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Abstract Study mainly explores the application and prospects of single-cell RNA sequencing technology in the study of tumor
heterogeneity. As an important concept in the field of oncology, tumor heterogeneity reveals the diversity and complexity of cells
within tumors and has an important impact on the occurrence, development, treatment and prognosis of tumors. However, traditional
research methods have limitations in revealing tumor heterogeneity. In recent years, the emergence of single-cell RNA sequencing
technology has brought new breakthroughs to the study of tumor heterogeneity. This study first introduces the concept of tumor
heterogeneity and its importance, and then outlines the development process and principles of single-cell RNA sequencing
technology. Next, the specific application of single-cell RNA sequencing in the study of tumor heterogeneity was highlighted,
including identifying cell subpopulations within tumors, analyzing gene expression differences and regulatory networks, and
studying interactions between tumor cells. Finally, the contribution of single-cell RNA sequencing in the study of tumor
heterogeneity is summarized and future research directions are prospected.
Keywords Tumor heterogeneity; Single-cell RNA Sequencing; Cell Subpopulation; Gene Expression; Tumor Cell Interactions

Tumor heterogeneity is a core and complex issue in contemporary oncology research. It refers to the significant
differences in genetics, epigenetics, metabolism, and cell behavior between different cell populations within the
same tumor. This heterogeneity not only affects the growth rate, invasion ability and response to treatment of
tumors, but also greatly increases the risk of disease recurrence and metastasis, making precision treatment of
tumors facing huge challenges (Stanta and Bonin, 2018). Therefore, a deep understanding of the nature and
sources of tumor heterogeneity is crucial for the development of more effective diagnostic and therapeutic
strategies.

In recent years, with the rapid development of biotechnology, single-cell RNA sequencing (scRNA-seq)
technology has emerged and gradually matured. This technology allows researchers to make high-precision
measurements of genome-wide transcription at the level of individual cells, revealing heterogeneity within cell
populations with unprecedented resolution. Compared with traditional cell population-based sequencing methods,
scRNA-seq avoids the interference of population average effects and can more accurately depict the unique status
of each cell and its dynamic changes throughout the biological process (Papalexi and Satija, 2018).

In the field of oncology, the introduction of scRNA-seq technology provides new opportunities for comprehensive
analysis of tumor heterogeneity. By measuring the gene expression profile of individual tumor cells, researchers
can not only identify different cell subpopulations within the tumor, but also further analyze the gene expression
differences, signaling pathway activation status, and potential intercellular communication between these
subpopulations. Mechanism (Ferrall -Fairbank and Meghan, 2019). This information is of great significance for
revealing the mechanisms of tumorigenesis, key regulatory networks during development, and mechanisms of
response and resistance to treatment strategies.
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This study aims to use single-cell RNA sequencing technology to deeply explore the molecular basis of tumor
heterogeneity, in order to provide new ideas and strategies for precise diagnosis and treatment of tumors. Through
this research, we hope to gain a more comprehensive understanding of the formation and maintenance
mechanisms of tumor heterogeneity, thereby providing a scientific basis for the development of targeted therapies
for specificcell subpopulations, andultimately improving the therapeutic effects andquality of lifeof tumorpatients.

1 Traditional Research Methods and Limitations of Tumor Heterogeneity
1.1 The concept of tumor heterogeneity
Tumor heterogeneity (Figure 1) is an extremely critical and complex issue in the field of contemporary oncology.
It refers to the genetics, phenotypic characteristics, metabolic activity, and response to treatment among different
cells within a single tumor. significant differences across dimensions. This heterogeneity not only runs through the
entire process of tumor occurrence, development, and metastasis, but is also an important factor affecting patient
prognosis and treatment response.

