IntechOpen

Molecular Medicine
New Insights

Edited by Xianquan Zhan







Molecular Medicine - New

Insights
Edited by Xianquan Zhan

Published in London, United Kingdom




Molecular Medicine - New Insights
http: /dx.doi.org/10.5772/intechopen.1005997
Edited by Xianquan Zhan

Contributors
Haiyu Shen, Hossein Azizi, Lamarana Jallow, NalLi, Nima Ghasemi, Nosipho Treasure Mdluli, Ousman
Bajinka, Sumera Khan, Thomas Skutella, Wenhao Sun, Xianquan Zhan, Xianquan Zhan, Yun-Chen Chang

© The Editor(s) and the Author(s) 2026

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988. Allrights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.
(@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 4.0 License which permits commercial use, distribution and reproduction of the
individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If soindicated, certain images may not be included under the Creative Commons
license. Insuch cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www.intechopen.com/ copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2026 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

For EU product safety concerns: INTECHd.o.0., Prolaz Marije Krucifikse Kozuli¢ 3, 51000 Rijeka,
Croatia, info@intechopen.com or visit our website at intechopen.com.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Molecular Medicine - New Insights
Edited by Xianquan Zhan

p.cm.

Print ISBN 978-1-83635-250-1
Online ISBN 978-1-83635-249-5
eBook (PDF) ISBN 978-1-83635-251-8

If disposing of this product, please recycle the paper responsibly.


http://dx.doi.org/10.5772/intechopen.1005997
mailto:permissions%40intechopen.com?subject=
https://www.intechopen.com/page/copyright-policy
mailto:info%40intechopen?subject=
http://intechopen.com

Meet the editor

Xianquan Zhan received his MD and Ph.D. in Preventive Medi-
cine at West China University of Medical Sciences. He received
his postdoctoral training in oncology and cancer proteomics at
Central South University, China, and the University of Ten-
nessee Health Science Center (UTHSC), USA. He worked at
UTHSC and the Cleveland Clinic from 2001 to 2012, achieving
the rank of Associate Professor at UTHSC. Currently, heisa
Full Professor at Central South University and Shandong First Medical University,
and an advisor to MS/Ph.D. students and postdoctoral fellows. He is also a fellow
of the Royal Society of Medicine, Word Academy of Productivity Sciences, and Euro-
pean Association for Predictive Preventive Personalized Medicine (EPMA), anational
representative of EPMA, and a member of Sigma Xu The Scientific Research Honor
Society, American Society of Clinical Oncology (ASCO), and the American Association
forthe Advancement of Sciences (AAAS). He is also editor in chief of the Interna-
tional Journal of Chronic Diseases ¢ Therapy, an associate editor of EPMA Journal,
Frontiers in Endocrinology, and BMC Medical Genomics, and a guest editor of Mass
Spectrometry Reviews, Frontiers in Endocrinology, EPMA Journal, and Oxidative
Medicine and Cellular Longevity. He has published more than 190 articles, 30 book
chapters, 10 books, and 6 international patents in the field of clinical proteomics
and biomarkers.







Contents

Preface IX

Chapter1 1
Immune-Related Gene Alternative Splicing-Based Biomarker-Sets

for Lung Adenocarcinoma

by Wenhao Sun, Na Li and Xianquan Zhan

Chapter2 21
Exploring the Multifaceted Role of Wnt Signaling: From Stemness,

Development, and Disease to Therapeutics

by Nima Ghasemi, Hossein Azigi and Thomas Skutella

Chapter 3 57
Cardiovascular Disease Genetic Risk Prediction Models: A Systematic

Review

by Sumera Khan and Xianquan Zhan

Chapter 4 75
Telomere Dynamics in Cancer: Novel Insights and Therapeutic

Implications

by Nosipho Treasure Mdluli and Yun-Chen Chang

Chapter5 109
Ubiquitinomics in Sigmoid Colon Cancer: Defining Stage-Specific

Patterns for Predictive, Preventive, and Personalized Medicine

by Ousman Bajinka, Lamarana Jallow, Haiyu Shen, Na Li

and Xianquan Zhan






Preface

Molecular medicine is developed based on a series of biomolecules, including DNAs
(genes), RNAs (transcripts), proteins (proteoforms), and metabolites in the human
body, and these molecules can be large-scale identified with multiomics, includ-

ing genomics, transcriptomics, proteomics (proteoformics), and metabolomics.
Moreover, complex biomolecular modifications occur in these biomolecules, includ-
ing over 10 types of DNA modifications, over 170 types of post-transcriptional
RNA modifications, and 400-600 types of post-translational protein modifications;
alternative splicing also occurs in RNAs. These biomolecular modifications can be
identified on a large scale with the corresponding omics. The obtained multiomics
data can be used to construct signaling pathway networks to provide insights into
disease mechanisms, discover effective therapeutic targets/drugs, and identify
molecular pattern biomarkers for predictive, preventive, and personalized medicine
(3PM) and precision medicine (PM) in disease. This book focuses on the contribu-
tions of single-omics and multi-omics to molecular medicine, which will benefit
human health and healthcare, and on the discovery of novel therapeutic targets and
drugs, as well as effective biomarkers for disease treatment.

The book includes scholarly contributions from various authors and is edited by a
group of experts in molecular medicine. Each contribution comes as a separate chapter
complete in itself but directly related to the book’s topics and objectives.

It includes five chapters dealing with the topics: (1) Immune-Related Gene Alternative
Splicing-Based Biomarker-Sets for Lung Adenocarcinoma; (2) Exploring the
Multifaceted Role of Wnt Signaling: From Stemness, Development, and Disease

to Therapeutics; (3) Cardiovascular Disease Genetic Risk Prediction Models: A
Systematic Review; (4) Telomere Dynamics in Cancer: Novel Insights and Therapeutic
Implications; and (5) Ubiquitinomics in Sigmoid Colon Cancer: Defining Stage-Specific
Patterns for Predictive, Preventive, and Personalized Medicine. These chapters present
new perspectives and a comprehensive overview of recent developments in molecular
medicine.

However, it must be recognized that this book addresses only a tiny fraction of the
field of molecular medicine, which aims to encourage researchers to contribute to

molecular medicine to protect human health.

The target audience comprises scholars and specialists in the field.
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Chapter 1

Immune-Related Gene Alternative
Splicing-Based Biomarker-Sets for
Lung Adenocarcinoma

Wenhao Sun, Na Li and Xianquan Zhan

Abstract

Lung adenocarcinoma (LUAD) poses a serious threat to human health, lacking
effective biomarkers. Alternative splicing (AS) of immune-related genes (IRGs)
is of great significance in LUAD. In this study, IRG-AS was analyzed in depth, and
the prognostic model of IRG differential expression alternative splicing was con-
structed, and its relationship with tumor microenvironment, immune cells, and
drug sensitivity was analyzed. The study obtained data from 513 LUAD tissues and
59 control tissues from the TCGA database and identified 2520 IRG-AS events, with
exon skipping (ES) being one of the most common events. Through Lasso regression
analysis, a prognostic model containing 12 IRG-DEAS events was established, which
showed good risk stratification ability in both the training and test sets, with an area
under the ROC curve of 0.84 and 0.676, respectively. In addition, the study also found
that IRG-DEAS is closely related to the infiltration level of a variety of immune cells,
immune checkpoint gene expression, and tumor mutational burden (TMB), which
provides a new perspective for the prediction, prevention, and personalized medicine
(3P medicine) of LUAD and a new idea for the precision treatment of lung cancer.

Keywords: lung adenocarcinoma, immune-related genes, alternative splicing,
biomarkers, exon skipping, risk stratification, tumor mutational burden, prediction,
prevention and personalized medicine (3 PM)

1. Introduction
1.1 Epidemiology of LUAD

Among the diseases that pose a serious threat to human health, lung cancer
stands out with its high morbidity and mortality rates across the world [1]. The
survey indicates that, around the world, lung cancer is one of the major reasons for
cancer-related deaths. Each year, as many as 1.6 million people die from lung cancer
and 1.8 million are diagnosed with the disease. Because lung cancers have different
types, which could be diagnosed in clinical practice, the 5-year survival rate varies,
which could be distributed from 4 to 17% [2]. Lung cancer includes three main kinds;
of these, non-small cell lung cancer (NSCLC) is the most common type, growing
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relatively slowly; the other type is small cell lung cancer (SCLC), which is highly
malignant; while lung carcinoids are relatively rare. One of the NSCLC subtypes is
LUAD. Among all malignant lung cancers, nearly half of patients are diagnosed with
LUAD. Its incidence rate is extremely high and can occur worldwide.

Many normal approaches are used to treat lung cancer. These methods develop
rapidly, including chemotherapy, targeted therapy, surgery, and radiation. Apart
from these, the most promising treatment is combination therapy [3]. However, it was
still poor at the rate of survivors of lung adenocarcinoma, especially in some late-
stage patients [4, 5]. A number of genetic mutations were studied to act as the factors
driving lung cancer, such as ALK fusion, KRAS mutations, and EGFR mutations, and
the use of some targeted drugs has achieved satisfactory results [6]. However, there
were lots of patients diagnosed with lung cancer without a driven gene mutation. It is
urgent that targeted drugs for these patients be developed. Therefore, it is necessary
to identify new targets as the direction for drug treatment.

1.2 Alternative splicing (AS) in LUAD

Alternative splicing, a selective splicing process, transforms mRNA precursors into
mature mRNAs. The generation of protein diversity depends on the fact that multiple
mature mRNAs can be produced by a single gene. Scientists found that in the differ-
ent cancers, a key mechanism linked to the biochemical mechanism was the change
of AS; for instance, cancer cell proliferation, angiogenesis, and immune escape are
facilitated by numerous cancer-related AS changes [7]. AS changes can make cancer
cells come from the healthy cells, and this mechanism has the ability to function on
all genes, leaving the frequency of oncogene mutations unaffected [8]. Due to altera-
tions in AS patterns, the function or expression levels of lung cancer-associated genes
might be altered, thereby influencing the occurrence and development of LUAD.

Alternative splicing events frequently occur in cancers and are intricately linked
to tumor initiation, development, and treatment response. AS is acknowledged as a
vital mechanism through which the protein diversity is boosted by the body, and the
body can also regulate protein expression. However, the effective roles of AS in LUAD
remain relatively underexplored [9]. Alternative splicing events within the immune
process have attracted significant interest. For instance, immune-related genes [10]
are prominently involved in numerous pathways. These pathways encompass chemo-
kines and their receptors, B-cell antigen receptor (BCR) signaling cascade, TCR-
mediated signal transduction pathway, antigen handling and presenting, interferon
receptors, interleukin cytokines and their receptors, natural killer cell cytotoxicity,
as well as members of the growth-regulating factor family of the transforming type
and their corresponding receptors [11]. The alternative splicing of immune molecules
generates novel splicing variants. These variants have the potential to influence how
immune cells recognize and present antigens; then the activation of T cells will be
impacted, and the initiation of the immune response will also be affected. Such an
impact can, in turn, further modulate the efficacy of immunotherapy, as previously
reported [12]. Transcriptomics-based investigations have shown that analyzing the
AS patterns of IRGs in LUAD can help elucidate the underlying mechanisms through
which AS affects immunotherapy. Additionally, this analysis can offer insights into
the distinct functions of IRG isoforms within lung cancer contexts.

Dr. Zhan proposed the hypothesis that alternative splicing events of immune-
related genes exhibit significant differences between lung cancers and control
samples [13]. According to this hypothesis, lung cancer-specific AS events could be
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intricately linked to the molecular mechanisms underlying the disease, potentially
serving as novel therapeutic targets. Moreover, specific AS patterns might act as accu-
rate predictive or prognostic biomarkers within the precision preventive, predictive,
and personalized medicine framework. To explore these hypotheses, a comprehensive
analysis conducted by Dr. Zhan and his team detected the lung adenocarcinoma using
data from the TCGA database [13].

In the analysis of lung adenocarcinoma, a total of 513 LUAD tissues from clinical
patients and another 59 control tissues were employed for the study of immune-related
gene alternative splicing (IRG-AS). As detailed in a research [13], 2520 IRG-AS events
were identified. Among these, exon skipping (ES) emerged as one of the most prevalent
alternative splicing events, whereas intron retention (ME) was the least common. An
UpSet plot was utilized to illustrate the overlapping patterns among the seven types of
IRG differentially expressed alternative splicing (IRG-DEAS) events in the LUAD group.

1.3 Immune-related genes (IRGs) and tumor microenvironment (TME)

Alternative splicing (AS) events of immune-related genes (IRGs) are intricately
intertwined with the progression of tumors and the outcomes of new immuno-
therapy. Ample evidence has demonstrated that the tumor microenvironment (TME)
undergoes distinct alterations in the context of AS, which is orchestrated by splicing
factors (SF). These researches provide some new AS events, which can potentially
modulate the efficacy of immunotherapy by influencing the expression levels of
therapeutic targets.

Novel splicing variants, which are generated by the AS of immune molecules, have
the potential to disrupt the processes by which immune cells recognize and present
antigens. This disruption, in turn, impacts the initiation of the immunoreaction and
the activation of CD3" cells. Ultimately, these cascading effects can have a profound
influence on the overall effectiveness of immunotherapy.

