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0rg/10.32948/ajo.2024.08.25 (scRNA-seq) technology have provided new perspectives and approaches for cancer
research, particularly showing great potential in understanding the heterogeneity of HCC.
scRNA-seq technology, through detailed gene expression analysis at the single-cell level,
reveals the cellular heterogeneity of hepatocellular carcinoma, identify key drivers of tumor
progression, and elucidates the complex features of the tumor microenvironment. Such
insights are pivotal for decoding the underlying mechanisms of hepatocellular carcinoma,
thereby guiding the development of precise therapeutic strategies and personalized
treatments. Furthermore, identifying key drivers of tumor progression and analyzing the gene
expression characteristics of the surrounding microenvironment at single-cell resolution is
expected to provide clues for developing new therapeutic strategies. Therefore, this article
aims to provide a systematic overview of the fundamental principles of scRNA-seq, review its
progress in HCC research, and explore the challenges and future directions in this field to offer
researchers a comprehensive perspective.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors globally and is also a leading cause of cancer-
related deaths [1]. In China, the high incidence of HCC, driven
by widespread chronic hepatitis virus (such as hepatitis B and
C viruses), poses a significant health challenge. A widespread
universal hepatitis B virus vaccination has been implemented
following the economic reforms [2], alongside 'Three Early'
prevention measures, including regular tumor marker blood
tests and imaging for high-risk groups, aiming to facilitate early
tumor detection. The emergence of advanced technologies
such as genetic testing and liquid biopsy has greatly improved
the accuracy of early diagnosis [3]. Significant advancement in
tertiary treatment, especially in new-generation targeted drugs,
immunotherapy, combination therapy strategies, precision
medicine, and microenvironmental regulation, achieving
significant progress [4]. New targeted drugs such as Lenvatinib,
Cabozantinib, and Regorafenib have improved treatment
efficacy and patient tolerance. Immune checkpoint inhibitors like
Nivolumab and Pembrolizumab have shown potential in treating
HCC, particularly in combination therapies for patients with poor
responses or are resistant to traditional treatments [5, 6]. Precision
medicine, leveraging gene sequencing, tailors personalized
treatment approaches, while strategies targeting the tumor
microenvironment (TME) have emerged as promising research
avenues [7]. These advances enrich the treatment options for
hepatocellular carcinoma and bring better treatment outcomes and
hope for survival for patients. However, despite advances in the
"three-tier prevention" of HCC, most patients are diagnosed at an
advanced stage. Moreover, the high heterogeneity and complexity
of HCC reflects the low overall survival rate for HCC patients.
Therefore, developing new treatment strategies and methods is an
urgent priority.

In the realm of biomedical research, the emergence of single-cell
RNA sequencing (scRNA-seq) technology opens novel research
opportunities. This technology enables gene expression analysis
at the resolution of individual cells, providing an unprecedented
new perspective on cellular heterogeneity and complex biological
processes. Introduced in 2009, scRNA-seq has evolved with
advancements in sequencing technologies and cost reductions. It
has become indispensable for studying cellular states, identifying
new cell subpopulations, and elucidating disease mechanisms [8].
Compared to traditional bulk cell sequencing (Bulk-seq), scCRNA-
seq can characterize the instantaneous state of each cell type
within each sample, identify intracellular regulatory networks, and
understand cell-to-cell communication [9].

The heterogeneity of HCC is observed between tumors in
different patients but even within the tumors of the same patient.
In this context, applying scRNA-seq technology in HCC research
shows great potential. Analyzing gene expression in tumor cells
and the surrounding microenvironment at the single-cell level, the
scRNA-seq reveals the heterogeneity of HCC, thereby identifying
key driving factors in tumor progression and discovering new
therapeutic targets. sSCRNA-seq also provides a new perspective for
analyzing TME, enabling the identification of different cell types,
including tumor cells, immune cells, and other supporting cells
(i.e., stromal cells) and their interactions. This insight offers clues
for developing new immunotherapy strategies. The continuous
advancement and application of this technology are expected
to deepen our understanding of the molecular mechanisms
underlying the development of HCC and other diseases, thereby
providing a theoretical basis for establishing more effective
personalized treatment plans.

