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ABSTRACT

This comprehensive review examines the integration of artificial intelligence (Al)
and cancer treatment from an omics perspective. As cancer incidence and mortality
rates continue to rise globally, understanding tumor heterogeneity and molecular
subtypes has become essential for effective therapy. The review highlights the role of
Al in analyzing omics data, including genomics, proteomics, transcriptomics,
epigenomics, and metabolomics. Al-driven precision oncology significantly enhances
diagnostics, treatment selection, and prognosis prediction by identifying complex
patterns and correlations within large-scale datasets. By combining Al with various
omics approaches, researchers are uncovering new insights into cancer biology,
enabling more personalized therapeutic interventions. Additionally, the review
explores the future potential of Al in oncology, focusing on the possibilities for

improved patient outcomes and groundbreaking discoveries in cancer research.
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Introduction

Cancer is a disease characterized by the uncontrolled growth of abnormal cells
that extend beyond their normal boundaries, potentially invading nearby tissues and
spreading to distant organs. This progression, known as metastasis, disrupts and
destroys organ function by obstructing the supply of nutrients and oxygen, leading to
the accumulation of waste products. Cancer can affect almost any part of the body,
presenting in various forms, and often spreads through the blood and lymphatic
systems during advanced stages (Siegel et al., 2023). As a significant global health
challenge, cancer is responsible for approximately 10 million deaths worldwide in
2020, with an estimated 1,958,310 new cases and 609,820 deaths projected in the
United States alone in 2023 (Afolayan et al., 2024; Siegel et al., 2023). The incidence
and mortality rates of cancer continue to rise globally, marking it as one of the leading
causes of death (Sung et al., 2021). Additionally, a study predicts a consistent cancer
death rate of approximately 0.24% in any country worldwide over the next century
(Gaidai, Yan, & Xing, 2023).

Tumor heterogeneity, the variation in cell populations within tumors, is
a universal feature of all cancer types. This heterogeneity includes differences between
tumors of the same type among different patients (inter-tumor heterogeneity) and
within individual tumors (intra-tumor heterogeneity) (Li et al., 2023). Recognized as
a critical factor in cancer progression, tumor heterogeneity affects every stage, from
initiation to metastasis and recurrence (Li et al, 2023). The sources of this
heterogeneity include genetic, epigenetic, transcriptomic, proteomic, and metabolomic
alterations (Li et al., 2023). Understanding these variations is essential for developing
individualized therapies, particularly through cancer subtyping based on the molecular
characteristics of primary tumors, which relies heavily on gene expression data (Shen
et al,, 2022). Although gene expression signature-based classification has shown
promise, challenges such as platform differences, batch effects, and difficulties in
classifying individual patient samples have limited its widespread implementation. The
significance of cancer subtyping lies in its ability to guide the selection of specific

therapies and the design of targeted treatments. While traditional cancer classification
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methods rely on histopathological and clinical characteristics, gene expression profiling
faces challenges from technical variations and experimental protocols, which can lead
to non-biological batch effects (Gao et al., 2019). Within a single cancer type, multiple
subtypes may exist, each influencing treatment decisions. For example, breast cancer
is typically classified into subtypes such as LumA, LumB, HER2, Basal, and Normal, each
guiding different treatment approaches (Luo et al., 2023). Similarly, prostate cancers
exhibit diverse subtypes defined by specific gene fusions (e.g., ERG, ETV1/4, FLI1) or
mutations (e.g., SPOP, FOXA1, IDH1), revealing highly varied genomic, epigenomic, and
transcriptomic patterns (The Cancer Genome Atlas Research Network, 2015).

In recent years, artificial intelligence (Al) has emerged as a powerful tool for
integrating and analyzing multi-omics data. The applications of Al in the medical field
have expanded significantly, encompassing clinical practice, translational medicine,
and biomedical research across various diseases, including cancer (Kourou et al., 2021).
In oncology, Al is employed for a range of purposes, including risk assessment,
automated segmentation, lesion detection, characterization, grading, staging, prognosis
prediction, and therapy response evaluation (Cuocolo et al., 2020). Al’s ability to
accelerate the analysis of vast datasets, recognize patterns, and facilitate informed
decision-making has made it instrumental in advancing medical research and practice
(Xu et al., 2019). This review provides a comprehensive examination of the application
of Al in cancer treatment, with a particular focus on its integration with multi-omics
data. Additionally, it discusses the future potential of Al in advancing oncology,

improving patient outcomes, and contributing to new discoveries in cancer research.

Omics and Artificial Intelligence

In the context of oncology treatment, Omics and Artificial Intelligence (Al) are
emerging areas that play critical roles in advancing personalized medicine and
improving cancer treatment outcomes.