2. Molecular landscape of LUAD
2.1 Genetic and epigenetic features

Weimin Li and his colleagues inferred copy number variations (CNV) by using
inferCNYV, according to the average expression of 100 genes from every karyon region
[14]. They found that large-scale amplifications appear in patients with LUAD, mainly
in the type II alveolar cells of the patients. For example, genes such as CD74, RPS14,
GPX3, and TNIP1 on chromosome 5; CSNK1D, CD7, CYBC1, NARF, FPXK2, and
TBCD on chromosome 17; as well as MED16, CFD, PTBP1, and others on chromo-
some 19 were amplified [14]. Subsequently, they computed the expansion state of
genes, which may have the key clinical value, including EGFR, KRAS, BRAF, ERBB2,
and MET. It was found that EGFR had obvious amplification peaks in subpopulations
of clone 2 and subpopulations of clone 7 of the AT2 cells, and a great part of the cells
in these subclones were from LUAD patients. After constructing the transcription
factor governance network according to the upregulated genes, it was discovered that
in LUAD, the tumor suppressor NKX2-1 functioned as one kind of cytokine of the
critical regulators of AT2 cells, which are lineage-specific. Additionally, SI00A13 was
regulated by NKX2-1. In LUAD, it was found that around the transcription initiation
point, the ATAC-seq peaks of SI00A13 were higher than those in benign solitary
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pulmonary nodules (BSPN), and it was also higher in malignant AT?2 cells in expres-
sion. Finally, through GO and DOSE analysis of the activated genes in aggressive cells,
it was found that genes associated with the protein that is the unfolded response, cells
that are related to immune, and mRNA metabolic regulation were enriched in AT2
cells of LUAD processes [14].

2.2 Tumor microenvironment and immune evasion

In developing studies, there has been a growing trend [15] in the prognostic
splicing models by uncovering the system of alternative splicing and establishing
correlations between splicing abnormalities and the tumor microenvironment as well
as immune heterogeneity in lung adenocarcinoma [16]. As an illustration, a recent
study identified a new AS-based prognostic signature related to Bregs and malignant
pleural effusion in LUAD patients.

Additionally, a Swiss-led multicenter study has mapped the pan-cancer alterna-
tive splicing landscape via extensive analysis of 8705 patient tumors. Among 32
cancer types [17], lung adenocarcinoma emerges as a prominently AS-deregulated
tumor, characterized by increased frequency of abnormal alternative splicing events.
Notably, exon skipping (ES) events show an increase of more than 30% in tumor
samples when compared to paired normal tissues [17]. In terms of therapeutic
relevance, the study reveals that LUAD features a high frequency of tumor-specific
exon-exon junctions [18]. This indicates a more intricate splicing mechanism and the
potential for neoantigen production [19].

Remarkably, recent research efforts have developed spatial isoform transcrip-
tomics (SITs) [20], an innovative approach designed to profile spatial alternative
splicing (AS) isoforms and sequence heterogeneity via long-read sequencing tech-
niques [21]. This novel SITs method enables iz situ capture of full-length transcripts
from diverse tissue regions, providing an AS landscape and comprehensive overview
of both gene expression patterns simultaneously.

Significantly, in LUAD, the integration of spatial sequencing with RNA-seq has yielded
crucial insights. It has been discovered that they are present at higher levels in cancer-
related fibrocytes within cancer tissues [22, 23], such as hMENA/hMENAAv6 splicing
isoforms and so on. Additionally, stromal FN1 exhibits high expression, and ectopic lym-
phoid structures (TLSs) are primarily situated in the circumtumoral area. The abundant
expression of FN1 might act as one kind of hindrance for the localization of intratumor
TLSs, which is consistent with robust anti-tumor immune responses [22, 23]. Moreover, it
may impact the effectiveness of immunotherapy by interacting with ILT3.

Furthermore, a new spliced type of PD-L1, known as sPD-L1, is also devoid of
the membrane-spanning region, which has been detected in LUAD. The importance
of using immune checkpoint blockade (ICB) monotherapy as pretreatment for
LUAD patients with the combination of sPD-1 and sPD-L1 has been highlighted
[24]. Interestingly, research results indicate that alternative splicing can produce an
IncRNA from the PD-L1 gene. By increasing the activity of c-Myc, this IncRNA can
accelerate the proliferation of LUAD [25, 26]. Overall, the latest findings underscore
the complex functions of the AS of PD-L1 and its ligand in the proliferation of the
cancer and immune modulation. These discoveries open up possible strategies if we
want to make immunotherapy more effective for LUAD patients.

Immunotherapy represents a major breakthrough in the treatment of cancer,
which uses the role of the immune system to detect and remove the tumor cells,
including those in LUAD. Among the prominent approaches in this field is CAR-T cell
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adoptive cell therapy [27]. As an antibody-based anti-tumor therapy;, it is considered
one of the most promising personalized immunotherapeutic treatments [28, 29].

In LUAD, mRNA splicing differences were demonstrated to modify proteomic
diversity, presenting a vast yet largely uninvestigated pool of potential novel
immunotherapy targets. In immunotherapy target screening (IRIS), recent research
emphasizes the value of a new substance from RNA splicing, which is named isoform
peptides. IRIS employs an algorithmic framework engineered to identify tumor anti-
gens arising from AS. This innovation significantly expands the horizons of cancer
immunotherapies, offering new possibilities for more effective treatment strategies.

Among the emerging specific targets of the LUAD, CD44v6, which is the AS variant
of CD44, has been associated with the development of the cancers, invasion, and cancer
dissemination of LUAD [30]. In vitro, anti-CD44v6 CAR-T cells have revealed functional
activation [31]. These CAR-T cells are competent of infiltrating tumors, proliferating,
inhibiting in vivo LUAD growth, and improving overall survival in mouse models.

3. Immune-related gene alternative splicing (IRG-AS) in LUAD
3.1 Methodology for AS profiling

RNA sequencing has become a crucial methodological breakthrough, enabling
in-depth, genome-wide investigations of differential gene expression and mRNA
splicing patterns [2, 32]. One of the key strengths of this technology is single-cell
RNA-seq. This technique enables the assessment of gene expression with a high preci-
sion of individual cells, allowing researchers to distinguish and characterize different
cellular subsets within LUAD.

Moreover, the recent developments in spatial transcriptomics expand genomic
analysis by maintaining the spatial organization of the LUAD structure [33, 34].
Interestingly, recent research has presented spatial isoform transcriptomics, an
exploratory approach developed to describe spatial alternative splicing isoforms and
sequence diversity using long-read sequencing. This novel SITs technique allows for
the on-site capture of complete transcripts from various tissue regions. By doing this,
it offers a holistic view of both the dynamics of gene expression and the landscapes of
alternative splicing at the same time.

Scientists are actively working to overcome the inherent drawbacks of individual
techniques and boost their ability to understand the biological roles of alternative
splicing isoforms. Single-cell RNA sequencing with short-read assembly provides high
sensitivity in detecting transcripts at the single-cell level. On the other hand, spatial
transcriptomics allows the analysis of the patterns of expression of the genes within
the tissue microenvironment. Overall, the integration of third-generation sequencing
enriches the logical scope through revealing detailed information about AS events.

In essence, a comprehensive strategy is offered by these advanced technologies for
researching the translation of genes and the spatial characteristics of lung adenocar-
cinoma, thereby yielding a more in-depth understanding of how AS functions within
the tumor microenvironment.

3.2IRG-AS event characterization

After comparing the LUAD and normal tissues, an analysis of IRG-AS events
identified 66 differential alternative splicing (DEAS) events in total, and we found
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16 events were down-regulated and another 50 events were up-regulated [13]. KEGG
pathway enrichment analysis was performed on IRG-related DEAS events, leading to
the identification of 22 pathways in LUAD that have significance in terms of statistics
(Figure 1A) [13] and multiple biological processes (Figure 1B).

Analyzing the identified DEASs by GO biological process enrichment, the study
has uncovered 29 statistically significant biological processes in LUAD. A total of 127

A hsa04151:PI3K-Akt signaling pathway
hsa04650:Natural killer cell mediated cytotoxicity [EET
hsa04360:Axon guidance
hsa04510:Focal adhesion
hsa04014:Ras signaling pathway
hsa04370:VEGF signaling pathway
hsa04662:B cell receptor signaling pathway
hsa04015:Rap1 signaling pathway
hsa04066:HIF-1 signaling pathway
hsa04062:Chemokine signaling pathway
hsa05200:Pathways in cancer
hsa05205:Proteoglycans in cancer
hsa04810:Regulation of actin cytoskeleton
hsa04380:0steoclast differentiation
hsa05211:Renal cell carcinoma
hsa04630:1ak-STAT signaling pathway
hsa04060:Cytokine-cytokine receptor interaction [N

£

hsa05100:Bacterial invasion of epithelial cells I
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Figure 1.

The functional features of IRG-DEAS events in LUAD. A. The signaling pathways induced by IRG-DEAS were
identified in LUAD by KEGG pathway envichment analysis. B. IRG-DEAS-mediated biological processes (BPs)
in LUAD. Reproduced from Li et al. [13].
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immune-associated genes were subjected to variable splicing events to assess their
association with overall survival in the LUAD cohort (Figure 1B) [13].

4. Prognostic model development and validation
4.1 Lasso regression and risk stratification

Between overall survival (OS)-related IRG-AS events and DEAS events, an
overlapping analysis was carried out. Subsequently, the IRG-DEAS events, which
are associated with OS, were subjected to the Lasso regression analysis. In the case of
lung adenocarcinoma, 14 overlapping OS-associated IRG-DEAS events were identi-
fied, such as BMP1|82,995|AA and IL32|33,418|AA, among others (Figure 2) [13].
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Lasso regression identified the OS-velated-IRG-DEAS prognostic model in LUAD. Reproduced from Li et al. [13].
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When log(lambda) ranged between —5 and — 4, Lasso regression analysis applied to
these 14 OS-associated IRG-DEAS events resulted in the identification of a 12-IRG-
DEAS signature model. This model encompasses events such as IL32|33,418|AA,
IL32|33,440|ES, and others [13].

4.2 Clinical and survival validation

According to the average risk score calculated using the model of 12-IRG-DEAS
signature, LUAD tissue samples were classified into low- and high-risk score clusters
using the IRG-DEAS signature in both training and testing cohorts [13]. ROC curve
analysis demonstrated that the area under the curve values was 0.84 in the training
set for LUAD and 0.676 in the testing set (Figure 2D). The analysis of overall survival
(OS) showed that a notable statistical difference appeared in both training and testing
datasets between the low-risk and the high-risk score groups (Figure 2F). Principal
component analysis (PCA) revealed that all LUAD samples could be clearly classi-
fied into two distinct subgroups based on the risk scores evaluated for every sample
according to the Lasso regression model (Figure 2H) [13]. Risk score, pathologic
N, pT stage, tumor status, pStage, radiotherapy, and follow-up found by univariate
analysis were significantly connected with OS. Multivariable statistics identified
radiation therapy, risk score, and tumor condition as independent risk factors for
LUAD (Figure 2J,K) [13].

5. Immune microenvironment and therapeutic implications
5.1 Immune cell dynamics

According to the 12-IRG-DEAS signature model in LUAD, notable differences
were shown by nine types of immune cells between the low- and high-risk samples
(Figure 3B). These immune cells were neutrophils, memory B lymphocytes, MO
macrophages, antibody-secreting cells, quiescent mast cells, mature dendritic
cells, immature dendritic cells, monocytes, and effector CD4 memory T cells
(Figure 3A) [13]. Subsequently, with a significance level established as P < 0.05,
the correlations between the immune-related cells and risk score were reassessed
in Corrplot software, which uses Spearman’s correlation analysis. Among them,
several immune cell types exhibited significant correlation coefficients. Among the
cell types identified were CD8+ T cells, antibody-secreting cells, pro-inflammatory
macrophages, naive B cells, immature dendritic cells, monocytes, unpolarized
macrophages, effector CD4+ memory T cells, resting mast cells, B memory cells,
and neutrophils (Figure 3C) [13].

5.2 Immune checkpoints and therapy response

Several immune checkpoint genes showed notable differences between the
low- and high-risk score samples. These genes included CD276, CD274, and CD80
(Figure 3D). The TIDE formula was utilized to estimate the propensity of response
to immunotherapy among LUAD patients. A lower TIDE prediction score was
revealed by the result, which pointed to low-risk score samples of LUAD patients
(Figure 3E) [13].
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In LUAD, immune status, drug susceptibility, and mutation status weve analyzed between low- and high-risk
scoring samples according to the prognostic model of OS-related IRG-DEAS characteristics. Reproduced from Li
etal. [13].

5.3 Tumor mutation burden (TMB) and drug sensitivity

Between the TMB score and the risk score, analysis revealed a significant positive
correlation (Cor = 0.2546, P < 0.0001) (Figure 4B) [13]. In LUAD, several IRG-AS
occurrences identified by the Lasso model were significantly associated with medica-
tion sensitivity (P < 0.05). Certain IRG-AS occurrences exhibited a strong correlation
coefficient. Examples include the associations between NR4A2 and mekinist, IL32
and DLS-10, IL32 and tanespimycin, as well as IL32 and tyrothricin (Figure 4A) [13].

6. Splicing factor (SF) regulatory networks
6.1 SF-AS interaction networks

The list of SF genes was utilized to query the SpliceAid database for the purpose
of selecting genes. Based on a defined cutoff value, Cytoscape software was used to
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Figure 4.
A The association between identified gene expressions in the Lasso regression model and drug sensitivity in LUAD.
B The association between visk scores and TMB scores in LUAD. Reproduced from Li et al. [13].

construct the system, which connects OS-associated IRG-AS events and SFs (correla-
tion index>0.4: P < 0.001). The SF CELF6 was further investigated in LUAD cells by
integrating the co-expression network of IRG-AS events, which was associated with
overall survival and SFs in LUAD (correlation index >0.4: P < 0.001), with an analysis
based on literature [13].
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6.2 Functional validation of CELF6

A549 and H1299 were maintained in RPMI-1640 or DMEM added to 10% FBS,
which are human LUAD cell lines obtained from ATCC. Si-control and si-CELF6 were
synthesized, and the cells were incubated for 24-48 h after lipofecting with si-control
or another using Lipofectamine 3000. Thereupon, multiple assays were performed:
awound healing assay for cell mobility, a CCK8 assay for cell proliferation, an EAU
assay with fluorescence staining for positive proliferative cells, a Transwell chamber
for cell invasion, an annexin V-FITC kit for apoptosis, and qRT-PCR was performed
to validate the CELF6-targeted molecules within the SFs-OS-associated AS regulatory
network. Trizol reagent was employed to extract total RNA from three independent
biological samples of both the si-CELF6-treated and control samples. Finally, several
IRG-AS events, including IRF3-51,008-ES, TNFRSF12A-33349-AD, etc., were verified
between si-CELF6 and control groups [13].

