq overcomes these limitations by
capturing single cells and their RNAs in tissues using a
Stereo Chip and restoring their spatial locations through
coordinate ID (CID) [98]. This enables the detection of
single-cell histological information in situ. Spatiotem-
poral omics technology allows the exploration of histo-
logical changes in tissue cells and the mapping of disease
spatiotemporal atlases, thus enhancing the resolution of
pathological alterations in tissues [99]. Although single-
cell spatiotemporal genomic technology can only collect
spatial transcriptional information at a single time point,
computational approaches for pseudotime analyses of
scRNA-seq data can reconstruct cellular developmental
trajectories, thereby integrating the spatiotemporal gene
expression of single cells [100, 101].

Second, while scRNA-seq only collects transcriptomic
information, single-cell multi-omics sequencing enables
simultaneous analyses of genomes, epigenomes, tran-
scriptomes, proteomes, and other emerging histological
modalities at the single-cell level, which enhances our
understanding of biological mechanisms and geno-
type—phenotype relationships [102]. Several single-cell
multi-omics sequencing protocols that jointly analyze
the genome and transcriptome have been developed,
including single-cell triomics sequencing (scTrio-seq),
genome and transcriptome sequencing (G&T-seq), and
gDNA-mRNA sequencing (DR-seq) [103-105]. These
protocols reflect the transcriptional status of the genome
and provide cellular genome-transcriptome correla-
tions. Single-cell proteome sequencing protocols using
mass spectrometry (MS), such as single cell proteomics
by Mass Spectrometry (SCoPE-MS) and single cell
proteomics 2 (SCoPE2, a second-generation method
improving upon SCoPE-MS), are only suitable for single-
cell proteome sequencing and currently fail to synthe-
size multi-omics information [106]. Cellular indexing
of transcriptomes and epitopes by sequencing (CITE-
seq) and RNA expression and protein sequencing assays
(REAP-seq) utilize similar protocols that associate gene
expression with cell-surface protein information at the
single-cell level [107]. Single-cell epigenomic sequenc-
ing can elucidate DNA methylation, chromatin accessi-
bility, and histone modifications in each cell [108—110].
For example, the single-cell assay for targeting accessible
chromatin with high-throughput sequencing (scATAC-
seq) provides insights into chromatin accessibility and
the interactions of DNA-binding proteins, such as tran-
scription factors, with genomic DNA, thereby elucidating
the regulatory networks governing genomic expression in
single cells [111].

Therefore, researchers can combine stereo sequenc-
ing and single-cell multi-omics sequencing to analyze
the spatiotemporal multi-omics information of single
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cells comprehensively. In the future, integrating extensive
multi-omics single-cell data into public databases will
facilitate the construction of multi-omics cellular atlases
[112]. This will enable researchers to gain a comprehen-
sive understanding of cellular states and various levels of
gene expression and regulation at different spatial loca-
tions within a single cell.

Single extracellular vesicle sequencing

Exosomes are extracellular vesicles (EVs) with diameters
ranging from 30 to 150 nm that are present in various
body fluids, including tears, aqueous humor, and vitre-
ous humor [113, 114]. Exosomes are biomarkers of ocular
diseases because they can exist stably in ocular fluids and
carry rich genetic information, including omics infor-
mation on proteins, lipids, mRNAs, non-coding RNAs,
and other molecules [115-118]. A liquid biopsy provides
information on intraocular lesions reflected by exosomes
from the ocular fluids. However, most current methods
detect EVs in bulk, neglecting exosome heterogeneity
[119-123]. Smith et al. employed Raman spectroscopy to
analyze the chemical composition of individual exosomes
and identified at least four groups of exosomes with var-
ied functions in one cell line, suggesting that exosomes
are more heterogeneous than previously thought [124].
Recent advancements in exosome platforms using sin-
gle-cell technologies have enabled sequencing of single
exosomes (SEVs) [125]. These technologies may lead to a
more precise detection of ocular exosomes and improve
the accuracy of ocular disease diagnosis [126]. Given the
significant role of exosomes in DR-related pathological
changes and the absence of highly specific early mark-
ers of DR, single-exosome sequencing may be a powerful
tool for addressing exosome heterogeneity and enhanc-
ing diagnostic accuracy.

Conclusion

Single-cell sequencing is crucial in ophthalmic research
because of its detailed cellular resolution, which enables
the analysis of individual cell transcriptomes, devel-
opmental trajectories, and differentiation origins. DR
involves complex mechanisms that affect nearly all reti-
nal cells, making single-cell sequencing particularly use-
ful. Advancements in multi-omics and spatiotemporal
genomics have evolved from single-cell sequencing into
a spatiotemporal multi-omics sequencing era, enhancing
our understanding of DR-induced changes. Integrating
single-cell spatiotemporal data using single-cell sequenc-
ing of RtOgs and employing single-exosome sequencing
links this technology with other advanced research areas,
advancing DR diagnosis and treatment. This review sum-
marized recent advancements in single-cell sequencing
of normal and DR-affected retinas. We propose that sin-
gle-cell sequencing will significantly deepen research on
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DR and other retinopathies and reveal potential diagnos-
tic and treatment directions in the future.

Acknowledgements
Not applicable.

Authors’ contributions

Conceptualization, T.Y, N.Z, and N.Y,; Writing—original draft preparation, T.Y;
Writing—review and editing, T.Y,, N.Z, and N.Y; Funding, N.Y. All the authors
have read and agreed to the published version of the manuscript.

Funding

This research was funded by the Natural Science Foundation of Hubei
Province (Grant No. 2023AFCO19), Hubei Key Laboratories Opening Project
(Grant No. 2021KFY055), Natural Science Foundation of Hubei Province (Grant
No. 2020CFB240), and Fundamental Research Funds for Central Universities
(Grant No. 2042020kf0065).

Data availability
Not applicable.

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

The authors declare no conflicts of interest. The funders had no role in the
study design; collection, analyses, or interpretation of data; writing of the
manuscript; or decision to publish the results.

Author details
'Department of Ophthalmology, Renmin Hospital of Wuhan University,
Jiefang Road, Wuhan, Hubei 430060, China

Received: 11 October 2024 / Accepted: 30 December 2024
Published online: 13 January 2025

References

1. Cheung N, Mitchell P, Wong TY, Diabetic retinopathy. Lancet. 2010;376:124-
36. https://doi.org/10.1016/50140-6736(09)62124-3.