Overview of scRNA-seq technology
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Sequencing principles and key steps

Tissue blocks undergo enzymatic digestion and viability
assessment to produce high-quality single-cell suspensions.
Subsequent library preparation and sequencing rely on "single-
cell isolation techniques", such as flow cytometry sorting, laser
capture microdissection, limiting dilution, manual cell picking,
and droplet-based microfluidic systems [10]. Common scRNA-seq
sequencing methods include Smart-seq2, CEL-seq2, Drop-seq, and
10xChromium. The Smart-seq2 and CEL-seq?2 are low-throughput
sequencing methods based on microplate technology, while
Drop-seq and 10xChromium are high-throughput methods that
use microfluidic systems to create "oil-in-water" droplets for cell
isolation [11]. Currently, the predominant commercial technology
in use is 10xChromium by 10xGenomics [12]. This technology
captures and encapsulates single cells in Gel Bead-In-Emulsions
(GEMs), integrating a barcode for cell identification, an enzyme
mix, and oil droplets. Subsequently, the cells are lysed to release
mRNA, which comes into contact with reverse transcriptase,
poly dT reverse transcription primers, and dNTP substrates to
form cDNA with Unique Molecular Identifier (UMI) information.
Chemical methods fragment the cDNA into approximately 200-
300 bp pieces. Subsequently, the fragments undergo end repair and
poly(A) tail addition for cDNA fragment selection. P7 adapters
are ligated to the Read2 sequencing primers, and sample indexes
are introduced through PCR amplification. Fragment selection
is performed to construct a cDNA library containing P5 and P7
adapters. The library structure is shown in Figure 1. Quality
control is performed after the library is completed, followed by
[llumina sequencers sequencing. After sequencing is completed,
data analysis is conducted. The overall workflow is illustrated in
Figure 2.

The basic workflow for data analysis

The key steps determining the accuracy and reliability of the
final results in 10xChromium scRNA-seq data include data
preprocessing, normalization and batch effect correction,
dimensionality reduction, clustering, and subpopulation annotation.
The workflow begins with (1) data preprocessing, which includes
quality control, genome alignment, and UMI processing using
tools such as Cell Ranger, UMI-tools, and zUMIs. The goal is to
use tools such as Cell Ranger, UMI-tools, and zUMIs to process
the raw FASTQ files. This involves filtering out low-quality reads,
performing genome alignment, and handling UMIs to identify
and eliminate PCR-generated duplicates. This approach ensures
data quality and usability, creating a cell-gene expression matrix.
(2) Normalization and Batch Effect Correction: Utilize tools such
as Seurat [13] and Harmony [14] to perform data normalization
and batch effect correction on scRNA-seq data. This step is
fundamental to eliminating technical variation and batch-specific
biases, enhancing data integration quality, and improving data
interpretation accuracy. (3) Dimensionality Reduction, Clustering,
and Subpopulation Annotation: Use algorithms such as t-SNE
and UMAP to cluster cells and perform biological annotation of
clusters based on gene expression patterns. This step is crucial
for understanding cellular heterogeneity. The effectiveness of
clustering results and differential expression analysis heavily
depends on the chosen data preprocessing workflows. Therefore,
selecting appropriate analysis methods tailored to specific tissue
types and dataset characteristics is particularly important for
accurately identifying cell type classifications.