Thereupon, si-CELF6 was transiently transfected into LUAD cells to conduct loss-
of-function experiments. The CCK8 assay demonstrated that the multiplication of A549
and H1299 LUAD cell lines was enhanced after silencing CELF6. Specific qPCR valida-
tion results matched the analytical outcomes from the TCGA database analysis after
using the SF-AS regulatory system. In A549 cells, when comparing the si-CELF6 group
and the control group, this consistency was observed for TPM2-98, TYMP-62853-AA,
133-ES, TNFRSF12A-33349-AD, and BMP1-82,995-AA [13]. In H1299 cells, the match-
ing results were found for TNFRSF12A-33349-AD and 008-ES, TPM2-98, and IRF3-
51,133-ES between the control groups and si-CELF6 groups. Moreover, EAU, wound
healing, and Transwell analyses demonstrated that for A549 and H1299 cells, the down-
regulation of CELF6 significantly enhanced the growth and migration. Conversely, the
knockdown of CELF6 notably reduced the apoptosis rate [13].

7. Clinical translation and 3P medicine
7.1 Innovations in 3P medicine

Currently, some clinical trials have been conducted for LUAD and have achieved
favorable results (Table 1). LUAD can be treated through different methods. One such
approach is stereotactic body radiotherapy (SBRT), which is capable of accurately
delivering high-dose radiation to tumor sites while restricting the radiation exposure of
adjacent healthy organs. This allows for ablative irradiation of the tumor, resulting in
a high rate of local tumor control. Such a feature endows SBRT with potential utility in
LUAD treatment. It serves as an effective local therapy option for LUAD patients who
are ineligible for surgery due to advanced age, multiple coexisting conditions, or other
factors. Furthermore, thanks to its precise radiation delivery, SBRT can minimize dam-
age to vital organs like the surrounding normal lung tissue, heart, and esophagus during
high-dose tumor irradiation. In doing so, it lowers the likelihood of complications such
as radiation-induced pneumonitis and esophagitis, thereby enhancing patients’ quality
of life. This study still holds innovative significance for the 3P medicine in LUAD.

Predictive approach: Leveraging AS pattern differences between cancer and
normal cells, reliable IRG-DEAS models serve as diagnostic markers and therapeutic
targets. Combined with clinical data, these models enable hierarchical prediction of
cancer risk and prognosis, advancing precision diagnostics in LUAD.
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Trial code Trial name Drug/therapy Phase Patient population Efficacy results Reference
NCT02142738 KEYNOTE-024 Pembrolizumab (PD-1  PhaseIll  Treatment-naive advanced LUAD, Median PFS: 10.3 months vs. 6.0 months (HR = 0.50, [35]
inhibitor) PD-L1 expression >50%, without P < 0.001); Objective Response Rate (ORR): 44.8% vs.
EGFR/ALK mutations 27.8%.
NCT06068049 FLAURA Osimertinib PhaseIll  Treatment-naive advanced LUAD, Median PFS: 18.9 months (osimertinib) vs. 10.2 months [36]
(3rd-generation EGFR-sensitive mutations (19del (1st-gen TKI: gefitinib/erlotinib) (HR = 0.46, P < 0.0001).
EGFR-TKI) or L858R)
NCT02409342 IMpower110 Atezolizumab (PD-L1 PhaseIll  Treatment-naive advanced Median OS: 20.2 months (atezolizumab) vs. 13.1 months [37]
inhibitor) LUAD, PD-L1-high (TC >50% or  (chemotherapy) (HR = 0.59, P = 0.01); ORR: 38.3% vs.
IC > 10%), without EGFR/ALK 28.6%; Median Duration of Response (DoR): 38.9 months
mutations vs. 5.8 months.
NCT02075840 ALEX Alectinib (ALK Phase Il  Treatment-naive advanced LUAD, Median PFS: NA months (alectinib) vs. 11.1 months [38]
inhibitor) ALK fusion-positive (crizotinib) (HR = 0.47, P < 0.001); ORR: 82.9% vs. 75.5%.
NCT02366143 IMpower150 Atezolizumab + PhaselIll  Treatment-naive advanced Quadruple therapy group median OS: 19.2 months [39]
bevacizumab + non-squamous NSCLC (including  vs. bevacizumab + chemotherapy group 14.7 months
chemotherapy LUAD), including EGFR/ALK- (HR = 0.78, P = 0.016); ORR: 63.5% vs. 48.0%; benefit
mutant patients also shown in EGFR-mutant subgroup (median OS 294 vs.
21.6 months).
NCT03215706 CheckMate Nivolumab + Phaselll =~ Treatment-naive advanced Dual immunotherapy + chemotherapy group median [40]
9LA ipilimumab + NSCLC (including LUAD), 0S: 15.6 months vs. chemotherapy alone 10.9 months
chemotherapy regardless of PD-L1 expressionor ~ (HR = 0.66, P < 0.001); ORR: 38% vs. 25%; benefit
driver mutations retained in PD-L1-negative patients (HR = 0.65).
NCT02511106 ADAURA Osimertinib PhaseIll ~ Completely resected stage IB-IIIA  2-year DFS rate: 90% (osimertinib) vs. 46.1% (placebo) [41]
LUAD, EGFR-sensitive mutations  in stage II-IIIA patients; significantly reduced risk of
recurrence or death (HR = 0.17, P < 0.001); benefit also in
stage IB patients (HR = 0.21).
Table 1.

Clinical trials targeting LUAD. The data is derived from Clinical Trials.gov.
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Targeted prevention: Splicing variants of immune molecules offer novel targets for
immunotherapy, potentially enhancing specificity and reducing toxicity. Regulating
AS of key genes or developing drugs against splicing variants could inhibit tumor
growth and modulate immune responses, providing mechanistic insights for preven-
tive strategies.

Personalized medical services: Multi-index models using AS events and clinical
variables (e.g., stage, mutation status) enable patient stratification, improving prog-
nosis accuracy and tailoring therapies. The established prognostic models effectively
classify lung cancer subtypes, facilitating individualized treatment within the 3P
framework [42].

7.2 Targeted therapeutic strategies

Certain splicing variants represent alternative forms of immunotherapy-targeted
drugs and have the potential to exert more potent effects. One of the remedial targets
and biomarkers to predict patient prognosis is IRG-AS. Therapies that target specific
AS events may offer enhanced specificity and reduced side effects. CELF6, a protein
that binds to RNA, acts as an antioncogene in multiple types of cancers. Focusing on
CELF6 or other SFs could emerge as a novel therapeutic approach [42].

7.3 Challenges and future directions

Numerous hurdles persist within this domain despite the substantial potential of
AS in lung cancer. Firstly, AS events in LUAD are highly intricate and fluid, neces-
sitating in-depth investigations across multiple levels and time points. Secondly,
substantial technical hurdles must be surmounted to effectively translate laboratory
discoveries into practical clinical applications. Additionally, a profound understand-
ing of the interactions between AS profiles and other biological features in LUAD,
including genetic mutations and epigenetic modifications, is essential. For LUAD, it
is advisable to incorporate AS profiles into the framework of proteoformics research.
The developed OS-associated IRG-DEAS hallmark predictive model also needs valida-
tion with a larger human lung cancer sample cohort. This validation is crucial for
developing reliable prognostic biomarkers that can facilitate patient stratification and
personalized treatment for individuals with LUAD [35].

8. Conclusion

This study has comprehensively explored the role of IRG-AS events in LUAD,
uncovering significant findings with far-reaching implications for both understand-
ing the disease and developing novel therapeutic strategies.

Our research identified 66 DEAS events between LUAD and normal tissues, and
through KEGG pathway and GO biological process enrichment analyses, revealed 18
significant pathways and 29 biological processes associated with these DEAS events.
Using univariate Cox regression, we found 127 IRG-related AS events associated with
OS in LUAD patients. Leveraging Lasso regression, we developed a 12-IRG-DEAS
signature model, which demonstrated excellent performance in risk stratification, as
validated by ROC curve analysis with AUC values of 0.84 in the training sample and
0.676 in the testing sample. Low- and high-risk samples were classified by this pattern
effectively from LUAD patients, with notable discrepancy in the OS between the two
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groups, and for LUAD, multivariate analysis identified that one of the autonomous
risk factors is the risk score.

This study also delved into the immune microenvironment of LUAD, showing that
the 12-IRG-DEAS signature model was associated with significant differences in the
large amount of multiple immune cell populations, checkpoint immune genes, and
the likelihood of response to immunotherapy. Notably, between the risk score and
TMB, there is a notable direct relationship, and several IRG-AS events were notably
correlated with drug sensitivity, suggesting potential applications in predicting treat-
ment response and guiding personalized therapy.

Furthermore, we constructed an SF-AS interaction network and identified CELF6
as a key SF for further study. Functional experiments demonstrated that CELF6
knockdown promoted the growth, migration, and aggression of LUAD cells while
reducing apoptosis, highlighting its tumor-suppressive role in LUAD.

In terms of clinical translation, our nomogram analysis integrating the risk index
and clinical features showed promise in predicting patient survival. The 12-IRG-
DEAS signature model, along with specific IRG-AS events and SFs like CELF®6,
represents potential biomarkers and therapeutic targets that could enhance treatment
specificity and reduce side effects.

However, several challenges remain. The complexity and dynamic nature of AS
events in LUAD require more in-depth, multilevel, and longitudinal investigations. To
effectively apply experimental findings into clinical practice, technical barriers must be
surmounted. Additionally, understanding the interactions between the AS model and
other biological features in LUAD is crucial. Incorporating AS events into proteoformics
research and validating our prognostic model with larger cohorts are essential steps
for developing reliable biomarkers and personalized treatment strategies for LUAD
patients. In general, for future studies, the study provides a solid basis and paves the
way to improve the prognosis of LUAD patients for novel therapeutic approaches.
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Chapter 2

Exploring the Multifaceted Role
of Wnt Signaling: From Stemness,
Development, and Disease to
Therapeutics

Nima Ghasemi, Hossein Azizi and Thomas Skutella

Abstract

Signaling pathways form intricate networks that govern essential cellular
processes, including differentiation, proliferation, and tissue homeostasis. These
pathways enable intercellular and intracellular communication through molecu-
lar mediators such as proteins and genes. Among the highly conserved signaling
pathways, such as Notch, Hedgehog, TGF-p/BMP, and Hippo, Wnt signaling plays
a pivotal role in embryonic development, stem cell proliferation, self-renewal, and
tissue regeneration. This pathway, governed by the Wnt gene family, operates through
canonical (f-catenin-dependent) and non-canonical (f-catenin-independent)
mechanisms. Both canonical and non-canonical Wnt/p-catenin pathways regulate
a wide range of normal and pathological biological processes. Wnt proteins act as
secreted morphogens and are pivotal in embryonic development, stem cell function,
tissue repair, fate determination, and adult tissue remodeling. However, dysregula-
tion of Wnt signaling has been implicated in various diseases, including cancer. This
chapter explores different facets of this biological pathway across various stem cell
types, including embryonic, hematopoietic, mesenchymal, induced pluripotent,
epidermal, and cancer stem cells. It examines the pathway’s functional roles, gene
expression dynamics, and protein-protein interaction (PPI) networks through an in
silico approach. Moreover, Wnt/p-catenin signaling is a focal point in clinical con-
texts, stem cell therapy, and regenerative medicine, a topic to be addressed herein. By
analyzing its biomarkers, therapeutic targets, and emerging research directions, this
review underscores the Wnt signaling pathway’s complexity and its transformative
potential in both fundamental biology and translational medicine.