2. TeoZL, Tham YC, Yu M, Chee ML, Rim TH, Cheung N, et al. Global prevalence
of diabetic retinopathy and projection of burden through 2045: systematic
review and meta-analysis. Ophthalmology. 2021;128:1580-91. https://doi.org
/10.1016/j.0phtha.2021.04.027.

3. Lundeen EA, Burke-Conte Z, Rein DB, Wittenborn JS, Saaddine J, Lee AY, et
al. Prevalence of diabetic retinopathy in the US in 2021. JAMA Ophthalmol.
2023;141:747-54. https://doi.org/10.1001/jamaophthalmol.2023.2289.

4. Mohamed Q, Gillies MC, Wong TY. Management of diabetic retinopathy: a
systematic review. JAMA, 2007;298:902-16. https.//doi.org/10.1001/jama.298.
8.902.

5. Yam JCS, Kwok AKH. Update on the treatment of diabetic retinopathy. Hong
Kong Med J. 2007;13:46-60.

6. Pareek CS, Smoczynski R, Tretyn A. Sequencing technologies and genome
sequencing. J Appl Genet. 2011;52:413-35. https://doi.org/10.1007/513353-0
11-0057-x.

7. Soon WW, Hariharan M, Snyder MP. High-throughput sequencing for biology
and medicine. Mol Syst Biol. 2013;9:640. https://doi.org/10.1038/msb.2012.61.

8. Jovic D, Liang X, Zeng H, Lin L, Xu F, Luo Y. Single-cell RNA sequencing tech-
nologies and applications: a brief overview. Clin Trans| Med. 2022;12:e694.
https://doi.org/10.1002/ctm2.694.

9. Pavell,Irina L, Tatiana G, Denis P, Philipp K, Sergei K, et al. Comparison of the
lllumina NextSeq 2000 and GeneMind Genolab M sequencing platforms for
spatial transcriptomics. BMC Genomics. 2023;24:102. https://doi.org/10.1186/
$12864-023-09192-w.


https://doi.org/10.1016/S0140-6736(09)62124-3
https://doi.org/10.1016/j.ophtha.2021.04.027
https://doi.org/10.1016/j.ophtha.2021.04.027
https://doi.org/10.1001/jamaophthalmol.2023.2289
https://doi.org/10.1001/jama.298.8.902
https://doi.org/10.1001/jama.298.8.902
https://doi.org/10.1007/s13353-011-0057-x
https://doi.org/10.1007/s13353-011-0057-x
https://doi.org/10.1038/msb.2012.61
https://doi.org/10.1002/ctm2.694
https://doi.org/10.1186/s12864-023-09192-w
https://doi.org/10.1186/s12864-023-09192-w

Yang et al. Journal of Translational Medicine

20.

21

22.

23.

24.

25,

26.

27.

28.

29.

30.

31.

32.

33.

(2025) 23:49

Lee J, Hyeon DY, Hwang D. Single-cell multiomics: technologies and data
analysis methods. Exp Mol Med. 2020;52:1428-42. https://doi.org/10.1038/s1
2276-020-0420-2.

Stitt AW, Curtis TM, Chen M, Medina RJ, McKay GJ, Jenkins A, et al. The prog-
ress in understanding and treatment of diabetic retinopathy. Prog Retin Eye
Res. 2016,51:156-86. https://doi.org/10.1016/].preteyeres.2015.08.001.

Potter SS. Single-cell RNA sequencing for the study of development, physiol-
ogy and disease. Nat Rev Nephrol. 2018;14:479-92. https://doi.org/10.1038/s
41581-018-0021-7.

Chen G, Ning B, ShiT. Single-cell RNA-seq technologies and related computa-
tional data analysis. Front Genet. 2019;10:317. https://doi.org/10.3389/fgene.2
019.00317.

Ding J, Adiconis X, Simmons SK, Kowalczyk MS, Hession CC, Marjanovic ND, et
al. Systematic comparison of single-cell and single-nucleus RNA-sequencing
methods. Nat Biotechnol. 2020;38:737-46. https://doi.org/10.1038/541587-02
0-0465-8.

Vieth B, Parekh S, Ziegenhain C, Enard W, Hellmann I. A systematic evaluation
of single cell RNA-seq analysis pipelines. Nat Commun. 2019;10:4667. https.//
doi.org/10.1038/541467-019-12266-7.

Ziegenhain C, Vieth B, Parekh S, Reinius B, Guillaumet-Adkins A, Smets M, et
al. Comparative analysis of single-cell RNA sequencing methods. Mol Cell.
2017;65:631-e6434. https//doi.org/10.1016/j.molcel.2017.01.023.

Wang X, He Y, Zhang Q, Ren X, Zhang Z. Direct comparative analyses of

10x Genomics chromium and smart-seq2. Genomics Proteom Bioinf.
2021;19:253-66. https://doi.org/10.1016/}.gpb.2020.02.005.

Gross A, Schoendube J, Zimmermann S, Steeb M, Zengerle R, Koltay P. Tech-
nologies for single-cell isolation. Int J Mol Sci. 2015;16:16897-919. https://doi.
0rg/10.3390/ijms160816897.

Cheng J, Liao J, Shao X, Lu X, Fan X. Multiplexing methods for simultaneous
large-scale transcriptomic profiling of samples at single-cell resolution. Adv
Sci (Weinh). 2021;8:22101229. https://doi.org/10.1002/advs.202101229.
Burgess DJ, Technology. Bead capture for single-cell transcriptomics. Nat Rev
Genet. 2015;16:195. https://doi.org/10.1038/nrg3919.

Fan HC, Fu GK, Fodor SPA. Expression profiling. Combinatorial labeling of
single cells for gene expression cytometry. Science. 2015;347:1258367. https./
/doi.org/10.1126/science.1258367.

10x Genomics sequences in situ. Nat Biotechnol. 2020;38:1222. https://doi.or
9/10.1038/541587-020-0734-6.

Gudapati H, Dey M, Ozbolat I. A comprehensive review on droplet-based
bioprinting: past, present and future. Biomaterials. 2016;102:20-42. https://do
i.0rg/10.1016/j.biomaterials.2016.06.012.

Zheng GXY, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, et al. Mas-
sively parallel digital transcriptional profiling of single cells. Nat Commun.
2017;8:14049. https://doi.org/10.1038/ncomms14049.

