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ABSTRACT

The tumor microenvironment (TME) is a complex and dynamic ecosystem
that influences cancer progression, metastasis, and therapeutic resistance.
Advances in single-cell multi-omics technologies have enabled an
unprecedented resolution in analyzing cellular heterogeneity within the
TME, providing novel insights into tumor-stromal interactions, immune
cell infiltration, and metabolic reprogramming. This review highlights the
latest developments in single-cell transcriptomics, epigenomics,
proteomics, and metabolomics for dissecting tumor heterogeneity. We
discuss key methodologies, computational frameworks, and clinical
implications of multi-omics approaches in cancer research. The integration
of single-cell multi-omics holds the potential to identify novel biomarkers,
therapeutic targets, and precision medicine strategies to improve patient
outcomes.

1. INTRODUCTION

Cancer is an intricate disease characterized by
genetic and phenotypic heterogeneity at multiple
levels.  Traditional  bulk-tissue  sequencing
techniques obscure the complexities of the tumor
microenvironment, failing to capture the
heterogeneity that drives tumor progression and
therapeutic resistance. Single-cell multi-omics
technologies have revolutionized cancer research by
enabling the simultaneous analysis of genomic,
transcriptomic,  epigenomic, proteomic, and
metabolomic profiles at a single-cell resolution. This
article discusses the impact of single-cell multi-
omics on unraveling the heterogeneity of the TME,
its role in cancer progression, and its implications
for personalized medicine.

2. The Complexity of Tumor Microenvironment
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Fig. Tumor Microenvironment

The TME is composed of cancer cells, immune cells,

fibroblasts, endothelial cells, and extracellular

matrix components, all of which interact to promote

or suppress tumorigenesis. Cellular heterogeneity

within the TME can be classified into:

e Genetic heterogeneity: Mutations, copy
number variations, and chromosomal alterations.

o [Epigenetic heterogeneity: DNA methylation
and histone modifications.

e Transcriptomic heterogeneity:
gene expression across single cells.

e Proteomic and metabolomic heterogeneity:
Variations in protein expression and metabolic
activity.

Differential

Table 1: Components of the Tumor Microenvironment and
Their Roles

Component
Cancer cells

Role in TME
Tumor initiation, progression,
and metastasis

Immune cells (T cells, | Immune surveillance, tumor
macrophages) evasion
Fibroblasts Extracellular matrix

remodeling, angiogenesis
Tumor vascularization, nutrient
supply
Mechanical
signaling

Endothelial cells

Extracellular matrix support,  cell

3. Single-Cell Multi-Omics Technologies for TME
Analysis

3.1 Single-Cell Genomics and Transcriptomics
Single-cell RNA sequencing (scRNA-seq) and
single-cell DNA sequencing (scDNA-seq) have
provided insights into intra-tumoral heterogeneity,
clonal evolution, and tumor-immune interactions.
These technologies reveal distinct transcriptional
states, identify rare cell populations, and track tumor
evolution over time.

3.2 Single-Cell Epigenomics
Techniques such as single-cell ATAC-seq (Assay for
Transposase-Accessible Chromatin) and single-cell
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DNA methylation sequencing uncover epigenetic
modifications regulating gene expression in cancer
cells and stromal components.

3.3 Single-Cell Proteomics and Metabolomics
Mass cytometry and single-cell proteomics enable
the characterization of protein expression profiles,
while  metabolomics  identifies = metabolic
reprogramming events in the TME, such as the
Warburg effect.

4. Computational Approaches for Integrating
Single-Cell Multi-Omics Data

Computational frameworks such as Seurat,
SCENIC, and MOFA integrate multi-omics datasets,
enabling the reconstruction of gene regulatory
networks and cellular trajectories. Machine learning
algorithms further enhance data interpretation,
identifying key regulators of cancer progression.

Table 2: Computational Tools for Single-Cell Multi-Omics

Analysis
Tool Omics Data Application
Type
Seurat scRNA-seq, Cell clustering, trajectory
SscATAC-seq analysis
SCENIC | scRNA-seq Gene regulatory network
reconstruction
MOFA Multi-omics Factor analysis of
heterogeneous data
Monocle | scRNA-seq Pseudotime trajectory
analysis

5. Clinical Implications and Future Perspectives

The integration of single-cell multi-omics has the

potential to revolutionize oncology by providing:

1. Biomarker discovery for early cancer detection
and prognosis.

2. Identification of therapeutic targets based on
tumor heterogeneity.

3. Personalized medicine approaches by
stratifying patients based on molecular profiles.

4. Understanding of therapy resistance
mechanisms to improve treatment efficacy.

6. CONCLUSION

Single-cell  multi-omics  technologies  have
revolutionized cancer research by enabling the
simultaneous analysis of multiple molecular
layers—such as  genomics, transcriptomics,
epigenomics, and proteomics—at single-cell
resolution. This integrative approach provides
unprecedented  insights into  the  tumor
microenvironment (TME), revealing cellular
heterogeneity, dynamic interactions, and molecular
mechanisms driving cancer progression.The TME
consists of a diverse array of cell types, including
cancer cells, immune cells, stromal cells, and
endothelial cells, each contributing to tumor growth,
immune evasion, and therapy resistance. Single-cell
multi-omics allows researchers to dissect these
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intricate cellular interactions and identify rare
subpopulations with distinct functional roles. By
capturing epigenetic modifications, gene expression
patterns, and protein-level alterations within
individual cells, this technology facilitates the
discovery of novel biomarkers and potential
therapeutic targets.Moreover, integrating single-cell
multi-omics with spatial transcriptomics and
artificial intelligence-driven data analysis enhances
the ability to map tumor evolution and predict
treatment responses. These insights pave the way for
precision oncology approaches, enabling patient-
specific therapeutic strategies. As advancements in
multi-omics technologies continue, they hold
immense promise for improving cancer diagnosis,
prognosis, and the development of innovative
immunotherapies and targeted treatments.
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