Keywords: Wnt signaling, Wnt/p-catenin pathway, PPI network, gene expression,
stemness, cancer, therapeutics

1. Introduction

Signaling pathways orchestrate events within and outside cells, mediated by
molecular factors like molecules, proteins, and their adjacent genes. These pathways
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intersect and communicate with each other through crosstalk, forming complex
signaling networks. While numerous signaling pathways are known, further research
is essential for a deeper understanding of this field. These pathways and networks
regulate cellular processes such as differentiation, proliferation, and specialized func-
tions. Stem cells, with their remarkable ability to differentiate into various cell types
and undergo self-renewal, hold immense potential for clinical applications and regen-
erative medicine. Understanding their biological regulatory networks and signaling
pathways is crucial for harnessing their therapeutic potential effectively. Additionally,
cancer and malignant tumors are subjects of intense research, with a focus on under-
standing their cellular and biological properties, including their signaling networks.
Stem cells and cancerous cells alike are influenced by various signaling pathways,
including the pi3k-akt-mTOR, Notch, Hedgehog, and Wnt pathways [1]. Among
these pathways, the Wnt signaling pathway has emerged as particularly significant,
exerting profound effects on both stem cells and malignant cells [2, 3]. Its potential
impact on various cellular processes makes it a promising target for future experi-
ments and translational research in applied sciences. The Wnt signaling pathway
plays crucial roles in various biological processes, including wound healing, stem cell
maintenance, tissue homeostasis, and embryonic development [4]. The intricate sig-
naling transduction cascade, recognized as the Wnt signaling pathway, is intricately
governed by signaling molecules encoded by Wnt genes. It was first in 1982 in the
study of virally-induced C3H murine breast tumors that Nusse and Varmus reported
cloning of the integration-1 proto-oncogene [5]. Later, it was revealed that the fruit
fly gene wingless (Wg), critical for segment polarity, is its homolog [6]. Subsequent
investigations have revealed the broader scope of Int-1%s significance, revealing its
membership in a highly conserved gene family now recognized as the wingless-type
mouse mammary tumor virus (MMTYV) integration site (Wnt) gene family. The Wnt
signaling pathway is separated into canonical (or f-catenin-dependent) and non-
canonical (or p-catenin-independent) pathways, influencing signaling networks,
each exerting profound effects on cellular signaling networks. The canonical pathway
governs crucial aspects of cell fate, proliferation, and survival, while the non-canoni-
cal pathway modulates differentiation, cellular properties, and migration, collectively
shaping the intricate landscape of cellular biology [7, 8]. In the canonical Wnt signal-
ing pathway, the indispensable players include the frizzled (FZD) family, coreceptor
alongside the low-density lipoprotein (LDL) receptor family, and LDL-related protein
(LRP). Conversely, the non-canonical Wnt signaling pathway applies its influence
through various channels, such as the modulation of frizzled family receptors, inter-
actions with ROR2, RYK, small G proteins, and the Wnt/Ca2 + —dependent signaling
pathway [7, 9]. These intricate mechanisms highlight the multifaceted nature of Wnt
signaling, where different pathways collaborate to regulate diverse cellular processes
with precision and complexity. A comprehensive understanding of the regulatory
mechanisms governing these pathways and the signaling molecules involved helps us
to use the potential of signaling pathways for clinical applications. Manipulating or
modulating the Wnt signaling pathway has opened new doors in the field of medicine
and regenerative therapies. For example, the utilization of the Wnt signaling pathway
holds promise in lung regeneration and repair [10], cancer treatment [11-13], bone
and skeletal disorders treatment [14], and glioblastoma treatment [15]. This review
aims to delve into the wide array of Wnt signaling pathways, exploring their mul-
tifaceted roles in both normal and cancerous cells. We will examine Wnt signaling
across various cellular groups, including embryonic stem cells, hematopoietic stem
cells, mesenchymal stem cells, iPSCs (induced pluripotent stem cells), epidermal
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stem cells, and cancer stem cells. Furthermore, we will explore the clinical applica-
tions of Wnt signaling and their future perspective alongside an investigation into
the PPI network from an in silico perspective. This comprehensive analysis will shed
light on the intricate roles of Wnt signaling pathways and their potential implications
for fundamental research and therapeutic interventions. Wnt proteins, classified

as morphogens, affect cellular properties and movement by creating concentration
gradients.

2. Wnt signaling pathway

The human WNT gene family comprises 19 distinct members, each playing unique
roles in cellular signaling [16]. Upon activation, Wnt signals initiate signaling path-
ways that have diverse effects on cellular behavior. These Wnt signaling pathways are
categorized into canonical and non-canonical pathways, each modulating distinct
cellular responses such as cell fate determination, survival, and cell polarity [17-19].
This complicated network of Wnt signaling pathways shows the multifaceted nature
of cellular regulation and highlights the importance of precise signaling modulation
in governing various biological processes.

2.1 Wnt proteins

Wht proteins are comprised of 19 secreted glycoproteins, each weighing approxi-
mately 40 kDa [20]. They feature an N-terminal hydrophobic signaling sequence and
22-24 conserved cysteine (Cys) residues. The formation of disulfide bonds among
the conserved Cys residues within Wnt proteins, coupled with N-glycosylation and
lipid modifications, assumes important roles in protein modification and eliciting
cellular responses. Wnt proteins undergo posttranslational modifications, including
N-glycosylation, as well as unique lipid modifications (O-acylation) on conserved
Cys residues, highlighting their distinct characteristics as secreted proteins [21-24].
The lipid modifications observed involve the attachment of palmitic acid to specific
cysteine residues and palmitoleic acid to serine residues [24-26]. These modifications
influence structural stability, membrane targeting, and protein-protein interactions
[26, 27]. Notably, lipid modifications are not exclusive to Wnt proteins; they have
also been observed in Hedgehog and Drosophila EGFR ligand Spitz [26, 28]. Despite
extensive research, the precise role of lipid modification in Wnt signaling has not
been fully understood. While the loss of the palmitate moiety affects Wnt signaling
activity, its exact function needs further studies. However, research has provided
evidence indicating that lipid modifications, notably palmitoyl acyl groups, play a
crucial role in Wnt secretion. Specifically, alterations on Cysteine93 and Serine239
have been identified as essential for facilitating proper Wnt secretion. Intriguingly,
investigations have revealed that single mutants of Wnt proteins at either Cysteine93
or Serine239 have normal secretion patterns. But, when mutations occur at both
sites simultaneously, there is a notable decrease in Wnt secretion [7]. Recent findings
suggest a direct interaction between lipid-modified Wnt and the frizzled receptor,
highlighting the potential signaling mechanisms [29, 30]. Posttranslational modi-
fication of Wnt proteins starts with entering the endoplasmic reticulum (ER). A
multipass transmembrane ER protein known as porcupine (Porc), which belongs to
the membrane-bound O-acyltransferase (MBOAT) family, plays a significant role
in modifications of Wnt ligands [31]. Studies have demonstrated that Porc-deficient
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cells cannot secrete Wg, and the loss of Porc leads to a decrease in the hydrophobicity
of Wg [32]. Furthermore, it has been shown that the increase in the hydrophilicity of
mWnt3 is accompanied by overexpression of Porc [21].

The secretory pathways begin after posttranslational modification of Wnt pro-
teins, which in this path, move from the endoplasmic reticulum (ER) to the trans-
Golgi network (TGN) and ultimately to various subcellular compartments [33].

In the extracellular matrix (ECM), the presence of Wnt proteins involves a crucial
interaction with heparan sulfate proteoglycans (HSPGs), which are pivotal in pre-
venting their aggregation within the ECM environment. This interaction stabilizes
the Wnt proteins, ensuring their solubility within the aqueous conditions of the ECM.
This mechanism is essential not only for preserving the structural integrity of the Wnt
proteins but also for facilitating their proper functioning within the intricate cellular
milieu [34]. To ensure the proper delivery of Wnt ligands to their destination, the Wnt
secretory pathway relies on proteins. One such specialized protein is the conserved
multipass transmembrane protein, known as Wntless/Evi/Sprinter (Wls), which
serves as a key effector in the Wg secretory pathway, facilitating the transport of Wnt
ligands from the TGN to the plasma membrane [35, 36]. In Drosophila, its absence
results in the Wg molecules secretion failure, while other secreted proteins such as
Hedgehog (Hh) remain unaffected [37, 38]. Additionally, in Caenorhabditis elegans, it
has been discovered that the retromer complex is present in Wnt-producing cells and
is involved in intracellular Wnt trafficking [39]. However, there are conflicting results
about the involvement of the retromer complex in Wnt-secreting cells. While some
studies have shown that Wnt signaling remains unaffected in retromer-deficient cells
[40], others have found that these cells have blocked Wnt secretion [41]. This defi-
ciency in Wnt secretion was retrieved by Wls overexpression [42]. Further analysis
has revealed that the retromer complex and W1ls bind to each other, showing a close
relationship between W1ls and the retromer complexes in the Wnt signaling pathway
[43]. These data may indicate that the retromer complex is required for a specific Wnt
secretion that needs further investigation in future research.

In the Drosophila wing imaginal disc, Wg affects gene transcription so that high
concentrations of Wnt morphogens induce gene transcription near Wnt-producing
cells, while lower concentrations activate genes across the wing area [44-46]. Despite
being a hydrophilic molecule because of lipid modifications, Wnt molecules move
across the extracellular spaces to exert their effects [47]. Various models have been
proposed to explain this mechanism. Passive diffusion, planar transcytosis, and the
“bucket brigade” relay mechanism are unlikely routes for Wnt diffusion due to the
hydrophobic properties of Wnt molecules and the long estimated time required for
Wnt molecules to cross between cells in this model [34, 47, 48]. The most acceptable
method for Wnt molecule diffusion through the extracellular matrix is carrier-
assisted diffusion, wherein Wnt molecules bind to a diffusible molecule like Swim to
facilitate easier movement of Wnt molecules in the aquatic extracellular environment
over long distances and prevent the Wnt molecules aggregation [49, 50]. These find-
ings show how Wnts apply their effects despite being hydrophobic and offer insights
into the mechanisms of morphogen distribution.

2.2 Canonical Wnt signaling pathway: B-catenin dependent pathway

The canonical Wnt signaling pathway is considered a well-known pathway among
various Wnt signaling pathways. At the center of this pathway is p-catenin, regulating
gene transcription post-transcriptionally as a co-activator of the Wnt signaling cascade.
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Whnt proteins such as Wnt2b, Wnt3, Wnt3a, Wnt8a, Wnt8b, Wnt9a, and Wnt10b are
known as participants in the canonical Wnt signaling pathways [51]. In the absence

of Wnt proteins, the “destruction complex” maintains a low level of p-catenin within
the cell. This complex comprises casein kinase 1a (CK1a), glycogen synthase kinase

3 B (GSK-3p), adenomatous polyposis coli (APC), and axis inhibition (Axin) [52].

The frizzled (Fzd) family proteins are characterized by ~7 transmembrane G protein-
coupled receptors (GPCRs) and possess a cysteine-rich N-terminal end with around ten
cysteine residues. Wnt ligands interact with Fzd receptors via their N-terminal cysteine-
rich domain (CRD) [53]. Without the Wnt ligands, both frizzled and LRP receptors are
inactive, resulting in the sequestration of p-catenin proteins in the destruction complex
with the effect of APC and Axin [54]. Within this complex, B-catenin undergoes phos-
phorylation at serine (Ser) 45, Ser33, Ser37, and threonine 41 (Thr41) by the two key
components of the destruction complex, casein kinase 1o CKlo and GSK-3. This phos-
phorylation event creates a binding site for the f-transduction repeat-containing protein
(B-TrCP) E3 ubiquitin ligase [54], promoting the recruitment of protein subunits Cull/
Cdc53 and Skpl, thereby forming the Skpl-Cullin-F-box (SCF) E3 ubiquitin ligase com-
plex, SCF-B-TRCP. Subsequently, ubiquitination targets f-catenin for proteasomal deg-
radation [55]. Consequently, this mechanism effectively inhibits gene transcription by
preventing B-catenin’s nuclear translocation, thereby allowing gene repressors to main-
tain their histone deacetylation and chromatin compaction functions [56]. Activation
of the canonical Wnt signaling pathway occurs upon binding of Wnt molecules to FZD
family receptors and LRP5/6 coreceptors, triggering LRP5/6 co-receptor phosphoryla-
tion [57]. Downstream interactions in Wnt signaling are propelled by the cytoplasmic
protein Disheveled (DVL) [57]. Three homologs of the DVL protein have been identi-
fied, each featuring three conserved domains in both humans and mice. These domains
facilitate distinct protein-protein interactions, thereby initiating specific branches of
the Wnt signaling pathway [7, 58]. Following the LRP5/6 coreceptors phosphorylation,
DVL undergoes phosphorylation upon activation of the Wnt-frizzled-LRP5/6 complex.
This phosphorylation event results in the DVL recruitment to the plasma membrane,
effectively inhibiting the destruction complex [57]. Consequently, -catenin proteins
are released from the destruction complex, where their phosphorylation by GSK-3p is
inhibited, preventing their degradation via the proteasomal system and leading to an
increase in cytoplasmic p-catenin levels [31]. Among the various binding partners of
p-catenin that regulate gene transcription, the T-cell factor (TCF)/lymphoid enhancer
factor (LEF) transcription factor family is critical. Groucho (Gro) binds to specific gene
promoter sites and acts as a gene transcription suppressor (Figure 1) [59]. However, the
presence of intranuclear f-catenin leads to the dissociation of Gro and its replacement
with B-catenin molecules. This replacement, along with the partnership of f-catenin and
TCF/LEF factors, allows chromatin remodeling and activates p-catenin target genes [57].
This gene transcription activation can be mediated by the recruitment of transcriptional
co-activators and histone modifiers, including the ATP-dependent helicase Brahma-
related gene 1 (BRG1), cyclic adenosine monophosphate response element (CREB)-
binding protein (CBP), p300, B-cell lymphoma9 (BCL9), and pygopus [60].

2.3 Non-canonical Wnt signaling pathway: B-catenin independent pathway

The non-canonical Wnt signaling pathway, although it is less well-known than its
canonical Wnt signaling pathway, plays crucial roles in cellular processes, with emerg-
ing roles in carcinogenesis. This pathway comprises two main extensively studied
branches: the Wnt/PCP and Wnt/Ca2+ signaling pathways. The Wnt/PCP pathway
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Figure 1.