Jan A, Hayat M, Wedyan M, Alturki R, Gazzawe F, Ali H, et al. Target-AMP:
computational prediction of antimicrobial peptides by coupling sequential
information with evolutionary profile. Comput Biol Med. 2022;151:106311.
https://doi.org/10.1016/j.compbiomed.2022.106311.

Ramskoéld D, Luo S, Wang YC, Li R, Deng Q, Faridani OR, et al. Full-length
mMRNA-Seq from single-cell levels of RNA and individual circulating tumor
cells. Nat Biotechnol. 2012;30:777-82. https://doi.org/10.1038/nbt.2282.
Luecken MD, Theis FJ. Current best practices in single-cell RNA-seq analysis: a
tutorial. Mol Syst Biol. 2019;15:e8746. https://doi.org/10.15252/msb.20188746

Freytag S, Tian L, Lonnstedt I, Ng M, Bahlo M. Comparison of clustering tools
in R for medium-sized 10x Genomics single-cell RNA-sequencing data.
F1000Res. 2018;7:1297. https://doi.org/10.12688/f1000research.15809.2.
Slovin S, Carissimo A, Panariello F, Grimaldi A, Bouché V, Gambardella G, et al.
Single-cell RNA sequencing analysis: a step-by-step overview. Methods Mol
Biol. 2021;2284:343-65. https://doi.org/10.1007/978-1-0716-1307-8_19.
Dharmat R, Kim S, Li Y, Chen R. Single-cell capture, RNA-seq, and transcrip-
tome analysis from the neural retina. Methods Mol Biol. 2020,2092:159-86.
https://doi.org/10.1007/978-1-0716-0175-4_12.

Brodie SA, Malasky M, Boland JF, Kelly MC, Kelley MW, et al. An optimized pro-
tocol for retina single-cell RNA sequencing. Fadl B R Mol Vis. 2020,26:705-17.
Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al. Highly
parallel genome-wide expression profiling of individual cells using nanoliter
droplets. Cell. 2015;161:1202-14. https://doi.org/10.1016/j.cell.2015.05.002.
Lukowski SW, Lo CY, Sharov AA, Nguyen Q, Fang L, Hung SS, et al. A single-cell
transcriptome atlas of the adult human retina. EMBO J. 2019;38:2100811.
https://doi.org/10.15252/embj.2018100811.

34.

35.

36.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 11 of 13

Chen K, Wang Y, Huang Y, Liu X, Tian X, Yang Y, et al. Cross-species sScCRNA-seq
reveals the cellular landscape of retina and early alterations in type 2 diabetes
mice. Genomics. 2023;115:110644. https://doi.org/10.1016/j.ygen0.2023.1106
44,

Voigt AP, Whitmore SS, Flamme-Wiese MJ, Riker MJ, Wiley LA, Tucker BA, et

al. Molecular characterization of foveal versus peripheral human retina by
single-cell RNA sequencing. Exp Eye Res. 2019;184:234-42. https://doi.org/10.
1016/j.exer.2019.05.001.

Peng YR, Shekhar K, Yan W, Herrmann D, Sappington A, Bryman GS, et al.
Molecular classification and comparative taxonomics of foveal and peripheral
cells in primate retina. Cell. 2019;176:1222-e123722. https://doi.org/10.1016/j
.ell.2019.01.004.

Yan W, Peng YR, van Zyl T, Regev A, Shekhar K, Juric D, et al. Cell atlas of the
human fovea and peripheral retina. Sci Rep. 2020;10:9802. https://doi.org/10.
1038/541598-020-66092-9.

Hu'Y, Wang X, Hu B, Mao Y, Chen Y, Yan L, et al. Dissecting the transcriptome
landscape of the human fetal neural retina and retinal pigment epithelium
by single-cell RNA-seq analysis. PLOS Biol. 2019;17:e3000365. https://doi.org/
10.1371/journal.pbio.3000365.

Clark BS, Stein-O'Brien GL, Shiau F, Cannon GH, Davis-Marcisak E, Sherman

T, et al. Single-cell RNA-seq analysis of retinal development identifies NFI
factors as regulating mitotic exit and late-born cell specification. Neuron.
2019;102:1111-e11265. https://doi.org/10.1016/j.neuron.2019.04.010.

LuY, Shiau F, YiW, Lu S, Wu Q, Pearson JD, et al. Single-cell analysis of human
retina identifies evolutionarily conserved and species-specific mechanisms
controlling development. Dev Cell. 2020;53:473-e4919. https://doi.org/10.10
16/j.devcel.2020.04.009.

Huang L, LiR, Ye L, Zhang S, Tian H, Du M, et al. Deep SC-RNA sequencing
decoding the molecular dynamic architecture of the human retina. Sci China
Life Sci. 2023;66:496-515. https://doi.org/10.1007/511427-021-2163-1.

YiW, LuY, Zhong S, Zhang M, Sun L, Dong H, et al. A single-cell transcriptome
atlas of the aging human and macaque retina. Natl Sci Rev. 2021;8:nwaa179.
https://doi.org/10.1093/nsr/nwaal79.

Euler T, Haverkamp S, Schubert T, Baden T. Retinal bipolar cells: Elementary
building blocks of vision. Nat Rev Neurosci. 2014;15:507-19. https://doi.org/1
0.1038/nrn3783.

Rheaume BA, Jereen A, Bolisetty M, Sajid MS, Yang Y, Renna K, et al. Single cell
transcriptome profiling of retinal ganglion cells identifies cellular subtypes.
Nat Commun. 2018,9:2759. https://doi.org/10.1038/541467-018-05134-3.
Tran NM, Shekhar K, Whitney IE, Jacobi A, Benhar I, Hong G, et al. Single-cell
profiles of retinal ganglion cells differing in resilience to injury reveal neuro-
protective genes. Neuron. 2019;104:1039-e105512. https://doi.org/10.1016/j.
neuron.2019.11.006.

Daniszewski M, Senabouth A, Nguyen QH, Crombie DE, Lukowski SW,
KulkarniT, et al. Single cell RNA sequencing of stem cell-derived retinal gan-
glion cells. Sci Data. 2018;5:180013. https://doi.org/10.1038/sdata.2018.13.
Shekhar K, Lapan SW, Whitney IE, Tran NM, Macosko EZ, Kowalczyk M, et

al. Comprehensive classification of retinal bipolar neurons by single-cell
transcriptomics. Cell. 2016;166:1308-e132330. https://doi.org/10.1016/j.cell.2
016.07.054.