Omics in Oncology
Omics refers to different areas of study that focus on various biological

molecules in the body. These areas include: 1) Genomics: This is the study of genes
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and DNA. In cancer treatment, genomics helps doctors understand which gene
mutations cause cancer, so they can create specific treatments to target those
mutations. (Micheel, Nass & Omenn, 2012) 2) Proteomics: This is the study of proteins.
By studying proteins in cancer cells, scientists can learn how these cells work and find
new ways to stop them. (Gillette, Jimenez & Carr, 2024). 3) Transcriptomics: This area
focuses on RNA, which is made from DNA. Understanding RNA in cancer cells helps in
discovering how these cells behave and in finding new treatment methods and 4)
Metabolomics: This is the study of small molecules involved in metabolism. In cancer,
studying these molecules can help identify new ways to diagnose and treat the
disease. (Micheel et al., 2012).
Artificial Intelligence (Al) in Oncology

Artificial Intelligence (Al) is technology that uses computers to analyze large
amounts of data. In cancer treatment, Al can: 1) Help Diagnose Cancer: Al can look at
medical images like X-rays and help doctors detect cancer earlier and more accurately
(National Cancer Institute, 2024). 2) Plan Treatments: Al can use patient data to predict
how well a treatment will work, allowing doctors to choose the best treatment for
each patient. (National Cancer Institute, 2024; National Institutes of Health, 2024).
3) Discover New Drugs: Al can help find new cancer drugs faster by predicting which
ones might work based on the characteristics of the cancer and 4) Monitor Progress: Al
can track how well a patient is responding to treatment and suggest changes if needed
to improve outcomes. (National Cancer Institute, 2024; National Institutes of Health, 2024).

By combining omics with Al, cancer treatment is becoming more personalized.
This means treatments are tailored specifically to each patient’s cancer, which can
make them more effective and reduce side effects.
Omics technologies in oncology

Molecules, such as genes, RNA, proteins, and metabolites, can be used to
reveal the mechanisms underlying physiological processes and changes that occur
during pathological conditions. Current technologies can obtain a huge number of
molecular measurements from a biological sample. Many hundreds or thousands of
molecules can be analyzed by high-throughput technologies termed as omics

technologies. Examples of omics technologies include genomics, transcriptomics,
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proteomics, and metabolomics, which correspond to global analyzes of genes, RNA,
proteins, and metabolites, respectively. Those omics technologies can provide
new insights into oncology.

Epigenetics refers to changes in gene expression that occur without altering
the DNA sequence itself. These changes are influenced by various factors, including
environmental exposures, lifestyle choices, and developmental processes. Epigenetic
modifications can control which genes are turned on or off in different cell types,
playing a critical role in regulating cellular functions and development. In the context
of cancer, epigenetic alterations can lead to abnormal gene expression patterns that
contribute to tumor initiation, growth, and metastasis. These changes may involve DNA
methylation, histone modifications, and non-coding RNAs, among other mechanisms.
Al technology is increasingly used to analyze large-scale genomic and epigenomic data
sets, helping researchers uncover patterns and correlations that provide insights into
the role of epigenetics in cancer. This integration of Al with epigenetics research holds
great promise for improving our understanding of cancer biology and developing
targeted therapies tailored to individual patients.

In cancer genomics, the widespread availability of genetic information
facilitated by next-generation sequencing (NGS) technologies offers valuable insights
into tumor genomic profiles. Additionally, germline mutations in cancer-predisposing
genes like BRCA1/2 are identified to assess cancer susceptibility (Xu et al., 2019).
Cell-free DNA (cfDNA) from dying tumor cells, exosomes, and circulating tumor cells
(CTCs) serve as sources for tumor DNA, aiding in genomic profiling for risk prediction,
disease diagnosis, and targeted therapy development (Xu et al., 2019). The study of
whole genome sequences and DNA sequence variants, known as genome analysis,
has significantly impacted medicine, enabling disease diagnosis, treatment response
assessment, and prognosis prediction (Babu & Snyder, 2023). In colorectal cancer (CRC),
genetic features such as KRAS mutation and microsatellite instability (MSI) status play
pivotal roles in disease characterization (Gao et al., 2023). Although cancer is not
primarily hereditary, the genome represents the entirety of genes within a cell, and

genomics delves into the study of organisms' genetic make-up. Genome-wide
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association studies (GWAS) have successfully pinpointed interacting genetic variants
contributing to cancer risk (Shao et al., 2022).