W%t//}—mtenin signaling pathway in the absence and presence of Wat ligand. The left panel shows the “Off”
state of the Wnt/p-catenin pathway, where the absence of Wt ligand leads to the degradation of p-catenin. In
this state, f-catenin is phosphorylated by a destruction complex consisting of GSK-35, CK1, Axin, and APC.
Phosphorylated p-catenin is ubiquitinated and targeted for proteasomal degradation, preventing p-catenin from
translocating to the nucleus and activating target gene transcription. The right panel illustrates the “On” state

of the pathway upon Wt ligand binding to frizzled and Lrp receptors. This binding disrupts the destruction
complex, allowing f-catenin to accumulate in the cytoplasm and translocate into the nucleus, wheve it associates
with TCF/LEF transcription factors to activate Wnt target gene expression.

affects actin polymerization, exerting broad effects on DAAM/RhoA/ROCK signal-
ing. Conversely, the Wnt/Ca2+ pathway leads to increased intercellular calcium levels,
activating downstream signaling molecules such as calcium/calmodulin-dependent
protein kinase II (CAMKII), protein kinase C (PKC), and calcineurin. These events
will eventually result in the activation of various effectors, including the nuclear
factor of activated T-cells (NFAT) as a target of calcineurin, and CDC42 as a target of
PKC, influencing gene transcription and cytoskeletal rearrangement. Additionally,
both pathways also modulate cell polarity and migration. Notable Wnt ligands
involved in non-canonical signaling pathways are Wnt4, Wnt5a, Wnt5b, Wnt7a,
Wnt7b, and Wntl1 [61]. It is crucial to note that the same Wnt ligands such as Wnt3a,
Wnt4, Wnt5a, Wnt5b, Wnt7b, and Wnt16 may have the potential to activate both
canonical and non-canonical Wnt signaling pathways. This dual functionality shows
the complicated and context-dependent nature of Wnt signaling, where the outcome
can vary based on cellular conditions and interactions with specific receptors and
coreceptors [62]. Wnt ligands exert their influence by binding to frizzled receptors,
as well as coreceptors such as RAR-related orphan receptor (ROR) 1/2, receptor-like
tyrosine kinase (Ryk), and protein tyrosine kinase 7 (PTK7) coreceptors.
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The Wnt/PCP signaling pathway plays a pivotal role in various cellular processes,
including cytoskeletal rearrangement, cell motility, cell polarity, morphogenesis,
and migration [62]. This pathway is particularly crucial during critical develop-
mental events such as gastrulation, hair follicle organization, and the orientation
of stereocilia in the inner ear’s sensory epithelium [63, 64]. Notably, the planar cell
polarity (PCP) regulated pathway can influence cellular polarity in both epithelial
and non-epithelial contexts [65]. In this signaling pathway, Wnt binds to FZD
and ROR2 receptors, sending a signal to DVL, which leads to the formation of the
Disheveled-associated activator of morphogenesis (DVL-Daam-1) complex. This
complex activates small GTPases such as ras homolog gene family member A (RhoA),
RHO, and RHO-associated kinase (ROCK) [54]. Additionally, DVL itself can activate
ras-related C3 botulinum toxin substrate (RAC), JUN-N-terminal kinase (JNK), and
the activator protein-1 (AP-1), and these activated effectors, including RHO, JNK,
and ROCK, exert control over gene transcription and activate target genes [66]. Two
distinct signaling pathways emerge from this activation: one involving the DVL-
Daam-1 complex, which regulates cytoskeletal rearrangement through actin polym-
erization and microtubule stabilization by affecting RhoA, RHO, and ROCK, and the
other, which influences cell motility and polarity by Dvl effects on RAC, AP-1, and
JNK [67]. This complex interaction of signaling molecules and effectors shows the
multifaceted nature of the Wnt/PCP pathway in shaping cellular behavior and tissue
morphogenesis.

The Wnt/Ca®* signaling pathway plays critical roles in cell fate determination,
dorsal axis formation, tissue homeostasis, and cell migration [67]. In the Wnt/ Ca*
signaling pathway, Wnt proteins bind to frizzled receptors (FZD). This interaction
between the Wnt ligand and frizzled, along with the phosphorylation of the co-
receptor Ror by GSK3p, triggers phospholipase C (PLC) activation [68]. PLC activa-
tion leads to the transformation of phosphatidylinositol (4,5)-biphosphates (PIP2) to
inositol (1,4,5)-triphosphates (IP3) and diacylglycerol (DAG). This conversion acts
as a signal to the release of intracellular calcium from the ER, activating calcineurin
(CaN) and calcium/calmodulin-dependent kinase II (CamKII). DAG and calcium
ions released from the ER activate protein kinase C (PKC) [57]. CamKII and PKC
activate NF-«xp and CREB regulatory factors. Additionally, Nuclear factor-activated
T-cells (NFAT) are activated by CaN. These signaling molecules regulate gene
transcription by translocating into the nucleus [31]. Besides, calmodulin activation
triggers TGF-p-Activated kinase 1 (TAK-1) and Nemo-like kinase (NLK) activation,
which function in opposition to canonical Wnt signaling pathways [31, 62]. While the
non-canonical Wnt signaling pathway is known to play critical roles in cell regulation
and gene transcription, its intricate details and alternative pathways warrant further
investigation and analysis.

Understanding the complex and multifaceted signaling pathways, such as the
Wnht signaling pathway, and their impact on cellular behaviors and regulatory mecha-
nisms is crucial for further advances in research and clinical areas. By going deeper
into these pathways and uncovering new insights comprehensively, researchers can
better understand cellular processes and potentially identify novel targets for thera-
peutic applications. This knowledge can pave the way for breakthroughs in various
fields, including regenerative medicine, cancer treatment, tissue engineering, and
developmental biology. As we continue to explore and illuminate the complexities of
cellular signaling, we open up new doors for innovation and discovery that promise to
improve human health and well-being.
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3. Wnt signaling pathway in different stem cells

Stem cells are a versatile group with the remarkable ability for self-renewal and
differentiation into various cell types. They rely on complicated sets of regula-
tory mechanisms, including gene transcription, epigenetics, and various signaling
pathways, to sustain their functions and activities such as self-renewal, stemness
maintenance, and differentiation. The equilibrium between self-renewal and differ-
entiation is crucial in maintaining various tissues within the body and ensuring their
homeostasis. Among these pathways, the Wnt signaling pathway holds a significant
role in the regulation and control of different stem cell populations across different
cell lineages. Its involvement ensures the proper functioning and maintenance of
stem cells, contributing to their resilience and adaptability in various physiological
contexts.

3.1 Embryonic stem cells (ESCs)

Embryonic stem cells (ESCs) are pluripotent stem cells that are derived from the
inner cell mass (ICM) of the blastocyst, capable of forming all three embryonic layers:
ectoderm, mesoderm, and endoderm. Their decision to proliferate and self-renew
or differentiate highly depends on intercellular and extracellular signals and factors.
ESCs are used in iz vitro studies to explore the pluripotency properties of stem cells.
To prevent ESC differentiation in vitro, they are cultured on a layer of mouse embry-
onic fibroblast feeder (MEF) cells or in the presence of leukemia inhibitory factor
(LIF). LIF prevents differentiation by promoting STAT3 phosphorylation through the
activation of receptor tyrosine kinase gp130 [69, 70].

There are conflicting reports about the effect of the Wnt signaling pathway on
ESCs and pluripotency. It has been found that the Wnt signaling pathway maintains
the expression of transcription factors such as Nanog, Oct4, c-Myc, and Sox2, which
promote pluripotency and inhibit differentiation [71]. H7 hESCs cells express RNA for
all 19 Wnt genes and express all 10 Fz receptors, as well as both LRP5 and LRP6 core-
ceptors [72]. It has been found that knockout in GSK-3a, GSK3-3f, and APC encoding
genes promotes pluripotency and limits differentiation by activating the Wnt signal-
ing pathway [73]. It has been demonstrated that 6-bromoindirubin-3'-oxime (BIO),

a GSK3-p inhibitor, can increase expression of Oct3/4, Rex1, and Nanog expression in
ESCs. Additionally, it has been clarified that BIO is also able to activate STAT3. So, the
Wnt signaling pathway can maintain ESCs pluripotency along with LIF/STAT3 path-
way activation [74-76]. These findings gave us the capability to culture ESCs without
any need for LIF or MEFF. In vitro studies have demonstrated that LIF and BMP4
cannot inhibit extracellular signal-related kinase (ERK), a factor that triggers dif-
ferentiation in ESCs by mitogen-activated protein kinase/extracellular signal-related
kinase (MAPK/ERK) [77]. However, inhibition of the MAPK/ERK signaling pathway
by CHIR99021 small molecules can accompany GSK-3p inhibition without the need
for LIF/STATS3, resulting in stemness maintenance in ESCs [77]. In addition to these
mechanisms related to Wnt signaling pathways, Tcf3 binds to the same promoter

sites as those occupied by specific pluripotency genes such as Oct4, Nanog, and Sox2
and inhibits gene expression. Activation of the Wnt signaling pathway and p-catenin
relieves Tcf3-mediated repression on the pluripotency-related genes [78, 79].

In contrast, it has been demonstrated that in the self-renewal of hESCs, the
Wnt/f-catenin signaling pathway is not active, and Wnt signaling pathway inhibition
does not affect ESCs’ self-renewal and Wnt signaling induction in hESCs results in
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promoting mesodermal-related genes [80, 81]. Further studies demonstrated that
Wnht signaling pathway activation promotes differentiation in cooperation with other
signaling pathways such as PI3K/Akt, Raf/Mek/Erk, and Smad2/3 [82].

Research has shown that in some cases the Wnt signaling pathway affects pluripo-
tency in ESCs and helps them to remain in their pluripotency state and proper balance
between self-renewal and differentiation. However, in contrast to this debate, other
researchers have mentioned that the Wnt signaling pathway can affect differentiation
and act as a differentiation promoter. These conflicting results show the need for
further research in characterizing the specific role of the Wnt signaling pathway in
ESCs. Digging more into the Wnt signaling pathway related to pluripotency control
could help us to more advances in pluripotency-related research and achieve more and
better pluripotent stem cells.

3.2 Mesenchymal stem cells (MSCs)

Mesenchymal stem cells (MSCs) are multipotent stem cells that express canonical
and non-canonical Wnt signaling-related proteins such as Wnt ligands, receptors,
and regulators. These signaling pathways are crucial for the processes of self-renewal,
proliferation, and differentiation of MSCs [83].

The Wnt signaling pathway contributes to the differentiation of MSCs into
adipocytes and the regulation of adipogenesis. MSCs differentiate into pre-adipocytes
and then further differentiate into mature adipocytes. Within this differentiation
process, CCAAT/enhancer binding protein (C/EBP)  and & promote adipogenesis
by inducing the expression of peroxisome proliferator-activated receptor y (PPARY)
and C/EBPu [84]. Inhibition of the Wnt signaling pathway is a key driver of adipo-
genesis, with studies showing that overexpression of Wnt ligands, such as Wnt1,
Wnt6, Wntl0a, and Wnt10b, inhibits adipogenesis [33]. The canonical Wnt/p-catenin
pathway inhibits adipogenesis, where the p-catenin-TCF/LEF complex represses
PPARY expression, inhibiting pre-adipocyte differentiation into mature fat cells [33].
Wnt/p-catenin independent pathways can have a dual function; for instance, Wnt5a
and Wnt5b upregulate PPARy and promote adipogenesis [33] while activation of
the CaMKII-TAK1-NLK pathway can accompany p-catenin-TCF/LEF by repressing
PPARYy expression and blocking adipogenesis [85]. There is also evidence that shows
Wnt signaling represses the differentiation of brown adipocytes, as demonstrated
in the FAB4-Wnt10b mouse model [86]. Understanding the molecular mechanisms
underlying adipogenesis, such as the Wnt signaling pathway, provides insights into
the regulation of adipogenesis and potential therapeutic targets for conditions related
to adipose tissue dysfunction, such as obesity.

The Wnt signaling pathway also plays a significant role in osteogenesis.
Overexpression of Wnt10b leads to higher levels of osteoblast transcription factors
(Runx2, Osx, and DIx5), which result in higher bone mass and strength in mice,
showing a positive effect of the Wnt signaling pathway on bone formation [87].
Additionally, loss-of-function mutants in LRP5 coreceptors are associated with
osteoporosis-pseudo glioma [88], while gain-of-function mutations in LRP5 corecep-
tors are related to a high bone mass phenotype [89]. Non-canonical Wnt signaling
pathways such as Wnt5a-ROR?2 signaling also enhance osteogenesis by stimulating the
expression of osteogenic transcription factors Runx and Osterix [90]. The CaMKII-
TAK1-NLK signaling is effective in Runx overexpression in bone marrow MSCs by
PPARy repression [91]. However, some studies indicate that Wntl-activated Wnt
signaling can negatively impact osteogenesis by downregulating transcription factors
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such as Runx2, DIx5, and Osterix [92]. Digging into the complex interplay between
Wnt signaling pathways and osteogenesis provides insights into the molecular
mechanisms underlying bone formation and offers potential therapeutic targets for
conditions.

In the context of chondrogenesis, the Wnt signaling pathway appears to have
avital role. Activation of the Wnt1 signaling pathway inhibits SOX9 expression, a
transcription factor necessary for chondrogenesis, and the progression through vari-
ous chondrogenic stages. This suggests that Wnt signaling inactivation is essential for
chondrogenesis and the maturation and maintenance of chondroid cells [93].

The Wnt signaling is crucial for developing and maintaining skeletal muscle. It
regulates the proliferation and differentiation of satellite cells, which are essential
for muscle repair and regeneration. Both canonical and non-canonical Wnt signal-
ing pathways are involved in muscle regeneration [94]. Activation of canonical Wnt
signaling in rat MSCs induces pro-myogenic factors like Pax7, MyoD, and myogenin
while inhibiting adipogenic factors like C/EBPa and PPARy expression [91]. Wnt7a,
by binding to Fz7, promotes the expansion of satellite stem cells by activating the Wnt
PCP pathway [94]. Additionally, in differentiated muscle cells, Wnt7a can activate the
PI3K/Akt/mTOR growth pathway, linking the expansion of the satellite cell pool to
muscle tissue mass [94]. A proper vision around the Wnt signaling pathway in muscle
regeneration and development can lead us to novel therapeutic strategies for muscle-
related disorders and injuries.