Figure 1 The composition and impact of tumor heterogeneity (Bai et al., 2020)

From a genetic perspective, tumor heterogeneity is reflected in differences in gene mutations, copy number
variations, and epigenetic modifications between different cells. These genetic variations may confer different
growth advantages, invasion capabilities, and drug sensitivity to tumor cells (Wang Quan et al., 2020). In addition,
phenotypic heterogeneity is manifested in the diversity of tumor cells in terms of morphology, differentiation
status, metabolic activity, and intercellular communication. This phenotypic heterogeneity is driven in large part
by genetic heterogeneity as well as the complex interplay of the tumor microenvironment.

The existence of tumor heterogeneity brings great challenges to the diagnosis and treatment of tumors. In his
article, Welch (2016) emphasized the pervasiveness of heterogeneity in all cancer types, including genetic intrinsic,
epigenetic, positional, and population-level heterogeneity, and explored these properties have profound
implications for understanding tumor behavior and how (or should be) treated. First, because different cell
subpopulations may respond very differently to treatment, traditional “one-size-fits-all” treatments often fail to
completely eliminate all tumor cells, leading to disease recurrence and progression. Secondly, tumor heterogeneity
is also one of the important reasons leading to drug resistance. During treatment, drug-sensitive cells may be
selectively killed, while drug-resistant cell subpopulations may gradually dominate, leading to treatment failure.
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Therefore, a deep understanding of the nature and sources of tumor heterogeneity is crucial for the development of
more effective diagnostic and therapeutic strategies. Through the study of tumor heterogeneity, it is expected to
reveal the molecular mechanisms of tumor occurrence and development, discover new therapeutic targets, and
provide scientific basis for precise tumor treatment.

1.2 Overview of traditional research methods
In the process of deeply exploring tumor heterogeneity, traditional research methods play an important role,
although they have certain limitations. These methods mainly rely on macroscopic and microscopic analysis of
tumor tissue samples, as well as the application of molecular biology techniques.

Dagogo-Jack and Shaw (2018) discuss the nature of cancer as a dynamic disease, which often becomes more
heterogeneous as the disease progresses. Because of this heterogeneity, the entire tumor may contain a diverse
collection of cells carrying different molecular signatures that vary in sensitivity to treatment. This heterogeneity
may result in non-uniform distribution of genetically distinct tumor cell subpopulations within and outside the
disease site (spatial heterogeneity) or temporal changes in the molecular makeup of cancer cells (temporal
heterogeneity).

At the histological level, traditional methods include morphological observation under a light microscope, such as
hematoxylin-eosin staining (H&E staining) to evaluate the morphology, arrangement, and differentiation of tumor
cells. Immunohistochemistry (IHC) further uses specific antibodies to detect protein expression in tumor cells,
thereby revealing the existence of different cell subpopulations and their molecular characteristics. These methods
can provide important information on the spatial distribution and cellular composition of tumor tissues (Luecken
and Theis, 2019).

At the molecular biology level, traditional research methods mainly focus on expression analysis of genes and
proteins. For example, gene expression profiling detects the expression levels of thousands of genes in tumor
samples using microarray or quantitative PCR techniques to identify gene groups associated with specific cell
subpopulations or biological processes. In addition, mutation screening and genome sequencing are also widely
used to identify genetic variations in tumor cells that may be important drivers of tumor heterogeneity.

However, these traditional approaches face some common challenges when dealing with tumor heterogeneity.
Cassidy et al. (2015) explored how patient-derived tumor xenograft models (PDX) can maintain the molecular
heterogeneity of their original samples. Although PDX models can largely reproduce the multigene structure of
human tumors, they cannot fully Explaining heterogeneity in the tumor microenvironment.

1.3 Limitations of traditional methods
Although traditional research methods are widely used in oncology, they have shown obvious limitations in
exploring tumor heterogeneity. These limitations mainly stem from the limitations of the technology itself and the
complexity of tumor heterogeneity.

Jamal-Hanjan et al. (2015) pointed out that although genomic studies have revealed a complex and heterogeneous
clonal landscape of different tumor origins and treatment responses, cancer progression, and risk of disease
recurrence, the significance of subclonal mutations, especially in driver genes The mutations in, as well as their
evolution over time and response to cancer treatments, have yet to be determined.