Transcriptomics involves measuring the complete set of RNA transcripts and
their abundance in cells or cell populations, serving as a read-out of cell state.
The continual advancements in transcriptomics have brought about transformative
changes in modern medicine, offering applications in disease diagnosis and prognosis.
This technology enables the elucidation of how different genes interact within specific
cell types over time (Babu & Snyder, 2023). In recent experiments, the Deep
Convolutional Graph Network (DCGN) outperformed seven other cancer subtype
classification methods when applied to breast and bladder cancer gene expression
datasets. These findings highlight the superior performance of DCGN in classification
tasks (Gao et al., 2019). Consequently, whole transcriptome-based cancer subtyping
has emerged as an effective strategy for dissecting cancer heterogeneity. This approach
integrates genetic, epigenetic, and micro-environmental features, providing insights into
cancer biology and clinical presentation (Gao et al., 2019).

Proteomics involves quantifying the identity and abundance of all proteins
within a sample. Mass spectrometry (MS)-based proteomics has demonstrated
considerable potential by uncovering intricate and predictive biomarker signatures.
These findings have not only enhanced clinical decision-making but have also
facilitated the prediction of 118 patient trajectories through the application of machine
learning techniques (Gillette et al., 2024).

Metabolomics involves studying small molecules in the body, typically those
with a mass less than 1500 Da. Serving as the substrate for interactions between
genetics, environment, microbiota, and exposome, metabolomics studies have driven
advancements in biomedical research. These studies have applications in biomarker

discovery, disease diagnosis, and prognosis (Babu & Snyder, 2023).
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Integration of Al and Omics technologies

Cancer is a multifactorial disease and the development of cancer is
complicated. Even though multi-omics technology can provide lots of information for
better understanding the molecular and clinical features of cancers, the extensive
volume of information is challenging for humans to analyze and gain deep insight.
Through the Al capabilities, Al can process vast quantities of information obtained from
omics technology to unveil in-depth insights into various types of cancer. Hence, Al
can strengthen multi-omics technology to become a powerful tool for cancer research
and medical oncology. In clinical practice, Al can be utilized for diverse purposes, such
as risk prediction, investigation, diagnosis, and therapy response evaluation.

Al assists cancer research through its application in genomics, epigenomics,
transcriptomics, proteomics, and metabolomics. In genomics, Al algorithms analyze
vast genomic datasets to identify cancer genetic variations, aiding in the discovery of
driver mutations and personalized treatment strategies. Epigenomic analysis with
machine learning algorithm uncover patterns within large scale epigenomic datasets
intricate DNA methylation patterns and histone modifications, shedding ligsht on gene
expression regulation in cancer cells and identifying potential therapeutic targets
(Vinciguerra, 2023). Al assisted transcriptomic can analyze tumor heterogeneity (Figure
1), the tumor microenvironment, immune-related adverse event pathogenesis, drug
resistance (Gui et al., 2023).
/N Epigenetics

Dot \
o

Utestyte
P Gavironment

Multinomics

Mets
ooy
e —
“emics

Tramscript
. Artificial

Radiomics

e

Pathomics

N o g

(39:)3-3+/3-9

Figure 1 The synergistic integration of epigenetics, multi-omics, radiomics and

pathomic data for Al-driven personalized patient management
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Al-driven transcriptomics analysis uncovers dysregulated genes and pathways
crucial for understanding cancer progression and classification. Moreover, Al facilitated
proteomic analysis can predict complex protein biomarkers and interactions pivotal
for elucidating cancer biology and developing targeted therapies. In addition, Al can
identify risk factors, predict the likelihood of developing a disease (Gui et al., 2023). Al
can be used to facilitate the integration of multi-omics information (Gao, Huang, & Xing,
2022). This integrated approach paves the way for the development of precision

oncology, improving diagnosis and treatment outcomes for individual cancer patients.

Current Applications of Omics and Al

Genomic testing, particularly the Oncotype DX test, has greatly improved breast
cancer treatment by analyzing the activity of 21 genes in a tumor. This test is crucial
for patients with early-stage, estrogen receptor-positive (ER+), node-negative breast
cancer. It helps predict the risk of cancer returning and the potential benefit of
chemotherapy. By identifying which patients are likely to benefit from chemotherapy,
the test also helps avoid unnecessary treatments for those at low risk (McVeigh & Kerin,
2017). The effectiveness of the Oncotype DX test is even better when combined with
biomarkers like long non-coding RNA MALAT1, which provides additional information
about cancer prognosis (Huang et al., 2021). The use of Oncotype DX in clinical practice
is a major step forward in personalized medicine, allowing for more accurate treatment
plans that match each patient’s risk level, leading to better outcomes and fewer
unnecessary treatments (McVeigh & Kerin, 2017; Huang et al., 2021).