3.3 Germ stem cells (GSCs)

The Wnt signaling pathway is believed to be present in germ cells. Wnt/STOP sig-
naling is crucial for promoting the first embryonic cell divisions in mature Xenopus
oocytes [95]. This pathway stabilizes mitotic effectors such as Polo-like kinase 1
(PIk1) and ubiquitin-conjugating enzyme E2C (Ube2c) by inhibiting glycogen
synthase kinase 3 (GSK3) [95]. Additionally, Wnt/LRP6 signaling is also essential for
the maturation of transcriptionally silent sperm [96]. Ccnyll mutations, a component
of Wnt/LRP6 signaling in mice are responsible for male-infertile mice, characterized
by immotile sperm [97]. During their passage through the epididymis, testicular
sperm receive Wnt signals that are critical for their terminal differentiation and
acquisition of motility. Wnt2b secreted by the epididymal epithelium is involved in
Wnt/LRP6 signaling, and overexpression of the Wnt inhibitor DkKk1 in the epididymis
has been shown to reduce sperm motility, whereas truncated APC, which disrupts the
APC function, increases it [98]. This understanding offers valuable insights into the
signaling cascades regulating germ cells and highlights potential therapeutic targets
for addressing male infertility.

3.4 Hematopoietic stem cells (HSCs)

Hematopoietic stem cells (HSCs) are responsible for the generation of all lineages
of blood cells. Wnt signaling pathway among multiple signaling pathways, including
Notch, Hedgehog, and Wnt, is believed to play crucial roles in promoting human
HSCs multiplication and inhibiting their differentiation, suggesting that Wnt ligands
act as hematopoietic growth factors. Overexpression of activated B-catenin expands
HSCs in long-term cultures and triggers increased self-renewal, indicating the role of
canonical Wnt signaling in HSC regulation [99]. Research indicates that a deficiency
in Wnt3a leads to a reduction in both the number and reconstitution capacity of fetal
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liver HSCs, as well as impairs the self-renewal of bone marrow HSCs [100]. However,
some counter-arguments propose that the impact of Wnt signaling on HSC function
could be dependent on its dosage. Mild levels of Wnt activation enhance the repopu-
lating capacity of HSCs, whereas excessive activation hinders HSC self-renewal.
Intermediate levels of Wnt activation enhance myeloid differentiation potential,
whereas high levels induce T-cell differentiation potential [101]. Additionally, the
non-canonical Wnt4 ligand regulates HSCs and activates genes required for cell
maintenance in mice [102]. Activation of Wnt signaling in HSCs increases the expres-
sion of HoxB4 and Notch1, genes known to be involved in HSC self-renewal [103].
Moreover, it has been proposed that Wnt signaling plays a role in establishing respon-
sive chromatin architecture during HSC ontogeny, which is maintained in adults and
is essential for HSC homeostasis [104]. Wnt signaling plays a complex role in regu-
lating HSCs’ fate decisions, and more studies are required to understand this path,
which may have implications for therapeutic interventions targeting blood-related
disorders.

3.5 Neural stem cells (NSCs)

Mouse models with mutated Wnt ligands such as Wnt1 and Wnt3a showed the
Wnht signaling pathway as an important element in the development of various brain
regions like the telencephalon, metencephalon, and diencephalon. This pathway is
essential for the maintenance of neural stem cells (NSCs) in adult neural tissue. When
p-catenin is activated, it boosts the proliferation of neural progenitors, whereas block-
ing the canonical Wnt pathway reduces neurogenesis [105]. The Ryk receptor forms
aternary complex with Fzd and Wntl, resulting in Wnt-induced neurite outgrowth
[31]. However, there are inconsistent findings regarding the impact of the p-catenin
Wnht signaling pathway on neurogenesis. Genetic polymorphisms related to the Wnt
pathway have been associated with psychiatric disorders like schizophrenia and
autism in humans. Dysregulation of Wnt signaling, including increased expression of
the Wnt antagonist DKkK1, is linked to the pathology of Alzheimer’ disease, suggesting
arole in synapse maintenance and plasticity [91]. The potential of the Wnt signaling
pathway’s impact on neurons and brain development is an interesting area for further
investigation.

3.6 Mammary stem cells (MaSCs)

Research has found that a rare population of cells can re-form a functional mam-
mary gland that can form mammary stem cells (MaSCs). Wnt signaling effectively
affects the self-renewal of MaSCs and the normal development of mammary gland
I under the influence of Lrp5 and Lrp6 canonical pathway coreceptors [106]. Wnt
signaling in the mammary stem cell niche acts to inhibit differentiation by suppress-
ing Gata-3, a transcription factor that promotes the differentiation of mammary stem
cells into luminal cells [107].

3.7 Wnt signaling pathway in abnormal and cancerous stem cells

Cancer stem cells (CSCs) represent a subset of cells within tumors that exhibit
characteristics of both stem cells and cancer cells. These cells possess the ability to
self-renew and differentiate into various cell types present in the tumor. The expres-
sion patterns of transcriptional regulators in CSCs overlap with those in human ESCs,
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including genes involved in stemness and pluripotency such as NANOG and OCT3/4.
This shared transcriptome influences the differentiation status and aggressiveness
of tumors [108].

Aberrant activation of the Wnt signaling pathway has been implicated in various can-
cers, including colon, breast, hepatocellular, melanoma, ovarian, and lung cancers [109].
Studies have shown that the stabilization of p-catenin and activation of Wnt target genes
as aresult of loss-of-function mutations in the APC gene are associated with colorectal
cancer (CRC) [109]. Besides, mutations in the Axin gene can disrupt p-catenin regulation
and promote malignancy. Mutations in the f-catenin gene can result in its stabilization,
leading to activation of Wnt signaling [110]. However, additional mutations in genes such
as p53, PTEN, K-Ras, PIK3CA, and SMADA4 are typically required for full carcinogenesis
[110]. Both canonical and non-canonical Wnt signaling pathways are believed to be
associated with different cancer types and their stem cells. In prostate cancer, Wnt3a
stimulates f-catenin and increases the sphere size of CSCs [111]. Wnt3a is also associated
with glioblastoma and interacts with Pspo2, enhancing the undifferentiated state of CSCs.
In Wnt3a-Rspol-associated glioblastoma, this gene profile results in Lgr5 upregulation,
which affects target stemness [112]. In non-canonical pathways, Wnt3a and Wnt5a stimu-
late sphere formation through p-catenin-independent transcriptional activity involving
calcium mobilization. Inhibition of phospholipase C and NFAT impairs self-renewal
[113]. Additionally, overexpression of Wnt5a increases CD44+ CD24- CSCs, enhancing
chemoresistance via PKC phosphorylation [113, 114].

Frizzled (Fzd) receptors are believed to be involved in different cancer types and
CSCs. Fzd7 interacts with Wnt5a/b, regulating Lgr5, CD44, Smad3, Yapl, and STAT3,
and involves mammosphere formation in breast cancer [115]. Fzd6 is another receptor
that is effective in neuroblastoma-derived cells, promoting neurosphere formation
and invasiveness of malignant cells. Fzd6+ cells with the association of Wnt ligands
express MYC, CD44, Cyclin D1, Twist, and TH genes, exhibiting chemoresistance
and malignancy profiles [116].

CSCs are often resistant to conventional treatments such as chemotherapy and
radiation therapy. They express multidrug resistance genes and can rapidly induce
DNA repair mechanisms, making them resilient to treatment. Additionally, CSCs
can stimulate angiogenesis, facilitating tumor development. Efforts are underway
to develop alternative therapeutic strategies that selectively target CSCs, including
antagonists of the Wnt/p-catenin pathway. By specifically targeting CSCs, researchers
aim to overcome treatment resistance and improve outcomes for cancer patients.

3.8 Intestinal stem cells (ISCs)

The epithelium of the small intestine and colon contains crypts, which harbor ISCs
at their base [117]. These ISCs give rise to progenitor cells capable of differentiating
into various epithelial lineages, contributing to the continuous renewal of the intestinal
epithelium [118]. Canonical Wnt signaling is therefore essential for maintaining ISC
homeostasis and ensuring proper intestinal function. Research showed the important
role of the Wnt signaling pathway in intestinal crypts and its influence on ISCs [119]. It
has been demonstrated that inhibition of the Wnt signaling pathway results in complete
ablation of intestinal crypts [120]. Additionally, the Wnt inhibitor DKK1 overexpression
disrupts proliferation in adult intestinal crypts [121]. Wnt signaling affects ISCs and
forms a gradient along the crypt-villus axis. This gradient controls cell fate decisions,
with high Wnt and low BMP signaling promoting progenitor cell proliferation and low
Wnt and high BMP signaling promoting differentiation [122]. Paneth cells in the base of
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the crypt produce essential growth factors, such as EGF and Wnt3a, which are necessary
for ISC proliferation and preservation of stem cell properties [123]. Paneth cells regulate
Lgr5-containing cells and maintain their maintenance by secreting Wnt3a as a signaling
molecule [124]. Wnt3a is then transferred to Lgr5+ cells and retained by the frizzled
receptor. This localization results in regulations of E3 ligases (Rnf43/Znrf3) and Wnt
signaling agonists (Lgr4-5/R-Spondin) within the crypt [125]. Previous studies have
revealed the involvement of f-Catenin and T-cell factor (TCF) in controlling the expres-
sion of cytoskeleton-modifying receptors EphB2/EphB3 and their ligand, ephrin-B1. This
regulation allows for the coordination of cell proliferation, differentiation, and movement
along the crypt axis in the intestine.

3.9 Hair follicle stem cells

The canonical Wnt signaling pathway is crucial for leading bulge stem cells toward the
hair cell fate, rather than regulating epidermal differentiation [126]. Human hair follicle
stem cells (HFSCs) reside in a niche within the hair follicle where they respond to various
signaling ligands that regulate hair follicle development, maintenance, and regeneration
after injury. The hair follicle undergoes cyclical phases of growth (anagen), regression
(catagen), and rest (telogen), with Wnt/p-catenin signaling playing a pivotal role in each
phase [91]. Upregulation of Wnt signaling at the end of telogen promotes the transition to
anagen, facilitating hair growth [127]. However, during telogen, Wnt upregulation is sup-
pressed by BMP signaling [128]. Lgr5 expression is observed in various locations within
the hair follicle at different stages of the hair cycle. The progeny of Lgr5-positive cells
repopulate stem cell compartments, supporting the existence of a stem or progenitor cell
hierarchy within the hair follicle [129, 130]. In the context of hair follicle development, the
activation of Lef1/Tcf complexes by beta-catenin leads to the upregulation of target genes,
which leads to the formation and activation of new hair follicles.

3.10 Gastric stem cells

Wnt signaling is one of the key factors in the gastric stem cell niche environment.
It regulates the self-renewal and differentiation of GSCs, similar to its role in intestinal
stem cells. In neonatal mice, cells from all parts of the stomach epithelium originate from
Lgr5-expressing cells, similar to the small intestine [131]. But, in adult mice, Lgr5 cells
are primarily found in the pylorus [132]. Gastric stem cells are thought to reside at the
bottom of the gland and produce differentiating progeny that migrate upward toward
the gland. Like intestinal stem cells, GSCs rely on the presence of a niche environment for
their maintenance and regulation [91]. In the stomach, Wnt signaling is crucial for the
self-renewal and differentiation of GSCs. Specifically, the Wnt ligand Wnt3a appears to
play a key role in regulating the function of GSCs, similar to its function in intestinal stem
cells [91, 131]. More research is needed to highlight the importance of the Wnt signaling
pathway in maintaining gastric tissue.

4. Protein-protein interactions (PPI) network of involved genes

To achieve the gene list involved in the Wnt signaling pathway, we used enrichr
libraries and selected the KEGG 2021 Human library. The gene list consisted of
166 genes, and pathway figures were gathered from the Wnt signaling pathway
(hsa04310) from KEGG (Figure 2) [133, 134].
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Figure 2.
The Overview of the Wt signaling pathway and involved proteins generated by KEGG.

The Wnt signaling pathway gene list was then imported to STRING (v.12.0) for
performing protein-protein interactions (PPI) network analysis and visualization
based on the STRING database. The STRING analysis results involving the PPI net-
work files were downloaded for further analysis. We imported the PPI network to the
Cytoscape app (v.3.6.0) for network analysis and performed mathematical patterns
such as degree, betweenness centrality, closeness centrality, and eigenvector central-
ity for filtering network nodes that give as important genes named “hub genes,”
which can give us a proper vision of the most central genes in the network that can be
predicted to have more involvement in driving Wnt signaling pathway. Based on our
analysis, GSK3p, AXIN1, MYC, PORCN, DKK1, CCND1, and LRP5 are just some of
the highlighted hubs (Figure 3).

In the next step, for delving more deeply into gathered data and analysis
results, we imported these hubs into the enrichr database and performed enrich-
ment analysis. This enables us to dig into predicted pathways and look for any
beneficial and significant pathway that can be used in future research. The
enrichment analysis gathered from gene ontology (GO) revealed that neuron
differentiation (GO: 0030182), cellular response to retinoic acid (G0O:0071300),
endocytic vesicle membrane (G0:0030666), beta-catenin-TCF complex
(G0:1990907), G protein-coupled receptor binding (G0O:0001664), and PDZ
domain binding (G0:0030165) are among the top pathways based on adjusted
p-value (Supplementary Tables 1-3). This information about hub genes and their
involved enriched pathways can guide us in the way to understanding this signal-
ing pathway better by in vitro analysis that ultimately can pave the way for more
applied sciences in the clinical area.
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Figure 3.
PPI network of hub genes generated by bioinformatic analysis. Nodes and edges are visualized based on
parameters weight such as Degree, Betweenness, Coexpression, and Combined score.

