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Abstract

Tumors are heterogeneous diseases, and their transition to malignancy is often subtle; however, advanced
computational tools can elucidate their development and drug resistance. Single-cell RNA sequencing offers
high-resolution insights into cellular and molecular changes, enhancing our understanding of cancer dynamics.
This review summarizes the important technological breakthroughs since the birth of single-cell sequencing
technology and the recent research results concerning tumor heterogeneity and "precision medicine" through
single-cell RNA sequencing. Overall, the future of single-cell RNA sequencing in tumor treatment is
undoubtedly promising.
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1. Introduction

Tumors are systemic diseases and major global challenges that have posed a threat to human health since
the early twenty-first century. They undergo critical transformations—from premalignant to malignant states:
from locally contained to metastatic disease and from treatment-responsive to treatment-resistant forms [1].
The complexity of treating tumors is exacerbated by their heterogeneity and the intricate composition of the
tumor immune microenvironment (TIME), which significantly impacts tumorigenesis, progression, invasion,
metastasis, and drug resistance [2-5]. Advances in sequencing technology have facilitated the analysis of data
from individual cancer cells, ushering in the era of "precision medicine", which relies on precise molecular
data [6, 7]. Single-cell RNA sequencing (scRNA-seq) offers considerable advantages over bulk RNA
sequencing (RNA-seq), which provides only limited insights into tumor heterogeneity and average gene
expression values of a sample. scRNA-seq is particularly advantageous because of its ability to characterize
the frequency of cell types within each sample and to elucidate relationships between cells or cell types and its
high-resolution cracking of the TIME [8, 9]. Owing to these advantages, it is significantly superior to previous
sequencing techniques in advancing our understanding of the human biology of various cells, especially
immune and tumor cells, and since the first single-cell mRNA sequencing in 2009 and the first human cancer
cell sequencing in 2011, single-cell sequencing analysis based on next-generation sequencing has gained
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attention and developed rapidly [5]. SCRNA-seq is becoming a popular tool in cancer research to explain
disease heterogeneity [10]. SCRNA-seq provides biological information on individual tumor cells, analyzes
determinants of gene expression heterogeneity within tumors, and determines the molecular basis of the
formation of many tumors [11].

In this review, we describe the recent progress in scRNA-seq and summarize its application in the study of
tumor heterogeneity, with a focus on how this technology can impact precision medicine in the future.

2. Advances in scRNA-seq

Single-cell RNA sequencing (scRNA-seq) has revolutionized the study of cellular heterogeneity, providing
unprecedented high-resolution analytical capability for dissecting the tumor microenvironment and revealing
the molecular diversity of cancer cells. The standard workflow mainly includes single-cell isolation, reverse
transcription of RNA into cDNA, template preamplification, and high-throughput sequencing analysis [12].

Owing to the extremely low amount of RNA in individual cells, efficiently amplifying limited genetic
material has become a core technical challenge in scRNA-seq [13]. Currently, commonly used amplification
strategies include polymerase chain reaction (PCR)-based amplification (e.g., SMART-Seq2) and in vitro
transcription-based amplification (e.g., CEL-Seq2). For cell isolation, mainstream methods include
microfluidic systems, droplet-based technologies, and microwell arrays [14]. Although early representative
platforms such as Fluidigm C1 could obtain high-quality gene expression data, constraints in throughput and
cost limitations have led to their predominant application in small-scale sample studies [15-17].

The emergence of droplet-based technologies (e.g., Drop-seq and inDrop) marked a significant
breakthrough in scRNA-seq. In 2017, 10x Genomics integrated related technologies to launch a commercial
platform that greatly increased cell throughput and significantly reduced costs, thereby making large-scale
tumor studies feasible [18-21].

Particularly critical is that technical approaches capable of obtaining full-length transcripts, such as
SMART-Seq2, demonstrate unique advantages in alternative splicing analysis, allele-specific expression
detection, and RNA editing identification owing to their comprehensive coverage of cDNA sequences, greatly
facilitating in-depth exploration of tumor heterogeneity [22-24]. Subsequent systems such as SMART-seq3
and BD Rhapsody have further achieved remarkable improvements in detection sensitivity and scalability [10,
25, 26].

In recent years, scRNA-seq technology has continued to advance in terms of increased throughput,
multimodal integration, and spatial resolution. For example, the Stereo-cell technology released in 2025, which
is based on high-density DNA nanoball arrays, enables in situ transcriptome capture without relying on droplet
microfluidics, simultaneously integrating transcriptome, protein signals, and morphological information. This
provides a novel perspective for multidimensional analysis of tumor heterogeneity and tissue architecture [27].

3. Some New and In-Depth Applications in Studying Tumor Heterogeneity

Tumor heterogeneity, including inter- and intratumor heterogeneity, is a key feature of malignant tumors
and refers to molecular biological or genetic alterations in daughter cells during the proliferation of tumor cells,
which is a significant obstacle to cancer treatment and research [28]. Recognizing tumor heterogeneity is key
to further understanding and treating cancer, and the use of scRNA-seq for research has reached a consensus.
scRNA-seq has been used to promote cancer diagnosis and prognosis prediction, increase comprehension of
disease progression and cancer metastasis, and guide treatment [29-33]. In recent years, single-cell sequencing
techniques have often been combined with other techniques, such as spatial transcriptomics, to deepen our
understanding of tumor heterogeneity, from the tumor cells themselves to the various components of the TIME.