Yan W, Laboulaye MA, Tran NM, Whitney IE, Benhar |, Sanes JR. Mouse retinal
cell atlas: molecular identification of over sixty amacrine cell types. J Neurosci.
2020;40:5177-95. https://doi.org/10.1523/JNEUROSCI.0471-20.2020.
Silverman SM, Wong WT. Microglia in the retina: roles in development, matu-
rity, and disease. Annu Rev Vis Sci. 2018;4:45-77. https://doi.org/10.1146/ann
urev-vision-091517-034425.

O'Koren EG, Yu C, Klingeborn M, Wong AYW, Prigge CL, Mathew R, et al.
Microglial function is distinct in different anatomical locations during retinal
homeostasis and degeneration. Immunity. 2019;50:723-e7377. https://doi.or
9/10.1016/j.immuni.2019.02.007.

Coughlin BA, Feenstra DJ, Mohr S. Muller cells and diabetic retinopathy. Vis
Res. 2017;139:93-100. https://doi.org/10.1016/j.visres.2017.03.013.

Liu B, He J, Zhong L, Huang L, Gong B, Hu J, et al. Single-cell transcriptome
reveals diversity of Muller cells with different metabolic-mitochondrial signa-
tures in normal and degenerated macula. Front Neurosci. 2022;16:1079498.
https://doi.org/10.3389/fnins.2022.1079498.

Yang S, Zhou J, Li D. Functions and diseases of the retinal pigment epithe-
lium. Front Pharmacol. 2021;12:727870. https://doi.org/10.3389/fphar.2021.72
7870.

Xu Z, Liao X, Li N, Zhou H, Li H, Zhang Q et al. A single-cell transcrip-

tome atlas of the human retinal pigment epithelium. Front Cell Dev Biol.
2021,9:802457. https://doi.org/10.3389/fcell.2021.802457.


https://doi.org/10.1038/s12276-020-0420-2
https://doi.org/10.1038/s12276-020-0420-2
https://doi.org/10.1016/j.preteyeres.2015.08.001
https://doi.org/10.1038/s41581-018-0021-7
https://doi.org/10.1038/s41581-018-0021-7
https://doi.org/10.3389/fgene.2019.00317
https://doi.org/10.3389/fgene.2019.00317
https://doi.org/10.1038/s41587-020-0465-8
https://doi.org/10.1038/s41587-020-0465-8
https://doi.org/10.1038/s41467-019-12266-7
https://doi.org/10.1038/s41467-019-12266-7
https://doi.org/10.1016/j.molcel.2017.01.023
https://doi.org/10.1016/j.gpb.2020.02.005
https://doi.org/10.3390/ijms160816897
https://doi.org/10.3390/ijms160816897
https://doi.org/10.1002/advs.202101229
https://doi.org/10.1038/nrg3919
https://doi.org/10.1126/science.1258367
https://doi.org/10.1126/science.1258367
https://doi.org/10.1038/s41587-020-0734-6
https://doi.org/10.1038/s41587-020-0734-6
https://doi.org/10.1016/j.biomaterials.2016.06.012
https://doi.org/10.1016/j.biomaterials.2016.06.012
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1016/j.compbiomed.2022.106311
https://doi.org/10.1038/nbt.2282
https://doi.org/10.15252/msb.20188746
https://doi.org/10.12688/f1000research.15809.2
https://doi.org/10.1007/978-1-0716-1307-8_19
https://doi.org/10.1007/978-1-0716-0175-4_12
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.15252/embj.2018100811
https://doi.org/10.1016/j.ygeno.2023.110644
https://doi.org/10.1016/j.ygeno.2023.110644
https://doi.org/10.1016/j.exer.2019.05.001
https://doi.org/10.1016/j.exer.2019.05.001
https://doi.org/10.1016/j.cell.2019.01.004
https://doi.org/10.1016/j.cell.2019.01.004
https://doi.org/10.1038/s41598-020-66092-9
https://doi.org/10.1038/s41598-020-66092-9
https://doi.org/10.1371/journal.pbio.3000365
https://doi.org/10.1371/journal.pbio.3000365
https://doi.org/10.1016/j.neuron.2019.04.010
https://doi.org/10.1016/j.devcel.2020.04.009
https://doi.org/10.1016/j.devcel.2020.04.009
https://doi.org/10.1007/s11427-021-2163-1
https://doi.org/10.1093/nsr/nwaa179
https://doi.org/10.1038/nrn3783
https://doi.org/10.1038/nrn3783
https://doi.org/10.1038/s41467-018-05134-3
https://doi.org/10.1016/j.neuron.2019.11.006
https://doi.org/10.1016/j.neuron.2019.11.006
https://doi.org/10.1038/sdata.2018.13
https://doi.org/10.1016/j.cell.2016.07.054
https://doi.org/10.1016/j.cell.2016.07.054
https://doi.org/10.1523/JNEUROSCI.0471-20.2020
https://doi.org/10.1146/annurev-vision-091517-034425
https://doi.org/10.1146/annurev-vision-091517-034425
https://doi.org/10.1016/j.immuni.2019.02.007
https://doi.org/10.1016/j.immuni.2019.02.007
https://doi.org/10.1016/j.visres.2017.03.013
https://doi.org/10.3389/fnins.2022.1079498
https://doi.org/10.3389/fphar.2021.727870
https://doi.org/10.3389/fphar.2021.727870
https://doi.org/10.3389/fcell.2021.802457

Yang et al. Journal of Translational Medicine

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

(2025) 23:49

Voigt AP, Mulfaul K, Mullin NK, Flamme-Wiese MJ, Giacalone JC, Stone EM,

et al. Single-cell transcriptomics of the human retinal pigment epithelium
and choroid in health and macular degeneration. Proc Natl Acad Sci U S A.
2019;116:24100-7. https://doi.org/10.1073/pnas.1914143116.

Yang S, Zhang J, Chen L. The cells involved in the pathological process of
diabetic retinopathy. Biomed Pharmacother. 2020;132:110818. https://doi.org
/10.1016/j.biopha.2020.110818.

Rakoczy EP, Ali Rahman ISA, Binz N, Li C-R, Vagaja NN, de Pinho M, et al. Char-
acterization of a mouse model of hyperglycemia and retinal neovasculariza-
tion. Am J Pathol. 2010;177:2659-70. https://doi.org/10.2353/ajpath.2010.090
883.