Traditional methods often require population analysis of large numbers of cells, thus failing to accurately capture
the heterogeneity between individual cells. Because tumors are complex tissues composed of many different cell
types, these cells can differ significantly in gene expression, metabolic activity, and response to treatment.
However, traditional methods often only provide averaged results and fail to reveal these subtle cell-to-cell
differences, leading to information loss and misinterpretation.
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Traditional methods are difficult to dynamically track changes in tumor cells in time and space (Heinrich et al.,
2021). Tumor heterogeneity is a dynamic process, and with tumor development and therapeutic intervention, cell
subpopulations may change, with new subpopulations appearing or old subpopulations disappearing. However,
traditional methods often only provide static information and fail to reflect these dynamic changes, thus limiting a
comprehensive understanding of tumor heterogeneity.

Traditional methods also have difficulties in identifying and isolating different cell subpopulations within tumors.
Due to technical limitations, these methods are often unable to accurately identify different cell types within
tumors, let alone further isolate and study the biological properties of these cell subpopulations. This severely
limits our understanding of the sources and maintenance mechanisms of tumor heterogeneity. Dagogo-Jack and
Shaw (2018) discussed how tumor heterogeneity increases with disease progression, and tumors may contain
subpopulations of cells with different molecular characteristics and different sensitivities to treatments. They
emphasized the accurate assessment of tumors. The importance of heterogeneity in developing effective
treatments.

2 Principles and Advantages of Single-cell RNA Sequencing Technology
2.1 Principles of single-cell RNA sequencing technology
Single-cell RNA sequencing technology (Figure 2), as a major breakthrough in the field of bioinformatics in
recent years, its principle integrates cutting-edge technologies in multiple fields such as molecular biology,
microfluidic technology, and high-throughput sequencing. This technology aims to solve the bottleneck of
traditional RNA sequencing methods that cannot be accurate to individual cells, and provides life science
researchers with a new perspective to gain insight into the differences and complexities between cells.

Figure 2 A Diagram of Single-cell Sequencing (Zheng et al., 2019)

In the initial stages of single-cell RNA sequencing, single cells need to be efficiently isolated from complex
biological samples. This is usually achieved with the help of microfluidic chips or droplet generation systems,
ensuring that each processing unit contains only one cell. These isolated individual cells are then lysed, releasing
the intracellular RNAmolecules.
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Next, the released RNA is converted into cDNA by reverse transcriptase. In this step, reverse transcriptase uses
RNA as a template to synthesize a complementary DNA strand, called cDNA. This process retains the information
of the original RNA but converts it into a more stable form of DNA that is easier to manipulate and sequence later.

Since the RNA content in a single cell is extremely low, it is often difficult to obtain sufficient data by direct
sequencing. Therefore, cDNA usually needs to be amplified to increase its quantity before sequencing. This is
usually achieved through PCR (polymerase chain reaction) technology, which can exponentially amplify specific
DNA fragments in a short time (Picelli, 2017).

Finally, the amplified cDNA is sent to a high-throughput sequencer for sequencing. Sequencers can read the
sequence information of millions of DNA fragments simultaneously, thereby generating large amounts of data.
These data are then subjected to bioinformatics analysis to reveal key information such as gene expression in
individual cells, cell type, functional status, and interaction with other cells.

2.2 Advantages of single-cell RNA sequencing technology
The advantages of single-cell RNA sequencing technology are particularly prominent compared with traditional
sequencing methods based on cell populations. In traditional methods, researchers can usually only obtain the
average gene expression of a group of cells, and such data often obscures the differences between individual cells.
However, every cell in an organism is unique, and small differences between them can be critical to the function
and behavior of the entire organism.

The emergence of single-cell RNA sequencing technology has broken this limitation. It can capture the gene
expression information of individual cells, thereby revealing the heterogeneity between cells. This heterogeneity
plays a key role in complex biological processes, such as embryonic development, immune response, disease
development, etc. Through single-cell RNA sequencing, researchers can more accurately understand cell types
and status changes during these processes, providing new ideas for the diagnosis and treatment of diseases.