Application of scRNA-seq in HCC research
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Figure 1. 10x Chromium library structure diagram. After capturing single cells, barcode-containing mixtures that identify the
cells are added to form Gel Bead-In-Emulsions (GEMs) encapsulated in oil droplets. Subsequently, cell lysis releases mRNA,
which interacts with reverse transcriptase, poly dT reverse transcription primers, and dNTP substrates. After amplification,
c¢DNA is generated with Unique Molecular Identifier (UMI) information. The ¢cDNA is then chemically fragmented into
approximately 200-300 bp segments, followed by end repair and addition of poly(A) for cDNA fragment selection. P7 adapters and
Read2 sequencing primers are ligated, and PCR amplification introduces the sample index. Fragment selection is performed to

construct a cDNA library containing PS5 and P7 adapters.

Revealing cellular and microenvironmental heterogeneity in HCC

Cells are the most fundamental units within the tumor
microenvironment, and tumor evolution exhibits significant
heterogeneity between tumors and within tumors. In addition
to tumor cells, various other cell types, including stromal cells
(such as fibroblasts and endothelial cells) and immune cells (such
as lymphocytes and monocytes-macrophages), also infiltrate the
tumor, contributing to the heterogeneity of the tumor composition.

Inflammation-cancer transition is considered an important
pathological process driving the occurrence of HCC, in which
T cells and myeloid cells play the most significant roles. Zheng
et al. [15] first revealed the immune status of T cells in HCC by
employing scRNA-seq and T cell receptor (TCR) sequencing
on 5,063 T cells from the peripheral blood, tumor, and adjacent
tissues of six HCC patients. This analysis identified 11 T cell
subpopulations and their developmental trajectories, highlighting
an accumulation of regulatory T cells (Tregs) and exhausted
T cells, which highly express LYNA, inhibiting CD8+ T cell
function. Afterwards, the research team conducted a scRNA-
seq study [16] using Smart-seq2 and 10x technologies on CD45+
immune cells from five tissue sites (primary tumor, adjacent
tissue, lymph nodes, peripheral blood, and ascites) of 16 untreated
HCC patients. The findings revealed that LAMP3+ dendritic cells
(DCs), a subset of conventional DC subpopulations, migrated from
the tumor to lymph nodes, expressing multiple immune ligand
signals to interact with various immune cell subpopulations.
Song et al. [17] analyzed tumors and adjacent tissues from seven
HBV/HCV-related HCC cases and identified a new subset of
activated T cells - XCLI+CD8&+ T cells, associated with better
overall survival. This analysis also identified a new type of tumor-
associated macrophage (TAM) - CCL18+ TAM, characterized
by high expression of CCL18 and the transcription factor CREM,
indicative of M2 macrophage phenotype associated with poor
prognosis and immune suppression. Previous studies have also
reported the dysfunction of non-traditional T cells [18], such as yo
T cells and mucosal-associated invariant T cells (MAIT), in HCC.

Besides the well-studied immune cells, scRNA-seq technology
has identified various stromal cells unique to the HCC
microenvironment. Sun et al. [19] provided a comprehensive
single-cell atlas, including fetal liver, HCC, and normal liver
tissues. The findings identified embryonic-related endothelial
cells and embryonic-like tumor-associated macrophages

(FOLR2+ TAMs), exhibiting cross-species similarities. Spatial
transcriptomics further revealed the presence of an immune-
suppressive cancer-fetal ecosystem in HCC, characterized by
PLVAP+ ECs, FOLR2+ TAMs, and Treg cells. Subsequent
research elucidated this ecosystem [20]. Integrated spatial
genomics revealed that POSTN+ cancer-associated fibroblasts
(CAFs) spatially co-localize with PLVAP+ endothelial cells (ECs)
and FOLR2+ tumor-associated macrophages (TAMs), forming
interactions. Further analysis revealed associations between tumor
embryonic reprogramming and epithelial-mesenchymal transition,
tumor cell proliferation, and the recruitment of Treg cells. The
TME in HCC is complex. Advanced scRNA-seq technology has
uncovered a variety of previously unknown cell types unique to
HCC. These cells exist exclusively within this environment and
engage in intricate interactions with adjacent cells, creating a niche
and enhancing the heterogeneity of HCC.