5. Clinical applications related to the Wnt signaling pathway

Improper activation of the Wnt signaling pathway is linked to many cancers,
especially in the colon, liver, and breast. Conversely, reactivation of this path-
way is essential for tissue regeneration following damage; insufficient activa-
tion results in regeneration failure and tissue degeneration. These phenomena
underscore the critical roles of Wnt signaling in various tissues, highlighting
that a thorough understanding of this pathway can inform numerous medical
applications. Proper regulation of Wnt signaling is crucial for effective tissue
regeneration, managing cancer progression, and preventing relapse, particularly
concerning cancer stem cells. Most current anti-cancer drugs, including small
molecule inhibitors and monoclonal antibodies (mAbs), are designed to target
rapidly proliferating cancer cells. However, these therapies often fail to eliminate
CSCs, which are critical for tumor maintenance, recurrence, and resistance to
treatment. Given the failure of current therapies to eradicate CSCs, developing
strategies to target CSCs selectively is crucial [135]. Potential approaches are
targeting specific pathways in CSCs and microenvironment modulations. Many
drugs have been developed for cancer treatment, each with a specific target. For
example, LGK974 (Novartis) inhibits Porcupine, an enzyme essential for Wnt
secretion. It is in Phase I clinical trials for various cancers, including melanoma
and breast cancer [32, 136]. Compounds like XAV939 (Novartis) [137] and
G007-LK (Roche) [138] prevent B-catenin accumulation by inhibiting TNK1 and
TNK2, key in the p-catenin destruction complex. They show promise but may
cause intestinal toxicity [138]. PRI-724 (Prism Pharma) blocks the CBP/p-catenin
complex, inhibiting Wnt/p-catenin pathway genes, showing efficacy in AML
and solid tumors [135]. Niclosamide, an anti-helminthic drug, inhibits Wnt/p-
catenin signaling but requires improved bioavailability for oncology use [139].
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Clofazimine, an anti-leprosy drug, is also a potent Wnt/p-catenin inhibitor [140].
OMP-54F28 (OncoMed) acts as a Wnt protein scavenger, reducing tumor growth
without major side effects [141]. OTSA101, an antibody against FZD10, shows
antitumor activity in synovial sarcomas [142]. Vantictumab (OncoMed) targets
multiple FZD receptors, reducing tumor growth, but its clinical trials faced set-
backs [12]. Antibodies targeting secreted frizzled-related protein 2 (sFRP2) show
potential in reducing tumor volume and angiogenesis in cancers such as angio-
sarcoma and breast cancer [143]. The Wnt signaling pathway is essential for stem
cell proliferation and plays a crucial role in regenerative processes across various
tissues, including the liver, brain, muscle, skin, and bone. Consequently, there are
ongoing efforts to harness the Wnt signaling pathway for clinical applications in
tissue regeneration [135]. Research in this area has identified several molecules
that can target the Wnt pathway for regenerative purposes. For example, the

small molecule agonist 2-AMBMP has shown promising results in promoting liver
regeneration in rats [135]. In bone regeneration, neutralizing antibodies against
Whnt inhibitors like Dkk1 and sclerostin and the direct application of Wnt proteins
or agonists have been effective [144]. Additionally, R-spondin2, Wnt10b, and
liposomal Wnt3a have been found to enhance skin healing and stimulate hair
growth [145-147]. In the field of neuroprotection, curcumin-coated nanoparticles
as agonists of the canonical Wnt signaling pathway have demonstrated the poten-
tial to regulate neurogenesis [148]. These findings suggest that targeting the Wnt
signaling pathway could lead to significant advancements in regenerative medi-
cine and therapeutic interventions for various tissue injuries and diseases.

6. Wnt signaling pathway-based biomarkers and therapeutic drugs

Biomarkers in the Wnt signaling pathway play a crucial role in disease diagnosis,
prognosis, and therapeutic response prediction. These biomarkers, including pro-
teins, genetic mutations, and epigenetic modifications, help identify Wnt pathway
activation levels, which are often linked to various cancers, neurodegenerative dis-
eases, and developmental disorders. Table 1 summarizes key biomarkers, their roles,

Biomarker Function in Pathway Disease Context Reference
B-catenin (total) Key effector stabilizes to enter the High levels indicate active [149]
nucleus and activate transcription pathway, which is common in
cancer
f-catenin (nuclear) Transcriptional co-activator binds High levels indicate active [150]
TCF/LEF to activate target genes pathway linked to cancer
progression
Phospho-f-catenin Marked for degradation by the Low levels indicate active [151]
destruction complex when the pathway, seen in cancers with
pathway is off pathway activation
APC mutations Loss of function disrupts the Predominant in colorectal cancer,  [152]
destruction complex, leading to also in other solid tumors
pathway activation
Axin mutations Loss of function disrupts the Found in some cancers, less [153]

destruction complex, activates the
pathway

common than APC mutations
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interaction

Biomarker Function in Pathway Disease Context Reference
GSK-3f activity Phosphorylates p-catenin Low activity indicates an active [154]
for degradation, part of the pathway, relevant in cancer
destruction complex
Phospho-GSK-3 Inactivated form reduces p-catenin ~ High levels indicate an active [155]
(inactivated) degradation, promoting pathway pathway, seen in regenerative
activation contexts
Wnt ligands (e.g., Secreted glycoproteins that bind High expression indicates [156]
Wntl and Wnt3a) frizzled receptors to activate the potential activation linked to
pathway cancer and development
Frizzled receptors Receptors for Wnt ligands, initiate Expression levels correlate with [157]
(FZD1-10) signaling pathway activity, relevant in
cancer
LRP5 Co-receptor, enhance canonical Expression levels correlate with [158]
pathway activation activity, implicated in bone
diseases
DKK1 Secreted inhibitor, binds LRP5/6 to  Low levels may indicate an active [159]
block pathway pathway and high levels in some
cancers
sFRP (soluble Binds Wnt ligands, inhibits the Low levels may indicate an active [160]
frizzled-related pathway pathway relevant to cancer
protein)
WIF1 (Wnt Binds Wnt ligands, inhibits the Low levels may indicate an [161]
inhibitory factor 1) pathway active pathway, seen in cancer
progression
TCE/LEF Bind p-catenin to activate target Expression levels are relevantand ~ [162]
transcription factors gene transcription high in active pathway contexts
Wnt target genes Downstream effectors, activated by ~ High expression indicates an [163]
(e.g., c-myc) p-catenin/TCF complex active pathway used in cancer
diagnostics
Table 1.
Key biomarkers affecting Wat signaling, their roles, and disease contexts.
Drug/Agent Target Mechanism Reference
Name
LGK974 Porcupine Inhibits Wnt ligand secretion by blocking [136]
(BBI-801) palmitoylation
ETC-159 Porcupine Prevents Wnt ligand secretion [164]
Vantictumab Frizzled receptors Monoclonal antibody blocks Wnt binding to [165]
(OMP-18R5) receptors
Foxy-5 Frizzled receptors Synthetic peptide mimics Wnt ligands to activate [166]
the pathway
PRI-724 CBP/f-catenin Disrupts interaction blocks transcription of target [167]
interaction genes
ICG-001 CBP/f-catenin CREB-binding protein (CBP) inhibitor disrupts [168]
interaction f-catenin/TCF-mediated transcription
LF3 pB-Ctenin/TCF p-Catenin/TCF4 interaction inhibitor [169]
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Drug/Agent Target Mechanism Reference
Name
Quercetin B-Catenin/TCF B-Catenin/TCF4 interaction inhibitor [170]
interaction
XAV939 Tankyrase Stabilizes Axin by inhibiting its degradation, [171]
increases p-catenin degradation
G007-LK Tankyrase Stabilizes Axin, inhibits the pathway [138]
JW55 Tankyrase inhibits Tankyrase, promotes p-catenin [172]
degradation
Salinomycin Wnt/p-catenin Target cancer stem cells inhibit the pathway [173]
signaling
Niclosamide Wnt/p-catenin Inhibits the pathway, repurposed from anti- [174]
signaling parasitic use
Lithium GSK-3p Inhibits GSK-3p, prevents f-catenin [175]
phosphorylation, activates pathway
CHIR99021 GSK-3p Inhibits GSK-3p, activates pathway [176]
SB-216763 GSK-3p Inhibits GSK-3p, activates pathway [177]
DKN-01 DKK1 Monoclonal antibody targeting DKK1 [178]
BHQS880 DKK1 Monoclonal antibody targeting DKK1 [179]
Table 2.

Whnt signaling therapeutic drugs, their targets, and mechanisms.

and disease contexts. Understanding these biomarkers provides valuable insights into
disease progression and aids in developing targeted therapies.
Therapeutic drugs targeting the Wnt pathway are designed to either inhibit or
activate it, depending on the disease context. Inhibitors are primarily used in can-
cers where the pathway is overactive, while activators are explored for regenerative
medicine and conditions like bone disorders. Table 2 details key drugs, their targets,
mechanisms, and indications. By modulating Wnt pathway activity, these drugs offer
new avenues for precision medicine, with ongoing clinical trials evaluating their
safety and efficacy across various conditions.

7. Future perspectives

The continuous advances in characterization of the Wnt signaling pathway give us
a promising perspective of future research and medical uses. The advancing knowl-
edge regarding the dynamics of Wnt signaling in various tissues. Such information
will enable researchers to address the heterogeneity within stem cell populations and
tumor microenvironments, thereby refining our understanding of cell fate decisions
and the molecular underpinnings of disease progression.

In parallel, the development of novel molecular tools—such as CRISPR/Cas9-
based gene editing and RNA interference strategies—offers the potential to modulate
Wnt pathway components with high precision. This could lead to more effective
strategies for tissue regeneration and targeted cancer therapies, especially in malig-
nancies where dysregulated Wnt signaling has been screened. Future clinical trials
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are anticipated to evaluate the efficacy of these targeted interventions, particularly in
contexts like regenerative medicine and cancer.

Anotbher critical frontier lies in the comprehensive mapping of PPI networks and
bioinformatics modeling techniques within the Wnt pathway. Advances in compu-
tational modeling and high-throughput proteomics are expected to identify novel
regulatory nodes and feedback loops, potentially revealing new therapeutic targets. A
deeper understanding of these networks may not only facilitate the design of combi-
nation therapies but also help overcome resistance mechanisms that limit the success
of current treatments.

Finally, this interdisciplinary approach can lead to the translation of these
molecular insights into clinical applications. Collaboration between biologists,
chemists, bioinformaticians, and clinicians is essential to filling the gaps. By
integrating systems biology with precision medicine, future research can pave the
way for personalized medicine that leverages the full potential of modulating the
Whnt signaling pathway.

The future of Wnt signaling research promises us breakthroughs that enhance our
understanding of both normal developmental processes and pathological conditions,
ultimately leading to innovative and more effective therapeutic strategies.

8. Conclusions

The Wnt signaling pathway is involved in many critical cellular activities. Recent
research has identified the contribution of the Wnt signaling pathway in stem cell
regulation, tissue homeostasis, and signaling transduction regulation. This knowl-
edge about the Wnt signaling pathway guides us to know the underlying control
mechanisms in different tissues and their cells. This knowledge guides us in identify-
ing pathways and different elements of this signaling pathway that can be considered
as a target of different molecules. However, the exact mechanisms controlling and
affecting this signaling pathway have not been fully understood. The exact effect of
Wnht ligands and their specific role in the activation of downstream signals still needs
further research. Additionally, the crosstalk of the Wnt signaling pathway with other
signaling pathways and its exact effect on the signaling cascade needs more investi-
gation. Accomplishing more advances related to the signaling pathways, especially
the Wnt signaling pathway, not only increases our understanding of regulation and
development but also can make our search for anti-cancer drugs and regenerative
medicine progress faster.
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Chapter 3

Cardiovascular Disease Genetic
Risk Prediction Models:
A Systematic Review

Sumera Khan and Xianquan Zhan

Abstract

This review provides a comprehensive evaluation of genetic cardiovascular disease
(CVD) risk prediction models developed or validated for the general population. The
study aims to assess these models’ methodological quality, predictive performance,
and validation approaches. A systematic search of electronic databases was conducted
to identify studies published between 1990 and 2024. Data on study design, partici-
pant characteristics, predictor variables, statistical modeling approaches, validation
methods, and performance metrics were extracted and analyzed. A total of nine
studies met the inclusion criteria. Among them, five studies (56%) focused on model
development, two studies (22%) performed internal validation, and two studies
(22%) were externally validated. The most frequently included predictors were age
(n =9;100%), sex (n = 7; 78%), LDL cholesterol (n = 6; 67%), and diabetes (n = 5;
56%). The genetic variants most commonly integrated into the models included
APOE (n = 4), LPA (n = 5), and PCSK9 (n = 4). The AUROC scores ranged from
0.72 to 0.83, with Hosmer-Lemeshow calibration reported in five studies (56%).
Cross-validation was the predominant validation method utilized in 56% of studies,
whereas external validation was applied in only 22%. Although polygenic risk scores
(PRS) have improved cardiovascular risk prediction, methodological inconsistencies,
limited external validation, and lack of standardization remain key challenges. Future
research should prioritize large-scale external validation studies, incorporate broader
population-based datasets, and establish standardized performance evaluation
frameworks to enhance model reliability and clinical applicability.