A study published in the Journal of Cellular and Molecular Medicine integrated single-cell and bulk RNA
sequencing data with machine learning algorithms to construct an 11-gene (including ANXA3, APOE,
CENPA, CKS1B) Prostate Cancer Meta-Program (PCMP) signature model. This model effectively predicts
prognosis and revealed that the PCMP signature promotes epithelial cell malignant transformation by
regulating the cell cycle and oxidative phosphorylation pathways. Experimental validation has shown that
knocking down CENPA or CKS1B significantly inhibits PC3 cell proliferation [34].
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Research published in JECCR by a team from Shanghai Pharmaceuticals in collaboration with Wenzhou
Medical University combined single-cell sequencing with deep learning to develop a new method for
accurately identifying tumor-reactive CD8+ T cells directly from tumor-infiltrating lymphocytes (TILs)
without prior knowledge of neoantigens. The AUC of this deep learning model reached 0.958 in the training
set. The study revealed that more than one-third of TR T cells were distributed in the GZMK+ effector memory
cell subset, challenging the traditional belief that "TR cells exist only in exhausted populations". All types of
TR CD8+ T cells commonly downregulated genes related to the mitochondrial respiratory chain pathway (e.g.,
MT-ATP6 and MT-ND1), suggesting that impaired mitochondrial function is a key feature. This study
identified TIGIT-NECTIN?2 as a previously overlooked important immune checkpoint in pancreatic cancer.
TCR analysis revealed that the "clonal expansiveness" of the TCR alone could not determine tumor reactivity,
and some TR CD8+ T cells simultaneously expressed multiple different TCR o/p chains. These multi-TCR
combinations demonstrated stronger tumor-killing capacity. Clinical translational analysis revealed that
pancreatic cancer patients with a high proportion of TR CD8+ T cells had a better prognosis after receiving
neoadjuvant immunotherapy (e.g., GVAX vaccine + nivolumab), suggesting that TR CD8+ T cells could serve
as biomarkers for predicting immunotherapy efficacy [35].

A study published in Hereditas revealed the heterogeneity of cancer-associated fibroblasts (CAFs) in the
glioblastoma (GBM) microenvironment by integrating scRNA-seq and bulk RNA-seq data and identified 5
CAF subsets, 3 of which were significantly associated with prognosis. Researchers constructed a three-gene
risk model based on LITAF, OSMR, and TCF12, which showed good predictive performance in the TCGA
and CGGA cohorts (1-year AUC=0.74). High-risk patients had a lower response rate to PD-L1 inhibitors,
suggesting that CAFs might mediate immune escape through the IL6-JAK-STAT3 pathway [36].

A research team from Tongji University published a study in Nature Cancer 7. They integrated scCRNA-
seq data from over 4 million single cells from 746 samples across 36 cancer types in public datasets, along
with spatial transcriptomics data from 62 samples of 6 cancer types, to establish a pancancer atlas of tumor
microenvironment heterogeneity—the TabulaTIME. This atlas defines six major cell lineages and 56 cell
subtypes in the TME. CTHRCI is a marker for extracellular matrix-related CAFs, which are enriched in
various cancer types and may be located at the interface between malignant and normal areas, preventing
immune cell infiltration. Furthermore, SLPI+ macrophages exhibit a profibrotic phenotype and colocalize with
CTHRC1+ CAFs to form unique spatial ecotypes [37].

The study of tumor heterogeneity has revealed that modern medicine has a strong pursuit of "precision
medicine", and single-cell sequencing technology, which focuses on the subtle differences between cells,
undoubtedly plays an important role in this process. Therefore, deciphering tumor heterogeneity is not only
fundamental to understanding cancer biology but also critical for developing effective targeted therapies and
overcoming treatment resistance.

4. Conclusions

Since its introduction in 2009, single-cell sequencing technology has developed rapidly, and its powerful
analytical capabilities have provided unprecedented help for tumor research. It provides high-resolution
transcript sequencing, analyzes intra- and intertumor heterogeneity, and studies the tumor immune
microenvironment, making it an increasingly indispensable tool for studying tumor initiation, progression,
treatment response, and drug resistance.

However, it is important to recognize that scRNA-seq still has many drawbacks. First, scRNA-seq can
capture only a transient "snapshot" of the transcriptome, suffering from transcriptional bursting and
insensitivity to low-abundance transcripts. More critically, it fails to provide multiomics information (e.g.,
genomic variations, protein expression, and epigenetic states), leading to a fragmented and incomplete
interpretation of cellular states. Second, the technology heavily relies on live cells. The tissue dissociation
process (enzymatic digestion, mechanical force) can induce stress responses, kill cells, degrade RNA, and
completely obliterate crucial spatial and morphological contexts. Furthermore, not all cells are captured
equally, and differences in platforms or processing dates introduce stubborn batch effects, compromising data
quality and comparability. Third, the technology remains expensive, time-consuming, and complex in terms
of data analysis, hindering its application in large-scale clinical cohorts. Individual patient differences and the
use of varying platforms across studies further limit the generalizability and reliability of findings.
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Consequently, current discoveries require cautious validation in clinical trials, and there is still a gap before
routine clinical diagnostic application [5, 38].

Therefore, future research directions should be carried out in the direction of higher throughput, higher
sensitivity, and lower cost technologies (such as the development of stereo-cells to trillion-level cell fluxes
[27]) and should be more deeply integrated with other technologies, such as spatial multiomics, which will
help breakdown technical barriers. In addition, in this era of increasingly advanced artificial intelligence
technology worldwide, Al and machine learning will play important roles in building cell RNA libraries so
that single-cell sequencing technology will play a greater role in cell type identification, gene regulation,
disease state prediction, drug response prediction and neoantigen identification. In terms of applications,
single-cell sequencing will be used more deeply to promote "precision medicine", such as discovering more
biomarkers of disease and tracking tumor evolution at the cellular level to find evidence of drug resistance.
We believe that single-cell sequencing technology can be better developed in the future to help humans find
cures for more diseases.
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