Study the mechanisms of HCC development and progression

scRNA-seq technology facilitates tracing and analyzing early
cellular events and key factors driving HCC development. Zong
et al. [21] discovered that AIF1+CSF1R+ mesenchymal stem cells
appeared in the TME prior to the occurrence of HCC in a DEN-
induced liver injury carcinogenesis model. Mechanistically, this
activation might be mediated by TNF-a through the TNFR1/SIRT
pathway, further promoting the recruitment of macrophages via
the secretion of CCLS5 and facilitating the occurrence of HCC.
Immunoediting occurs throught the stages of HCC, yet changes in
the TME from early to advanced stages remain poorly understood.
Nguyen et al. [22] reported the gradual decrease in the number of
antitumor immune subsets during the progression of HCC, while
the exhausted subsets accumulate gradually. The abundance of
CD8+ T cells peaks in tumors at TNM stage 11, with significant
alteration in the genes associated with antigen presentation and
immune response, underscoring tumor-immune system co-
evolution during HCC progression. Tsukamoto et al. [23] combined
genetic lineage tracing and scRNA-seq to analyze the origin and
molecular characteristics of PROMI+ cells, revealing important
subpopulations in a mouse HCC model, including Prom1+Afp-
ductal response cells and Prom1+Afp+ tumor-initiating cells.

The high recurrence rate of HCC hinders the improvement
of overall survival, with postoperative 5-year recurrence rates
as high as 50-70% [24]. Sun et al. [19] compared scRNA-seq
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Figure 2. 10x Chromium library workflow. 1. Single-cell isolation: The 10x Chromium system uses microfluidic chips to isolate

individual cells into tiny reaction chambers. Each chamber contains a single cell and a reagent mixture, forming a single-cell Gel

Bead-in-Emulsion (GEBE). 2. GEBE Reaction: Each cell is encapsulated with its corresponding bead in an oil-water emulsion. 3.
Reverse Transcription and Amplification: Within the emulsion, the reverse transcriptase in the bead converts the cell's mRNA
into cDNA and amplifies it. 4. Separation and Purification: After reverse transcription and amplification are completed, the
emulsion is broken, and the resulting cDNA is extracted and purified, preparing it for downstream library construction. 5.

Library Construction: The purified cDNA is used to construct the sequencing library, typically involving steps such as adding

labels and adapters to make it suitable for high-throughput sequencing platforms. 6. Sequencing: The final library is sent to a

sequencer for high-throughput sequencing.

datasets from 12 primary HCC and 6 recurrent HCC patients
and found that in early recurrent tumors, the level of Tregs is
reduced, while DCs and CD8+ T cells are increased, differing
from the exhaustion state observed in primary tumors. The CD8+
T cells in recurrent tumors exhibit high expression of KLRBI
(which encodes the CDI161 protein), indicating an inherently low
cytotoxic state and clonal expansion. Differential gene expression
and cell interactions revealed increased expression of immune
checkpoint molecules (such as PD-L1) on HCC cells in recurrent
lesions, which competes with CD80 on DCs, reducing CD80-
CD28 binding and thereby inhibiting DC antigen presentation and
preventing T cell activation. This study provides the first insights
into the microenvironmental features of HCC recurrence, offering
valuable information on immune escape mechanisms linked to
tumor recurrence. Due to the potential differences in genomic
mutation states and evolutionary trajectories between "true
HCC recurrences" and "new lesions originating from different
sources than the primary tumor," distinguishing between different
recurrences could lead to developing specific therapeutic strategies
tailored to each recurrence type.