AlJanahi et al. (2018) provide basic principles of the new technology, focusing on important concepts in
single-cell RNA sequencing data analysis, such as quality control of data, normalization and standardization
methods, and clustering for data dimensionality reduction. and visualization algorithms.

Zhang et al. (2021) study used single-cell RNA sequencing technology to deeply analyze the heterogeneity of
cancer cells, revealing the existence of different cell subpopulations and their association with tumor occurrence
and development. It provides new ideas and methods for precise diagnosis and treatment of cancer.

Zheng and Wang (2019) studied the application prospects of single-cell RNA sequencing technology in early
diagnosis, prognosis assessment and new drug development of tumors, providing an important basis for the
formulation of treatment strategies for solid tumors. This research lays the foundation for understanding the
complexity of solid tumors and advancing personalized treatments.

Single-cell RNA sequencing technology also has extremely high sensitivity. It is able to detect very rare cell types
or low-abundance transcripts that are often difficult to detect with traditional methods. Single-cell RNA
sequencing technology is still developing, and combined with other technologies such as spatial transcriptomics
and single-cell multi-omics, it provides more powerful tools for life science research. With the continuous
advancement of technology and reduction of costs, it is believed that single-cell RNA sequencing technology will
play an increasingly important role in future biomedical research.

2.3 Technical challenges and solutions
Although single-cell RNA sequencing technology has brought revolutionary progress to biomedical research, it
still faces some technical challenges in practical application. These challenges mainly come from the complexity
of single-cell operations, the scarcity of RNA, and the difficulty of data analysis.
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The capture and lysis of single cells is a delicate and complex task. Because cells are small in size, they are easily
disturbed by the external environment. The RNA content in single cells is extremely low, which brings great
difficulties to the reverse transcription and amplification processes. Low-abundance RNA can easily lead to low
reverse transcription efficiency and amplification bias, thus affecting the accuracy and reliability of sequencing
results (Isoda et al., 2017). In order to overcome these challenges, researchers continue to optimize capture
platforms such as microfluidic chips and droplet microfluidic technology to improve the capture efficiency and
lysis effect of single cells, and explore adding exogenous RNA or using pre-amplification strategies. method to
increase the strength and stability of sequencing signals.

Kiselev et al. (2019) discuss the challenges of unsupervised clustering of single-cell RNA sequencing data, which
is a challenge in analyzing thesedata fromacomputational perspective, and the aspectswith thedata thatmake it challenging.

Vallejos et al. (2017) explore the challenges and opportunities of normalizing single-cell transcriptome data,
highlighting how using traditional methods risks producing misleading results, as well as providing alternatives
and recommendations for single-cell RNA sequencing users.

The massive data generated by single-cell RNA sequencing technology brings huge challenges to data analysis.
How to extract meaningful biological information from huge data and accurately interpret the differences and
regulatory relationships between cells are important tasks facing researchers.

3 Application of Single-cell RNA Sequencing in Studying Tumor Heterogeneity
3.1 Identification and classification of cell subpopulations within tumors
Tumor is a complex biological system, and the heterogeneity of its internal structure has always been a difficult
and hot topic in medical research. Traditional sequencing methods often can only give the average gene
expression of the entire tumor tissue, and cannot accurately depict the characteristics of different cell
subpopulations within the tumor. However, it is the differences in these cell subpopulations that determine the
tumor's growth rate, ability to invade, and response to treatment.

In this context, single-cell RNA sequencing technology emerged as the times require, opening a new door for the
study of cell subpopulations within tumors. This technology is able to capture the gene expression information of
single cells and can comprehensively and deeply explore the heterogeneity within tumors under unbiased
conditions. Through single-cell RNA sequencing, it is not only possible to discover rare cell subpopulations that
are masked in traditional sequencing, but also to accurately identify the unique molecular markers of each cell
subpopulation, thereby accurately classifying them.