Van Hove |, De Groef L, Boeckx B, Modave E, Hu T-T, Beets K, et al. Single-cell
transcriptome analysis of the Akimba mouse retina reveals cell-type-specific
insights into the pathobiology of diabetic retinopathy. Diabetologia.
2020;63:2235-48. https://doi.org/10.1007/500125-020-05218-0.

NiuT, Fang J, Shi X, Zhao M, Xing X, Wang Y, et al. Pathogenesis study based
on high-throughput single-cell sequencing analysis reveals novel transcrip-
tional landscape and heterogeneity of retinal cells in type 2 diabetic mice.
Diabetes. 2021;70:1185-97. https://doi.org/10.2337/db20-0839.

SunL,Wang R, Hu G, Liu H, Lv K, DuanY, et al. Single cell RNA sequencing
(scRNA-Seq) deciphering pathological alterations in streptozotocin-induced
diabetic retinas. Exp Eye Res. 2021;210:108718. https://doi.org/10.1016/j.exer.
2021.108718.

Wang Y, Yang X, Li Q, Zhang Y, Chen L, Hong L, et al. Single-cell RNA sequenc-
ing reveals the Muller subtypes and inner blood-retinal barrier regulatory
network in early diabetic retinopathy. Front Mol Neurosci. 2022;15:1048634.
https://doi.org/10.3389/fnmol.2022.1048634.

Xiao Y, Hu X, Fan S, Zhong J, Mo X, Liu X, et al. Single-cell transcriptome
profiling reveals the suppressive role of retinal neurons in microglia activation
under diabetes mellitus. Front Cell Dev Biol. 2021;9:680947. https://doi.org/10
.3389/fcell.2021.680947.

Tamaki K, Usui-Ouchi A, Murakami A, Ebihara N. Fibrocytes and fibrovascular
membrane formation in proliferative diabetic retinopathy. Invest Ophthalmol
Vis Sci. 2016,57:4999-5005. https://doi.org/10.1167/iovs.16-19798.

Hu Z, Mao X, Chen M, Wu X, ZhuT, Liu Y, et al. Single-cell transcriptomics
reveals novel role of microglia in fibrovascular membrane of proliferative
diabetic retinopathy. Diabetes. 2022,71:762-73. https://doi.org/10.2337/db2
1-0551.

Corano Scheri K, Lavine JA, Tedeschi T, Thomson BR, Fawzi AA. Single-cell
transcriptomics analysis of proliferative diabetic retinopathy fibrovascular
membranes reveals AEBP1 as fibrogenesis modulator. JCI Insight. 2023;8.
https://doi.org/10.1172/jciinsight.172062.

van Splunder H, Villacampa P, Martinez-Romero A, Graupera M. Pericytes in
the disease spotlight. Trends Cell Biol. 2024;34:58-71. https://doi.org/10.1016/
j1cb.2023.06.001.

Xia M, Jiao L, Wang XH, Tong M, Yao MD, Li XM, et al. Single-cell RNA sequenc-
ing reveals a unique pericyte type associated with capillary dysfunction.
Theranostics. 2023;13:2515-30. https://doi.org/10.7150/thno.83532.

Xu, Xiang Z, Lang EW, Huang Y, Qin S. Single-cell transcriptomes reveal a
molecular link between diabetic kidney and retinal lesions. Commun Biol.
2023,6:912. https://doi.org/10.1038/542003-023-05300-4.

Xu H, Chen M. Diabetic retinopathy and dysregulated innate immunity. Vis
Res. 2017,139:39-46. https://doi.org/10.1016/j.visres.2017.04.013.

Liao D, Fan W, Li N, Li R, Wang X, Liu J, et al. A single cell atlas of circulating
immune cells involved in diabetic retinopathy. iScience. 2024;27:109003.
https://doi.org/10.1016/}.isci.2024.109003.

Becker K, Klein H, Simon E, Viollet C, Haslinger C, Leparc G, et al. In-depth
transcriptomic analysis of human retina reveals molecular mechanisms
underlying diabetic retinopathy. Sci Rep. 2021;11:10494. https://doi.org/10.10
38/541598-021-88698-3.

Zhang R, Huang C, Chen Y, Li T, Pang L. Single-cell transcriptomic analysis
revealing changes in retinal cell subpopulation levels and the pathways
involved in diabetic retinopathy. Ann Transl Med. 2022;10:562. https://doi.org
/10.21037/atm-22-1546.

Gao N, Hao S, Huang G, Hao W, Su L. The integrated transcriptome bioinfor-
matics analysis identifies key genes and cellular components for proliferative
diabetic retinopathy. PLoS ONE. 2022;17:€0277952. https://doi.org/10.1371/jo
urnal.pone.0277952.

Chen J, Rénia L, Ginhoux F. Constructing cell lineages from single-cell tran-
scriptomes. Mol Aspects Med. 2018;59:95-113. https://doi.org/10.1016/j.mam
.2017.10.004.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Page 12 of 13

Regev A, Teichmann SA, Lander ES, Amit |, Benoist C, Birney E, et al. Hum cell
Atlas eLife. 2017;6. https://doi.org/10.7554/eLife.27041.

Han X, Zhou Z, Fei L, Sun H,Wang R, ChenYY, et al. Construction of a human
cell landscape at single-cell level. Nature. 2020;581:303-9. https://doi.org/10.
1038/541586-020-2157-4.

Rood JE, Maartens A, Hupalowska A, Teichmann SA, Regev A. Impact of the
human cell Atlas on medicine. Nat Med. 2022;28:2486-96. https://doi.org/10.
1038/541591-022-02104-7.

Swamy VS, Fufa TD, Hufnagel RB, McGaughey DM. Building the mega single-
cell transcriptome ocular meta-atlas. GigaScience. 2021;10. https://doi.org/10.
1093/gigascience/giab061.

Gautam P, Hamashima K, Chen'Y, Zeng Y, Makovoz B, Parikh BH, et al. Multi-
species single-cell transcriptomic analysis of ocular compartment regulons.
Nat Commun. 2021;12:5675. https://doi.org/10.1038/s41467-021-25968-8.
Yamagata M, Yan W, Sanes JR. A cell atlas of the chick retina based on single-
cell transcriptomics. eLife. 2021;10. https://doi.org/10.7554/eLife.63907.
Dorgau B, Collin J, Rozanska A, Boczonadi V, Moya-Molina M, Unsworth A, et
al. Deciphering the spatiotemporal transcriptional and chromatin accessibil-
ity of human retinal organoid development at the single-cell level. iScience.
2024;27:109397. https://doi.org/10.1016/j.isci.2024.109397.