Evolutionary trajectories and genomic heterogeneity often
vary between true and de novo recurrences [25, 26], highlighting
the importance of differentiating recurrence types based on
biological characteristics to develop tailored treatment strategies.
Chen et al. [27] utilized whole-exome sequencing to analyze the
mutation status, evolutionary trajectories, and clonal architecture
of recurrent HCC samples, identifying genuine recurrences from
de novo lesions. Subsequently, 5' end scRNA-seq sequencing
and V(D)J sequencing revealed an increased abundance of
KLRBI1+CD8+ T cells showing memory phenotypes and low
cytotoxicity in genuine recurrences. In contrast, there were more
cytotoxic T cells and exhausted CD8+ T cells in de novo lesions.

Cell-cell communication analyses demonstrated that GDF15
expression increased in HCC cells adjacent to dendritic cells (DCs),
possibly suppressing antigen presentation in genuine recurrences.
At the same time, myeloid-cell and T-cell-mediated immune-
suppressive signals were stronger in de novo lesions. In addition,
the study reviewed Phase II clinical trials of neoadjuvant anti-PD-1
immunotherapy, which demonstrated better efficacy in patients
with de novo HCC lesions, providing a new approach to guide
recurrence HCC treatment by integrating genomic and scRNA-seq
data.

Identifying new therapeutic targets and resistance mechanisms in
HCC

Tumor cell heterogeneity promotes rapid adaptation to external
pressures by recruiting and "conditioning”" immune cells, thereby
facilitating tumor survival and progression. Previous literature
reports [28, 29] indicate that Sonic Hedgehog (SHH) secreted
by HCC cells drives tumor-associated macrophages (TAMs) to
polarize into the M2 state, reducing the expression of CXCL9/10
and thereby inhibiting the recruitment of CD8+ T cells to the
tumor microenvironment (TME). Neutralizing SHH can reverse
this immune suppression. Additionally, blocking the CCL2/CCR2
signaling axis, which inhibits the recruitment of inflammatory
monocytes, TAM infiltration, and M2 polarization, can reverse
the immune suppression and reactivate CD8+ T cell immune
responses. Hao et al. [30] found that APOCI is highly expressed
on TAMs in HCC, significantly higher than in normal tissues,
and is negatively correlated with the expression of PD1/PD-L1 in
human HCC samples. Compared to wild-type mice, APOCI1-/-
C57BL/6J mice show a decreased proportion of M2 macrophages
and increased levels of CD8+ T cells, M1 macrophages, and
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NK cells. The study suggests that targeting APOCI1 can convert
the M2 phenotype to the M1 phenotype by inhibiting the
ferroptosis pathway in TAMs, thereby remodeling the tumor
immune microenvironment and improving the efficacy of anti-
PD-1 immunotherapy, providing a new strategy to enhance the
effectiveness of anti-PD-1 treatment.

Circulating tumor cells (CTCs) provide the "seeds" for
hematogenous dissemination in HCC and play a crucial role in
tumor metastasis and drug resistance [31]. Sun et al. [32] analyzed
single-cell sequencing data from 113 CTCs collected from four
different vascular sites and found that the CTC transcriptome is
closely related to stress responses, cell cycle, and immune evasion
signals in blood circulation, with CCLS identified as a key mediator
of CTC immune evasion. Mechanistically, high expression of
CCLS in CTCs is regulated by the p38-MAX signaling pathway,
which further recruits Tregs to promote metastasis. Therefore,
targeting CCLS5 or CCRS could be a novel therapeutic approach for
combating HCC metastasis.

The use of immune checkpoint inhibitors has become a first-
line treatment for advanced HCC patients [33]. However, how
different cell subpopulations in the tumor microenvironment
(TME) mediate resistance to immune therapies such as anti-PD-1
remains poorly understood. Meng et al. [34] conducted scRNA-
seq on 7 HCC patients undergoing anti-PD-1 immunotherapy
(divided into sensitive and resistant groups) and discovered that
NAMPT secreted by tumor cells reprograms CD10+ALPL+
neutrophils through NTRK1, maintaining them in an immature
state. This process triggers a patient-specific irreversible
exhausted T cell state in PD-1-resistant individuals. Zhou et al.
[35] analyzed HCC patients receiving a combination of the anti-
angiogenic drug Lenvatinib and anti-PD-1 therapy. They found
that this combination led to an increase in the TNF-NF«kB pathway
across all immune cell subpopulations. Specifically, MAIT cells
secreting TNF activate TNFRSF1B on Tregs, promoting immune
suppression. Additionally, TNFSF9 was highly expressed on
antitumor CD8+ T cells in the treatment group. This research
provides further insights into immune therapy targets and the
synergistic effects of combining anti-PD-1 treatments.