Wang et al. (2021) conducted a comprehensive analysis of consensus molecular subtypes (CMS) of colorectal
cancer (CRC) through single-cell RNA sequencing data, revealing the heterogeneity of gene regulatory networks
and identifying key regulators of CRC.

Ye et al. (2020) proposed a new learning framework to detect interactive gene groups in scRNA-seq data based on
co-expression network analysis and subgraph learning, providing a systematic gene ontology for the detection of
interactive gene groups in different cancer subtypes. Enrichment analysis.

Such as pancreatic cancer research: In a study of pancreatic ductal adenocarcinoma (PDAC), researchers used
single-cell RNA sequencing technology to identify different cell subpopulations in the tumor, including type 1
ductal cells and type 2 ductal cells. wait. Type 2 duct cells were found to have significantly higher levels of
chromosomal copy number variations (CNV) than other cell types, suggesting that this cell subset plays an
important role in the progression of PDAC. Type 2 ductal cells are mainly enriched in functional genes related to
cancer, such as cell proliferation, migration, and hypoxia.

This classification is not only based on similarities in gene expression, but also takes into account the functional
status, differentiation stage, and potential response to treatment of the cells. Therefore, the classification of cell
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subpopulations obtained through single-cell RNA sequencing technology has more biological significance and
clinical application value. It can help us better understand the pathogenesis of tumors, predict patients' treatment
response and prognosis, and even guide the development of personalized treatment strategies (Janiszewska, 2020).

3.2 Analysis of gene expression differences and regulatory networks
In the process of exploring tumor heterogeneity, understanding the differences in gene expression between
different cell subpopulations and how these differences are regulated is a crucial step. This understanding not only
helps to reveal the mechanisms of tumor occurrence and development, but may also provide ideas for new
treatment strategies. Single-cell RNA sequencing technology is a powerful tool for analyzing the expression
differences and regulatory networks of these genes (Zeisel et al., 2018).

Traditional gene expression analysis methods often can only give the average expression level of a cell population
and cannot accurately reflect the differences between individual cells. Single-cell RNA sequencing technology can
measure the transcriptome of individual cells, revealing subtle but important gene expression changes among cell
subpopulations. These changes may involve specific transcription factors, signaling pathways, or epigenetic
modifications, which together form a complex gene regulatory network.

By comparing the gene expression profiles of different cell subpopulations, it is possible to identify which genes
are up-regulated or down-regulated in specific subpopulations, and then speculate on the biological processes in
which these genes may be involved. In addition, by combining bioinformatics methods and network analysis
technology, the interaction network between genes can also be constructed to reveal the regulatory relationship
between them. For example, certain transcription factors may regulate processes such as cell proliferation,
apoptosis, or invasion by activating or inhibiting the expression of downstream target genes (Lafzi et al., 2018).

He et al. (2020) performed single-cell RNA sequencing (scRNA-seq) on early-stage lung adenocarcinoma patients
with EGFR mutations, revealing the heterogeneous tumor and immune cell populations in the tumor
microenvironment (TME), providing a basis for understanding cells in the TME. provide unique insights into the
complex interactions between.

Huang et al. (2023) proposed a new gene selection method, automatic associated feature learning (AAFL), to
automatically identify different gene features of different cell subpopulations (cancer subtypes), which provides a
new way to understand cell heterogeneity and complex tumors. Ecosystems provide important insights.

This in-depth analysis of gene expression differences and regulatory networks not only contributes to a more
comprehensive understanding of tumor heterogeneity, but may also provide new targets for therapeutic strategies
targeting specific cell subpopulations. In the future, with the continuous development and improvement of
technology, single-cell RNA sequencing will play an increasingly important role in the field of tumor research and
move towards the goal of personalized medicine.