In lung cancer, the combination of artificial intelligence (Al) and omics data has
advanced screening and diagnosis. Al models using CT scans and radiomics have shown
better accuracy in telling the difference between benign and malignant nodules
compared to traditional methods, though issues like high false positive rates remain.
Adding omics data, such as genomics and proteomics, makes these models more
accurate by providing a deeper understanding of the disease, leading to more

personalized treatments. Future research should work on improving these Al models
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to reduce false positives and ensure they are effective for all patient groups (Cheng,
Li, & Wu., 2024; Gharehbaghi et al., 2023).

In colorectal cancer (CRC), metabolomic profiling has highlighted important
metabolic changes before and after surgery, particularly in pathways like arginine and
proline metabolism. Zhuang et al. (2022) found that gamma-linolenic acid (GLA) levels,
which were lower before surgery, returned to normal afterward, showing potential as
a marker for CRC recurrence and prognosis. Proteomics has also helped in early cancer
detection and personalized treatment by identifying specific protein biomarkers,
allowing for customized therapies and monitoring treatment responses. Combining
these omics approaches with Al enables a more efficient analysis of complex data,
leading to more precise and individualized cancer care.

Al has also transformed the field of computational and digital pathology by
integrating whole-slide imaging (WSI) with deep learning models like convolutional
neural networks (CNNs). These Al-driven tools have greatly improved the accuracy and
efficiency of diagnosing and classifying cancerous tissues, especially in prostate,
colorectal, and breast cancer. Al has also made pathology more precise by reducing
differences between observers and allowing for remote analysis, which was especially
useful during the COVID-19 pandemic (Cui & Zhang, 2021; Bera et al., 2019; Baxi et al,,
2022).

The combination of omics data with Al has also improved the ability to predict
cancer outcomes and tailor treatments to each patient. For example, in colorectal
cancer, Al models that include omics data have performed better than traditional
methods in predicting patient outcomes, providing deeper insights into tumor biology
and leading to more effective treatments (Cui & Zhang, 2021). Additionally, Al has
advanced the discovery of biomarkers and patient stratification, particularly in
immuno-oncology. Al-driven algorithms and multiplex immunohistochemistry (IHC)
provide detailed information on immune cell distribution within tumors, improving
predictions of responses to immune checkpoint inhibitors and supporting personalized
treatment plans (Baxi et al., 2022).

However, the use of omics and Al in cancer care faces several challenges. One

major issue is the variability in data quality and the need for standardization,
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as differences in how samples are prepared and processed can affect the reliability of
results (McVeigh & Kerin, 2017; Huang et al., 2021). The complexity of combining multi-
omics data with Al models also makes the process difficult, requiring advanced
computational tools and expertise (Cheng et al., 2024; Cui & Zhang, 2021). Additionally,
many Al models, especially deep learning algorithms, are seen as "black boxes", making
it hard for doctors to understand and trust their recommendations (Bera et al., 2019).
High false positive rates in cancer screening and the risk of overfitting also present
significant challenges, leading to unnecessary treatments and limiting the general use
of Al models (Gharehbaghi et al., 2023). Ethical concerns about patient privacy and
data security, as well as biases in Al algorithms, further complicate their use in clinical
settings (Baxi et al,, 2022). Additionally, the slow pace of clinical validation and
regulatory approval, along with the high costs associated with these technologies,
limits their availability, especially in areas with fewer resources (Zhuang et al., 2022).
Addressing these challenges is essential to fully realize the potential of omics and Al

in improving cancer care.

Conclusion

The integration of artificial intelligence (Al) into cancer care represents a major
improvement over traditional methods that relied on manual analysis of omics data.
Previously, cancer diagnosis and treatment were often slow and less accurate, with
decisions based on general protocols rather than tailored to individual patients. Al has
changed this by making data analysis faster and more precise, helping doctors to detect
cancer earlier and choose the best treatment for each patient. By combining Al with
omics technologies, it is now possible to create more personalized and effective
treatment plans, which improves patient outcomes. As Al continues to develop, it will
likely lead to even more advances in cancer research and care, offering new ways to
understand and treat the disease at a deeper level. This progress holds the potential
to greatly enhance the effectiveness of cancer treatments and improve the quality of

care for patients worldwide.
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Recommendation

To improve the use of omics and Al in cancer care, it is important to create
clear guidelines for collecting and processing data to ensure that results are consistent
and reliable. Making Al models easier to understand will help doctors trust and use
them in their work. We also need to address ethical issues, such as protecting patient
privacy and avoiding biases in Al. Testing these technologies thoroughly in clinical trials
is necessary to prove they are safe and effective. Additionally, finding ways to lower
costs and increase access, especially in areas with fewer resources, is essential.
Continued research should focus on improving Al models and discovering new uses

for omics to enhance personalized cancer treatment and patient outcomes.
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