Promoting individualized treatment and prognostic evaluation of
HCC

Using scRNA-seq technology has made significant progress in
advancing personalized treatment and prognostic assessment
of HCC. It has revealed the complex molecular landscape of
HCC, making molecular subtyping, identification of prognostic
biomarkers, and prediction of treatment outcomes more precise.
By analyzing the expression profiles of individual cells, sScRNA-
seq helps identify different molecular subtypes within HCC,
enabling classification based on these molecular features and
facilitating the development of targeted therapeutic strategies. Cao
et al. [36] identified marker genes for neutrophils from scRNA-
seq data and integrated 101 machine-learning algorithms to
stratify HCC patients based on neutrophil-related features. They
assessed the clinicopathological characteristics and prognostic
outcomes of HCC patients under different risk stratifications
and validated their findings across multiple cohorts and omics
levels. Additionally, they selected RTN3 from 10 hub genes
for preliminary experimental validation, demonstrating high
translational potential. Cai et al. [37] integrated public datasets to
classify HCC patients into three subtypes with distinct metabolic
characteristics: Type I, characterized by extracellular matrix
production and upregulated glucose metabolism; Type 11, which
has some pathway abnormalities; and Type III, which features
upregulated lipid metabolism. These subtypes exhibit different
prognostic characteristics. Specifically, they found that ACADL,
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a mechanistic enzyme, can reprogram HCC metabolism by
modulating extracellular matrix stiffness, making it a potential
target for HCC treatment.

scRNA-seq also plays a crucial role in predicting HCC
patients' responses to specific treatments. By providing a detailed
analysis of the tumor microenvironment, including intercellular
communication and identifying transcription factors that regulate
gene expression, it is possible to infer the effects of certain
therapeutic interventions. Roehlen et al. [38] utilized patient-
derived in vitro and in vivo models along with highly specific
CLDNI monoclonal antibodies, combining traditional biological
methods with scRNA-seq technology. They elucidated the
mechanism by which CLDN1 monoclonal antibodies inhibit HCC
progression. This inhibition occurs through suppressing hypoxia,
tumor cell stemness, and reprogramming tumor metabolism.
Specifically, the antibodies block the direct interaction between
CLDNI1 and JAGI, inhibiting downstream Notch signaling,
affecting HCC progression. Liu et al. [39] used scRNA-seq
combined with spatial transcriptomics to identify structural
differences and cell subpopulation distributions in the tumor
microenvironment of HCC patients who responded to and did
not respond to immunotherapy. They revealed a tumor immune
barrier composed of SPP1+ tumor-associated macrophages (TAM)
and cancer-associated fibroblasts (CAF). By analyzing the ligand-
receptor network between tumor cells, SPP1+ TAM, and CAF,
they demonstrated the significant role of hypoxic signals in the
formation of SPP1+ TAM, which further stimulated CAF to
secrete extracellular matrix, thereby limiting immune infiltration
within the tumor.