3.3 Research on interactions between tumor cells
In the complex tumor ecosystem, tumor cells do not exist in isolation. They interact closely with surrounding
stromal cells, immune cells, and other types of cells, forming an intricate cellular communication network. These
interactions have profound effects on tumor growth, invasion, metastasis, and treatment resistance. Therefore,
in-depth study of the interactions between tumor cells is of great significance for revealing the pathogenesis of
tumors and developing new treatment strategies (Zeisel et al., 2018).

Single-cell RNA sequencing technology provides new perspectives and methods for studying interactions between
tumor cells. Single-cell RNA sequencing technology can capture the transcriptome information of single cells and
study the interactions between tumor cells and other cell types at the single-cell level.Through single-cell RNA
sequencing, multiple cell types in tumor samples can be sequenced and analyzed simultaneously, including tumor
cells, immune cells, stromal cells, etc. In this way, gene expression profiles can be compared between different
cell types and key genes and signaling pathways related to cell-cell interactions can be identified. In addition,
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combining bioinformatics methods and network analysis technology, the interaction network between cells can
also be constructed to reveal the communication mechanisms and regulatory relationships between different cell
types (Zhang et al., 2021).

Cao et al. (2022) used single cell sequencing (scRNA-seq) technology to study the role of tumor heterogeneity in
tumor progression, especially how to track gene expression or mutations in heterogeneous cells by measuring the
entire transcriptome of single cells. situation, assess the clonal origins of cancer cells, and determine the selective
evolution of different subpopulations of cancer cells.

Zheng et al. (2021) performed single-cell RNA sequencing of T cells from more than 300 patients in 21 cancer
types, revealing differences in immune cell types related to tumor characteristics, providing a basis for
tumor-infiltrating T cells in the tumor microenvironment. Status and abundance provide a systematic comparison.

These studies not only contribute to a deeper understanding of the interactions between tumor cells and the
complexity of the tumor ecosystem, but may also provide new ideas for the development of new treatment
strategies. For example, by interfering with the interaction between tumor cells and immune cells, the anti-tumor
response of the immune system can be enhanced; by regulating the interaction between tumor cells and stromal
cells, processes such as tumor invasion and metastasis can be inhibited.

4 Summary and Outlook
4.1 Research summary and main findings
This study deeply explores the application prospects of artificial intelligence in the field of drug design and the
ethical considerations it brings, while focusing on the unique value of single-cell RNA sequencing technology in
the study of tumor heterogeneity. Through a systematic literature review, in-depth data analysis, and
interdisciplinary research methods, the great potential of artificial intelligence technology in drug design is
revealed, as well as the ethical challenges that must be faced along with this development.

Alizadeh et al (2015) discussed the extent of tumor heterogeneity, an emerging topic that researchers are only
beginning to understand, exploring how genetic and epigenetic heterogeneity influence tumor evolution and
clinical progression.

Research has found that artificial intelligence technology can play an important role in all stages of drug design
through powerful computing power and advanced algorithm models. From target identification to molecular
screening to clinical trial optimization, artificial intelligence can significantly improve research and development
efficiency, reduce costs, and is expected to bring revolutionary breakthroughs to new drug development. However,
with the rapid development of technology, issues such as how to ensure that the application of artificial
intelligence complies with ethical norms, protects patient privacy, and avoids data abuse have become
increasingly prominent (Gawad et al., 2016).

In terms of studying tumor heterogeneity, this study further confirms the great value of single-cell RNA
sequencing technology. This technology can comprehensively reveal the heterogeneity of tumors at the single-cell
level, including differences in gene expression of different cell subpopulations, the complexity of regulatory
networks, and the interaction between tumor cells and the microenvironment. These findings not only contribute
to a deeper understanding of tumor pathogenesis, but also provide new ideas for the development of therapeutic
strategies targeting specific cell subpopulations or microenvironments.