Liang Q, Cheng X, Wang J, Owen L, Shakoor A, Lillvis JL, et al. A multi-

omics atlas of the human retina at single-cell resolution. Cell Genomics.
2023;3:100298. https://doi.org/10.1016/j.xgen.2023.100298.

Arthur P, Muok L, Nathani A, Zeng EZ, Sun L, Li Y, et al. Bioengineering human
pluripotent stem cell-derived retinal organoids and optic vesicle-containing
brain organoids for ocular diseases. Cells. 2022;11. https://doi.org/10.3390/cel
Is11213429.

Kruczek K, Swaroop A. Pluripotent stem cell-derived retinal organoids for dis-
ease modeling and development of therapies. Stem Cells. 2020;38:1206-15.
https://doi.org/10.1002/stem.3239.

Brancati G, Treutlein B, Camp JG. Resolving neurodevelopmental and vision
disorders using organoid single-cell multi-omics. Neuron. 2020;107:1000-13.
https://doi.org/10.1016/j.neuron.2020.09.001.

Zerti D, Collin J, Queen R, Cockell SJ, Lako M. Understanding the complexity
of retina and pluripotent stem cell derived retinal organoids with single cell
RNA sequencing: current progress, remaining challenges and future prospec-
tive. Curr Eye Res. 2020;45:385-96. https://doi.org/10.1080/02713683.2019.16
97453.

Singh RK, Winkler PA, Binette F, Petersen-Jones SM, Nasonkin 10. Comparison
of developmental dynamics in human fetal retina and human pluripotent
stem cell-derived retinal tissue. Stem Cells Dev. 2021;30:399-417. https://doi.
0rg/10.1089/5¢d.2020.0085.

Zhang Z, Xu Z,Yuan F, Jin K, Xiang M. Retinal organoid technology: where are
we now? Int J Mol Sci. 2021;22. https://doi.org/10.3390/ijms221910244.
Sridhar A, Hoshino A, Finkbeiner CR, Chitsazan A, Dai L, Haugan AK, et al.
Single-cell transcriptomic comparison of human fetal retina, hPSC-derived
retinal organoids, and long-term retinal cultures. Cell Rep. 2020;30:1644—
€16594. https://doi.org/10.1016/j.celrep.2020.01.007.

Collin J,Queen R, Zerti D, Dorgau B, Hussain R, Coxhead J, et al. Deconstruct-
ing retinal organoids: single cell RNA-seq reveals the cellular components

of human pluripotent stem cell-derived retina. Stem Cells. 2019;37:593-8.
https://doi.org/10.1002/stem.2963.

Wahle P, Brancati G, Harmel C, He Z, Gut G, Del Castillo JS, et al. Multimodal
spatiotemporal phenotyping of human retinal organoid development. Nat
Biotechnol. 2023;41:1765-75. https://doi.org/10.1038/541587-023-01747-2.
Mao X, An Q, Xi H, Yang XJ, Zhang X, Yuan S, et al. Single-cell RNA sequenc-
ing of hESC-derived 3D retinal organoids reveals novel genes regulating RPC
commitment in early human retinogenesis. Stem Cell Rep. 2019;13:747-60.
https://doi.org/10.1016/j.stemcr.2019.08.012.

Cowan CS, Renner M, De Gennaro M, Gross-Scherf B, Goldblum D, Hou Y, et
al. Cell types of the human retina and its organoids at single-cell resolution.
Cell. 2020;182:1623-e164034. https://doi.org/10.1016/j.cell.2020.08.013.
Cisar C, Keener N, Ruffalo M, Paten B. A unified pipeline for FISH spatial tran-
scriptomics. Cell Genomics. 2023;3:100384. https://doi.org/10.1016/j.xgen.20
23.100384.

Kleino I, Frolovaité P, Suomi T, Elo LL. Computational solutions for spatial
transcriptomics. Comput Struct Biotechnol J. 2022,20:4870-84. https://doi.or
9/10.1016/j.csbj.2022.08.043.

Robles-Remacho A, Sanchez-Martin RM, Diaz-Mochon JJ. Spatial transcrip-
tomics: emerging technologies in tissue gene expression profiling. Anal
Chem. 2023;95:15450-60. https://doi.org/10.1021/acs.analchem.3c02029.


https://doi.org/10.1073/pnas.1914143116
https://doi.org/10.1016/j.biopha.2020.110818
https://doi.org/10.1016/j.biopha.2020.110818
https://doi.org/10.2353/ajpath.2010.090883
https://doi.org/10.2353/ajpath.2010.090883
https://doi.org/10.1007/s00125-020-05218-0
https://doi.org/10.2337/db20-0839
https://doi.org/10.1016/j.exer.2021.108718
https://doi.org/10.1016/j.exer.2021.108718
https://doi.org/10.3389/fnmol.2022.1048634
https://doi.org/10.3389/fcell.2021.680947
https://doi.org/10.3389/fcell.2021.680947
https://doi.org/10.1167/iovs.16-19798
https://doi.org/10.2337/db21-0551
https://doi.org/10.2337/db21-0551
https://doi.org/10.1172/jci.insight.172062
https://doi.org/10.1016/j.tcb.2023.06.001
https://doi.org/10.1016/j.tcb.2023.06.001
https://doi.org/10.7150/thno.83532
https://doi.org/10.1038/s42003-023-05300-4
https://doi.org/10.1016/j.visres.2017.04.013
https://doi.org/10.1016/j.isci.2024.109003
https://doi.org/10.1038/s41598-021-88698-3
https://doi.org/10.1038/s41598-021-88698-3
https://doi.org/10.21037/atm-22-1546
https://doi.org/10.21037/atm-22-1546
https://doi.org/10.1371/journal.pone.0277952
https://doi.org/10.1371/journal.pone.0277952
https://doi.org/10.1016/j.mam.2017.10.004
https://doi.org/10.1016/j.mam.2017.10.004
https://doi.org/10.7554/eLife.27041
https://doi.org/10.1038/s41586-020-2157-4
https://doi.org/10.1038/s41586-020-2157-4
https://doi.org/10.1038/s41591-022-02104-7
https://doi.org/10.1038/s41591-022-02104-7
https://doi.org/10.1093/gigascience/giab061
https://doi.org/10.1093/gigascience/giab061
https://doi.org/10.1038/s41467-021-25968-8
https://doi.org/10.7554/eLife.63907
https://doi.org/10.1016/j.isci.2024.109397
https://doi.org/10.1016/j.xgen.2023.100298
https://doi.org/10.3390/cells11213429
https://doi.org/10.3390/cells11213429
https://doi.org/10.1002/stem.3239
https://doi.org/10.1016/j.neuron.2020.09.001
https://doi.org/10.1080/02713683.2019.1697453
https://doi.org/10.1080/02713683.2019.1697453
https://doi.org/10.1089/scd.2020.0085
https://doi.org/10.1089/scd.2020.0085
https://doi.org/10.3390/ijms221910244
https://doi.org/10.1016/j.celrep.2020.01.007
https://doi.org/10.1002/stem.2963
https://doi.org/10.1038/s41587-023-01747-2
https://doi.org/10.1016/j.stemcr.2019.08.012
https://doi.org/10.1016/j.cell.2020.08.013
https://doi.org/10.1016/j.xgen.2023.100384
https://doi.org/10.1016/j.xgen.2023.100384
https://doi.org/10.1016/j.csbj.2022.08.043
https://doi.org/10.1016/j.csbj.2022.08.043
https://doi.org/10.1021/acs.analchem.3c02029