Discussion
Challenges in technology and data processing

In the entire process of scRNA-seq, various challenges are
involved, ranging from sample preparation to data analysis, with
room for improvement at each step. Issues such as cell damage,
cell viability, factors affecting reverse transcription efficiency,
and contamination by free RNA need to be addressed to obtain
high-quality GEMs (Gel Bead-in-Emulsions) from solid tumors
or other tissues. Due to the large and complex data generated
from sequencing each cell in sScRNA-seq, computational
performance challenges are present when handling large-
scale datasets. Additionally, the comprehensiveness of scRNA-
seq is often accompanied by insufficient sequencing depth.
Balancing resolution with sensitivity remains a limiting factor in
technological development. Future advancements need to focus
on improving the detection of low-abundance transcripts. Another
challenge is distinguishing between true biological variability and
technical noise in scRNA-seq data. Due to the data sparsity and
high dropout rates caused by the sequencing methods, complex
computational strategies are required to interpret the results
accurately. Accurately identifying and annotating different cell
types and states is a significant challenge, especially without clear
subpopulation markers.

Challenges in clinical applications

The development of scRNA-seq technology provides a new
perspective, allowing us to understand the dynamic changes
in biological systems with higher resolution and track cell fate.
The potential applications of this technology extend beyond
basic research in the laboratory to the clinical field, offering
new possibilities for clinical diagnosis and treatment. However,
translating scRNA-seq technology from the laboratory to routine
clinical practice faces several challenges. One of the main
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challenges is cost-effectiveness. Although sequencing costs have
gradually decreased with advances in sequencing technology and
computational tools, standardization and validation consistency
costs remain significant and cannot be overlooked. Therefore,
to achieve widespread clinical use of scRNA-seq, it is crucial
to address the challenge of rapidly and accurately interpreting
large volumes of data and integrating this information with the
patient's disease background to provide appropriate treatment
recommendations. In addition to cost issues, several other factors
need to be considered. When conducting research with potential
clinical applications, it is essential to protect patient privacy and
data, adhere to ethical guidelines, and follow legal regulations.
Resolving these issues is critical for the sustainable development
of the technology and the success of its clinical applications and
warrants thorough exploration in future research and practice.

Future direction

With the continuous development and advancement of scRNA-seq,
it has become one of the key technologies in the biomedical field.
In the future, the development of this technology may focus on
several key directions: (1) Technological innovation: Continuously
improving current sequencing methods and developing new tools,
including further enhancing sequencing resolution and developing
new algorithms and tools. (2) Integration of multimodal single-cell
sequencing data: Integrating single-cell multi-omics technologies
such as genomics, transcriptomics, epigenomics, and proteomics
around central principles to provide a more comprehensive
understanding of cell function and status in major diseases
like HCC. (3) Clinical diagnosis and treatment: In the future,
scRNA-seq technology holds promising potential for precision
medicine. There are reports on the practical applications of single-
cell technologies in identifying early disease markers, tracking
tumor evolution, and revealing clonal evolution in diseases such
as AML (acute myeloid leukemia) and chronic lymphocytic
leukemia [40]. (4) Artificial intelligence and machine learning:
The large datasets generated by scRNA-seq can leverage artificial
intelligence and machine learning to improve data analysis
efficiency. This synergy fosters the development of new algorithms
and tools, further optimizing data analysis models and creating a
positive feedback loop to provide deeper biological insights. (5)
Collaboration and data sharing: International collaboration and
data-sharing platforms are becoming increasingly important in
advancing disease research. Shared databases and collaborative
research help aggregate and analyze data from various sources,
deepening understanding of complex diseases and driving medical
advancements.

In summary, this article thoroughly explores the progress
of scRNA-seq technology in HCC research, highlighting the
challenges and future directions. It aims to equip researchers
with a comprehensive perspective of the current status and future
potential of sScRNA-seq. This research is vital for developing
novel treatment strategies and enhancing treatment outcomes
by analyzing the heterogeneity of HCC and providing insights
at subpopulation and cellular levels. Furthermore, it will
significantly bolster efforts toward achieving precision medicine.
The technological advancements and increasing interdisciplinary
collaboration have ample reason to anticipate that single-
cell technologies will play a significant role in uncovering the
biological essence of complex diseases like HCC and advancing
personalized healthcare.
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