This study not only provides strong theoretical support and practical guidance for the application of artificial
intelligence in drug design, but also brings new perspectives and methods to the study of tumor heterogeneity.
With the continuous advancement of technology and the deepening of interdisciplinary cooperation, artificial
intelligence and single-cell RNA sequencing technology will play an increasingly important role in future medical
research.
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4.2 Impact and contribution to the study of tumor heterogeneity
Tumor heterogeneity has always been a core problem in cancer research. It refers to the existence of multiple 

different cell subpopulations within the same tumor. These subpopulations vary in terms of gene expression,
proliferation rate, invasion ability, and response to treatment. There are significant differences. The emergence of 

single-cell RNA sequencing technology has brought revolutionary breakthroughs to the study of tumor 

heterogeneity (Ma et al., 2020).

This technology can reveal the gene expression profiles of different cell subpopulations within tumors with 

unprecedented resolution, and can study tumor heterogeneity at the single-cell level. The application of this 

technology can not only more accurately identify and classify cell subpopulations within tumors, but also enable 

in-depth analysis of gene expression differences and regulatory networks between these subpopulations. Through
these studies, we can gain a deeper understanding of the pathogenesis of tumors, predict patients' treatment 

response and prognosis, and even guide the development of personalized treatment strategies.

In addition, by simultaneously sequencing and analyzing multiple cell types in tumor samples, single-cell RNA 

sequencing technology can reveal the communication mechanisms and regulatory relationships between different 

cell types, further deepening the understanding of the tumor ecosystem. These studies will provide new ideas for 

developing treatment strategies targeting specific cell subpopulations or tumor microenvironments, and promote
the development of precision medicine and personalized treatment of tumors.

Jamal-Hanjani et al. (2015) highlighted the potential impact of tumor heterogeneity in treatment response and 

resistance, cancer progression and risk of disease recurrence, but the significance of subclonal mutations,
particularly in driver genes, and their subsequent The evolution over time, as well as the response to cancer 

treatment, remains to be determined.

Single-cell RNA sequencing technology has had a profound impact on the study of tumor heterogeneity, providing 

a powerful tool to reveal the pathogenesis of tumors, develop new treatment strategies, and improve treatment effects.

4.3 Prospects and suggestions for future research directions
Looking to the future, with the continuous advancement of science and technology and the deepening of medical 

research, artificial intelligence and single-cell RNA sequencing technology will present broader development 

prospects in the fields of drug design and tumor heterogeneity research.

McGranahan and Swanton (2017) review data and techniques on intra-tumor heterogeneity across different cancer 

types, as well as the intrinsic dynamics of tumor evolution, constraints, and contingency, highlighting 

macroevolutionary transitions, often involving large-scale chromosomal changes, Importance in driving tumor 

evolution and metastasis.

Dagogo-Jack and Shaw (2018) discussed how tumor heterogeneity increases with disease progression, and tumors 

may contain subpopulations of cells with different molecular characteristics and different sensitivities to 

treatments. They emphasized the accurate assessment of tumor heterogeneity. The importance of sex in 

developing effective treatments.

Single-cell RNA sequencing technology is a powerful tool for studying tumor heterogeneity, but its resolution and 

accuracy still have room for improvement. Future research should be devoted to improving sequencing technology,
reducing experimental costs, and improving data analysis capabilities so that it can be more widely used in the 

analysis of clinical samples. In addition, combining other omics technologies, such as single-cell proteomics and 

metabolomics, will provide more comprehensive information on tumor heterogeneity (Peng et al., 2019).

Interdisciplinary collaboration is key to advancing both fields. It is recommended to strengthen exchanges and 

cooperation between computer science, bioinformatics, pharmacy, clinical medicine and other disciplines to
jointly promote the application of artificial intelligence and single-cell sequencing technology in the medical field.
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At the same time, ethics and privacy issues also require interdisciplinary teams to jointly discuss and formulate
reasonable laws, regulations and ethical guidelines to ensure that while science and technology progress, basic
human rights are protected.Artificial intelligence and single-cell RNA sequencing technology bring unlimited
possibilities for drug design and tumor heterogeneity research. It is expected that these technologies will play a
greater role in the medical field and make greater contributions to human health and well-being in the future.
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