Yang et al. Journal of Translational Medicine (2025) 23:49

97. XiaC, Fan J,Emanuel G, Hao J, Zhuang X. Spatial transcriptome profiling by
MERFISH reveals subcellular RNA compartmentalization and cell cycle-
dependent gene expression. Proc Natl Acad Sci U S A. 2019;116:19490-9.
https://doi.org/10.1073/pnas.1912459116.

98. Cheng M, Jiang Y, Xu J, Mentis AA, Wang S, Zheng H, et al. Spatially resolved
transcriptomics: a comprehensive review of their technological advances,
applications, and challenges. J Genet Genomics = Yi Chuan Xue bao.
2023;50:625-40. https://doi.org/10.1016/jjgg.2023.03.011.

99. Zhang J,Yin J, HengY, Xie K, Chen A, Amit |, et al. Spatiotemporal Omics-
Refining the landscape of precision medicine. Life Med. 2022;1:84-102.
https://doi.org/10.1093/lifemedi/Inac053.

100. Hou W, Ji Z, Chen Z, Wherry EJ, Hicks SC, Ji H. A statistical framework for dif-
ferential pseudotime analysis with multiple single-cell RNA-seq samples. Nat
Commun. 2023;14:7286. https://doi.org/10.1038/541467-023-42841-y.

101. Saelens W, Cannoodt R, Todorov H, Saeys Y. A comparison of single-cell trajec-
tory inference methods. Nat Biotechnol. 2019;37:547-54. https://doi.org/10.1
038/541587-019-0071-9.

102. Baysoy A, Bai Z, Satija R, Fan R. The technological landscape and applications
of single-cell multi-omics. Nat Rev Mol Cell Biol. 2023;24:695-713. https://doi.
0rg/10.1038/541580-023-00615-w.

103. Huang L, Ma F, Chapman A, Lu S, Xie XS. Single-cell whole-genome amplifica-
tion and sequencing: methodology and applications. Annu Rev Genomics
Hum Genet. 2015;16:79-102. https://doi.org/10.1146/annurev-genom-09041
3-025352.

104. Yilmaz S, Singh AK. Single cell genome sequencing. Curr Opin Biotechnol.
2012;23:437-43. https://doi.org/10.1016/j.copbio.2011.11.018.

105. Zachariadis V, Cheng H, Andrews N, Enge M. A highly scalable method for
joint whole-genome sequencing and gene-expression profiling of single
cells. Mol Cell. 2020;80:541-e5535. https://doi.org/10.1016/j.molcel.2020.09.0
25.

106. Arias-Hidalgo C, Juanes-Velasco P, Landeira-Vifiuela A, Garcia-Vaquero ML,
Montalvillo E, Géngora R, et al. Single-cell proteomics: the critical role of nan-
otechnology. Int J Mol Sci. 2022;23. https://doi.org/10.3390/ijms23126707.

107. Xu F,Wang S, Dai X, Mundra PA, Zheng J. Ensemble learning models that
predict surface protein abundance from single-cell multimodal omics data.
Methods. 2021;189:65-73. https://doi.org/10.1016/j.ymeth.2020.10.001.

108. Armand EJ, Li J, Xie F, Luo C, Mukamel EA. Single-cell sequencing of brain cell
transcriptomes and epigenomes. Neuron. 2021;109:11-26. https://doi.org/10.
1016/j.neuron.2020.12.010.

109. Casado-Pelaez M, Bueno-Costa A, Esteller M. Single cell cancer epigenetics.
Trends Cancer. 2022;8:820-38. https://doi.org/10.1016/j.trecan.2022.06.005.

110. HuY, Shen F,Yang X, Han T, Long Z, Wen J, et al. Single-cell sequencing
technology applied to epigenetics for the study of tumor heterogeneity. Clin
Epigenetics. 2023;15:161. https://doi.org/10.1186/513148-023-01574-x.

111. Granja JM, Klemm S, McGinnis LM, Kathiria AS, Mezger A, Corces MR, et al.
Single-cell multiomic analysis identifies regulatory programs in mixed-phe-
notype acute leukemia. Nat Biotechnol. 2019;37:1458-65. https://doi.org/10.1
038/541587-019-0332-7.

112. Wang X, Wu X, Hong N, Jin W. Progress in single-cell multimodal sequencing
and multi-omics data integration. Biophys Rev. 2024;16:13-28. https://doi.org
/10.1007/512551-023-01092-3.

114.

115.

116.

119.

122.

124.

125.

Page 13 of 13

. Dismuke WM, Challa P, Navarro |, Stamer WD, Liu Y. Human aqueous humor

exosomes. Exp Eye Res. 2015;132:73-7. https://doi.org/10.1016/j.exer.2015.01.
019.

Hsiao Y-P, Chen C, Lee C-M, Chen P-Y, Chung W-H, Wang Y-P, et al. Differences
in the quantity and composition of extracellular vesicles in the aqueous
humor of patients with retinal neovascular diseases. Diagnostics (Basel).
2021;11. https://doi.org/10.3390/diagnostics11071276.

CaiH, Pang Y, Wang Q, Qin W, Wei C, Li Y, et al. Proteomic profiling of circulat-
ing plasma exosomes reveals novel biomarkers of Alzheimer’s disease.
Alzheimers Res Ther. 2022;14:181. https://doi.org/10.1186/513195-022-0113
3-1.

Chen T, Wang F, Wei J, Feng L. Extracellular vesicles derived from differ-

ent sources play various roles in diabetic retinopathy. Front Endocrinol.
2022;13:1064415. https://doi.org/10.3389/fendo.2022.1064415.

. Skog J, Wirdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M, et al.

Glioblastoma microvesicles transport RNA and proteins that promote tumour
growth and provide diagnostic biomarkers. Nat Cell Biol. 2008;10:1470-6.
https://doi.org/10.1038/ncb1800.

. Zhang F, Jiang J, Qian H, Yan Y, Xu W. Exosomal circRNA: emerging insights

into cancer progression and clinical application potential. J Hematol Oncol.
2023;16:67. https://doi.org/10.1186/513045-023-01452-2.

Nikanjam M, Kato S, Kurzrock R. Liquid biopsy: current technology and clini-
cal applications. J Hematol Oncol. 2022;15:131. https://doi.org/10.1186/51304
5-022-01357-y.

. Poulet G, Massias J, Taly V. Liquid biopsy: General concepts. Acta Cytol.

2019,63:449-55. https://doi.org/10.1159/000499337.

. ShiY, Qiu B, Huang L, LiY, Ze Y, Yao Y. Exosomes in liquid biopsy: a nanotool

for postradiotherapy cancer monitoring. Front Biosci (Landmark Ed).
2022;27:205. https:.//doi.org/10.31083/j.fbl2707205.

Yu D, LiY, Wang M, Gu J, Xu W, Cai H, et al. Exosomes as a new frontier of
cancer liquid biopsy. Mol Cancer. 2022;21:56. https://doi.org/10.1186/51294
3-022-01509-9.

. Zhou B, Xu K, Zheng X, ChenT,Wang J, Song ¥, et al. Application of exosomes

as liquid biopsy in clinical diagnosis. Signal Transduct Target Ther. 2020;5:144.
https://doi.org/10.1038/541392-020-00258-9.

Smith ZJ, Lee C, Rojalin T, Carney RP, Hazari S, Knudson A, et al. Single exo-
some study reveals subpopulations distributed among cell lines with vari-
ability related to membrane content. J Extracell Vesicles. 2015;4:28533. https:/
/doi.org/10.3402/jev.v4.28533.

Huang G, Lin G, Zhu Y, Duan W, Jin D. Emerging technologies for profiling
extracellular vesicle heterogeneity. Lab Chip. 2020;20:2423-37. https://doi.org
/10.1039/d0Ic00431f.

. Wang S, Khan A, Huang R, Ye S, Di K, Xiong T, et al. Recent advances

in single extracellular vesicle detection methods. Biosens Bioelectron.
2020;154:112056. https://doi.org/10.1016/j.bi05.2020.112056.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1073/pnas.1912459116
https://doi.org/10.1016/j.jgg.2023.03.011
https://doi.org/10.1093/lifemedi/lnac053
https://doi.org/10.1038/s41467-023-42841-y
https://doi.org/10.1038/s41587-019-0071-9
https://doi.org/10.1038/s41587-019-0071-9
https://doi.org/10.1038/s41580-023-00615-w
https://doi.org/10.1038/s41580-023-00615-w
https://doi.org/10.1146/annurev-genom-090413-025352
https://doi.org/10.1146/annurev-genom-090413-025352
https://doi.org/10.1016/j.copbio.2011.11.018
https://doi.org/10.1016/j.molcel.2020.09.025
https://doi.org/10.1016/j.molcel.2020.09.025
https://doi.org/10.3390/ijms23126707
https://doi.org/10.1016/j.ymeth.2020.10.001
https://doi.org/10.1016/j.neuron.2020.12.010
https://doi.org/10.1016/j.neuron.2020.12.010
https://doi.org/10.1016/j.trecan.2022.06.005
https://doi.org/10.1186/s13148-023-01574-x
https://doi.org/10.1038/s41587-019-0332-7
https://doi.org/10.1038/s41587-019-0332-7
https://doi.org/10.1007/s12551-023-01092-3
https://doi.org/10.1007/s12551-023-01092-3
https://doi.org/10.1016/j.exer.2015.01.019
https://doi.org/10.1016/j.exer.2015.01.019
https://doi.org/10.3390/diagnostics11071276
https://doi.org/10.1186/s13195-022-01133-1
https://doi.org/10.1186/s13195-022-01133-1
https://doi.org/10.3389/fendo.2022.1064415
https://doi.org/10.1038/ncb1800
https://doi.org/10.1186/s13045-023-01452-2
https://doi.org/10.1186/s13045-022-01351-y
https://doi.org/10.1186/s13045-022-01351-y
https://doi.org/10.1159/000499337
https://doi.org/10.31083/j.fbl2707205
https://doi.org/10.1186/s12943-022-01509-9
https://doi.org/10.1186/s12943-022-01509-9
https://doi.org/10.1038/s41392-020-00258-9
https://doi.org/10.3402/jev.v4.28533
https://doi.org/10.3402/jev.v4.28533
https://doi.org/10.1039/d0lc00431f
https://doi.org/10.1039/d0lc00431f
https://doi.org/10.1016/j.bios.2020.112056

	﻿Single-cell sequencing in diabetic retinopathy: progress and prospects
	﻿Abstract
	﻿Introduction
	﻿Single-cell sequencing protocols in retinal research
	﻿General protocols of single-cell sequencing
	﻿Specialized protocols of single-cell sequencing in retinal research


	﻿Applications of scRNA-seq in normal retinal tissue
	﻿Retinal cell atlas
	﻿Specific retinal cells

	﻿Applications of scRNA-seq in DR
	﻿Pathogenesis of DR
	﻿Pathological changes of DR

	﻿Further application of single-cell sequencing in DR and retina research
	﻿Human cell atlas and meta-atlas of the retina
	﻿Retinal organoids
	﻿Single-cell spatiotemporal multi-omics sequencing
	﻿Single extracellular vesicle sequencing

	﻿Conclusion
	﻿References