Keywords: cardiovascular disease, risk prediction, genetic risk, polygenic risk score,
model performance evaluation

1. Introduction

Cardiovascular diseases (CVD) remain the leading cause of death globally.
According to the World Health Organization (WHO), CVDs are responsible for
approximately 17.9 million deaths each year, accounting for 32% of all global deaths
[1]. Of these deaths, 85% are due to heart attacks and strokes. In 2021, ischemic heart
disease alone caused 9 million deaths worldwide, making it the single largest cause
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of death [2]. Identifying individuals at high risk enables timely interventions, which
can prevent serious illness and guide therapeutic decision-making. The global burden
of CVD is expected to rise further, especially in low- and middle-income countries
(LMICs), where healthcare infrastructure is often under-resourced and early detec-
tion tools are limited [3]. This trend is compounded by increasing rates of obesity,
diabetes, sedentary lifestyles, and aging populations.

Over the last two decades, a few of the risk prediction models have been developed
for predicting CVDs. The most commonly known, well-validated, and widely used
conventional risk prediction models in clinical settings are Framingham Risk Score
(FRS) [4], Reynolds Risk Score (RRS) [5, 6], Systematic Coronary Risk Evaluation
(SCORE) [7], Prospective Cardiovascular Miinster (PROCAM) Score [8], American
College of Cardiology/American Heart Association 2013 risk score (ACC/AHA13) [9],
and QRESEARCH cardiovascular risk (QRISK1 and QRISK?2) [10]. Additionally, the
Joint British Societies (JBS3) Risk Calculator [11] provides a lifetime risk assessment,
offering a broader perspective on cardiovascular disease prevention. These models are
often used in clinical practice to identify high-risk individuals and guide preventive
interventions such as statin therapy or lifestyle modification [12]. However, these
tools are typically based on a limited number of clinical and lifestyle factors and may
fail to detect risk in younger individuals or those without obvious risk markers [13].
These traditional models help individuals and clinicians by identifying those at an
increased risk of future cardiovascular events, allowing for timely lifestyle modifica-
tions and preventive medical treatment. However, while these models rely on clinical
and lifestyle factors, they do not account for an individual’s genetic predisposition to
cardiovascular diseases (CVD). This omission is increasingly seen as a limitation, as
studies have demonstrated that genetic risk can influence cardiovascular outcomes
independently of conventional risk factors. Moreover, some individuals with low
traditional risk scores still go on to experience cardiovascular events, highlighting the
need for more precise predictive tools [14].

Genetic risk scores (GRS), particularly polygenic risk scores (PRS), have emerged
as powerful tools for assessing an individual’s genetic predisposition to cardiovascular
disease (CVD). Unlike conventional risk models that rely on clinical and lifestyle
factors, GRS aggregates multiple genetic variants associated with CVD to estimate a
person’s inherited risk [15]. PRS incorporate information from hundreds to millions
of single nucleotide polymorphisms (SNPs), each contributing a small effect, to
generate a cumulative risk score. These scores are stable across the lifespan and can be
calculated from birth, offering opportunities for early risk assessment and interven-
tion [16]. Studies have identified key genetic loci, such as LDLR, PCSK9, LPA, and
APOE, which influence cholesterol metabolism, inflammation, and atherosclerosis
progression [17]. Individuals with a high GRS have an increased lifetime risk of
coronary artery disease (CAD), stroke, and other cardiovascular conditions, even in
the absence of traditional risk factors like hypertension or diabetes. This suggests that
PRS may offer complementary information to traditional models and improve risk
stratification, especially for individuals with borderline clinical profiles or a strong
family history of CVD.

Integrating genetic risk scores with conventional models enhances risk stratifica-
tion, early detection, and personalized preventive strategies. For instance, research
suggests that individuals with a high polygenic risk score for CAD benefit signifi-
cantly from early lifestyle modifications and lipid-lowering therapies, reducing
their long-term risk [18]. Furthermore, recent evidence indicates that those with
a high genetic risk may achieve similar relative risk reductions from statin therapy
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as those with a high clinical risk, reinforcing the clinical utility of PRS. As genomic
research advances, genetic risk prediction models may play a crucial role in precision
medicine, helping clinicians identify high-risk individuals at an early age and imple-
ment targeted interventions for better cardiovascular health outcomes [19]. Despite
this promise, barriers such as limited integration into clinical workflows, concerns
about population applicability, and lack of standardization in model development
and reporting remain challenges to widespread adoption. To date, there has yet to
be a clear consensus on the model that should be used, and no systematic attempt to
compare the key characteristics, usefulness, and limitations, as well as finding the
existing gaps in the knowledge of the existing models, has been made. A comprehen-
sive synthesis of available genetic risk models is needed to clarify their methodologi-
cal differences, evaluate their comparative performance, and guide future research
and clinical application.

In this systematic review, a comprehensive and up-to-date overview of the existing
published genetic risk prediction models for CVD was provided. The aim was also
to summarize the key features of each model such as variables used, risk stratifica-
tion, and the comparative performance in terms of sensitivity, specificity, balanced
accuracy, and area under the curve (AUC) values so that practitioners can make an
informed choice.

2. Materials and methods

A systematic screening of articles was conducted using the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA) flow chart, and the
required information was extracted using the critical appraisal and data extraction for
systematic reviews of prediction modeling studies CHARMS checklist.

2.1 Search strategy

A comprehensive search strategy was developed using Boolean operators and
Medical Subject Headings (MeSH terms) to ensure the retrieval of relevant studies on
cardiovascular genetic risk prediction models. The search was conducted across three
major databases: PubMed, Scopus, and Web of Science, with additional searches in
Google Scholar for gray literature.

To maximize the sensitivity and specificity of the search, a combination of
Boolean operators (AND, OR, NOT) was used. The primary search terms included
“Cardiovascular Diseases” OR “Heart Disease” OR “Coronary Artery Disease” OR
“CVD,” combined with “Genetic Risk” OR “Polygenic Risk Score” OR “Genetic
Predisposition” OR “Hereditary Factors” to identify studies focusing on genetic risk
factors. Additionally, terms related to predictive modeling were included, such as
“Prediction Model” OR “Risk Assessment” OR “Machine Learning” OR “Statistical
Model” OR “Prognostic Model.” To ensure the inclusion of relevant study designs,
terms such as “Cohort Study” OR “Case-Control Study” OR “Longitudinal Study” OR
“Meta-Analysis” were also applied. The Boolean operator “AND” was used to combine
these distinct concepts, while “OR” was used to include synonyms and variations of
terms. The “NOT” operator was applied to exclude irrelevant studies, such as those
involving animal models or unrelated diseases. In PubMed, MeSH terms were inte-
grated to refine the search further, ensuring studies were indexed according to their
medical relevance. The final search query included terms such as “Cardiovascular
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Diseases” [MeSH] OR “Coronary Disease” [MeSH], combined with “Genetic
Predisposition to Disease” [MeSH] OR “Polygenic Risk Score” [MeSH], along with
terms related to risk assessment and prognostic models. Similar structured searches
were performed in Scopus and Web of Science, adjusting syntax based on the data-
base’s indexing system.

Several filters and limits were applied to enhance the quality of retrieved studies.
The search was restricted to human studies, excluding animal research. Additionally,
studies published from 2000 to 2024 were included to ensure the analysis was based
on contemporary research. Furthermore, studies were filtered based on their design,
with a focus on cohort studies, case-control studies, systematic reviews, and meta-
analyses, ensuring the inclusion of high-quality evidence relevant to cardiovascular
genetic risk prediction. The search process was carefully documented, and the final
number of retrieved records was recorded before the screening and eligibility assess-
ment stages. A structured search approach was used to identify studies relevant to the
research question.

2.2 Eligibility criteria

All the retrieved articles were screened independently for inclusion by two
researchers (S.K. and X.Z.) from this study. The titles and abstracts of retrieved
papers were used as the primary review content for inclusion verification. However,
if questioned or unclear, the full article was reviewed for the inclusion decision.

The study’s inclusion criteria include: 1. Reporting a risk assessment tool, for
example, an equation or a risk score system; 2. Predicting the genetic risk of CVD; 3.
Published in English-language; 4. Full text only; 5. Reporting quantitative measures
of model performance (preferred but not necessarily required). Exclusion criteria
include: 1. Studies that only describe an association between a single SNP and CVD;

2. Simulation studies; 3. Studies predicting (cost-) effectiveness, side effects, or
developing a questionnaire; 4. Unpublished research data; 5. Studies that include risk
models developed in specific patient populations such as renal disease, diabetes, atrial
fibrillation, and surgery.

2.3 Selection procedure

All the retrieved articles were screened based on their titles and abstracts by a
single reviewer (S.K.). Two reviewers (S.K. and X.Z.) subsequently evaluated the
full text of each article independently to determine eligibility for inclusion using
pre-defined criteria. In the case of disagreement between the two reviewers, a deep
discussion between the two reviewers (S.K. and X.Z.) would be conducted before
making a final decision about the inclusion/exclusion of the study into the review.

2.4 Data abstraction/data analysis and quality assessment

The data extraction process included two key domains: (i) Baseline characteristics of
the included studies and (ii) genetic information, outcome measures, and performance
evaluation. The extracted baseline characteristics comprised study authors and publica-
tion year, study design (prospective cohort, retrospective cohort, GWAS, or longitu-
dinal study), study duration and location, population characteristics (participants’
age, gender, and inclusion/exclusion criteria regarding CVD history), sample size, and
source of data (e.g., UK Biobank, INTERHEART Study, EPIC-Norfolk Study, etc.).
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The second domain focused on genetic data and model performance metrics.
Extracted parameters included the genetic risk model used (e.g., PRS, ancestry-
adjusted PRS, or multiple PRS models), method of genetic risk scoring (weighted
or unweighted), number of SNPs considered, and genetic variants included (e.g.,
APOE, LPA, PCSK9, etc.). In addition, the confounders adjusted in the model (e.g.,
age, sex, LDL, BMI, smoking, diabetes) and the outcome measured (e.g., coronary
heart disease, myocardial infarction, heart failure, cardiovascular disease risk) were
documented.

For model evaluation, the data extracted covered follow-up duration, model
validation approaches (cross-validation, split-sample, or external validation
methods), and performance metrics, including indicators of overall performance,
discrimination (AUC/C-statistic), and calibration (Hosmer-Lemeshow y* test
with p-value results). The reclassification improvement methods such as Net
Reclassification Index (NRI) and Integrated Discrimination Index (IDI) were also
collected where available. A formal meta-analysis of prediction models was not
conducted, as this was beyond the scope of the review. For quality assessment, there
is no single universally accepted framework for evaluating the quality of prediction
or prognostic studies. However, in this review, the PROBAST (Prediction model Risk
of Bias ASsessment Tool) was applied to assess the methodological soundness of risk
prediction models [20].

3. Results

The study selection process followed the PRISMA [21] guidelines and is outlined
in the PRISMA flowchart. A total of 4436 records were identified from multiple
sources, including database searches from PubMed (1439), Scopus (1173), and Web
of Science (990), as well as additional sources such as websites (285), organizations
(150), and citation searching (399). After removing 1553 duplicate records, 2883
unique records remained for screening. During the screening phase, 2883 records
were reviewed based on titles and abstracts, resulting in the exclusion of 1586
records that did not meet the inclusion criteria. The remaining 1297 records were
sought for full-text retrieval, but 91 reports were not accessible, leaving 1206 full-
text articles to be assessed for eligibility. Following the eligibility assessment, 728
reports were excluded for various reasons, including duplicate studies not identified
earlier (n = 200), studies not meeting inclusion criteria (e.g., incorrect outcomes or
predictors, n = 250), insufficient methodology details (n = 150), and lack of full-text
availability (n = 128). Ultimately, nine studies were included in the final analysis.
Among these, three studies focused on both development and validation, four studies
were dedicated to development only, and two studies focused solely on validation.
This systematic selection process ensured a rigorous and unbiased inclusion of
relevant studies, allowing for a comprehensive evaluation of cardiovascular genetic
risk prediction models (Figure1).

3.1 Baseline characteristics of included studies

A total of nine studies were included, each varying in study design, location,
participant demographics, and duration. According to the study design, seven
studies followed a prospective cohort design [22-28], whereas only one study utilize
the retrospective cohort approach (Table 1) [29]. GWAS + validation approach was
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Figure 1.

PRISMA flowchart depicting the study selection process (Adopted from Ref. [21]).

reported by one study [30]. The study durations ranged from 6 to 17 years, with the
longest being Park et al. [28] (2007-2024). Regarding the study location, three stud-
ies were conducted in the United Kingdom (UK Biobank: [23, 24, 26] and one study
from Europe (EPIC-Norfolk Study: [22]). About the data source, two studies ana-
lyzed multi-country data (INTERHEART: [25] Global Biobank Meta-Analysis: [30].
One study targeted a multi-ethnic population (All of Us Research Program: [29],

and two studies examined country-specific cohorts (Greek Population Study: [27]
Korean Genome and Epidemiology Study: [28]. Most of the studies analyzed adult
populations, with five studies focusing on individuals without prior CVD history

[22, 23, 25, 26], and four studies included mixed populations (with and without prior
CVD) [27-30]. The largest cohort was from INTERHEART (Mars et al., 2020 [25],

n = 500,000), followed by UK Biobank studies (Khera et al., 2018; [23], n = 400,000;
Inouye et al., 2018 [24], n = 482,500), and the smallest sample size was Patel et al.
(2023) [30] (n =29,389). Two studies ([27, 28] did not specify the participant count.
The mean age of participants ranged from 49 to 53 years, with the oldest participants
in Abraham et al. [22] (mean age = 53), and the youngest in Inouye et al. [24] (mean
age = 49). Sex distribution was reported in seven studies, with male participants
ranging from 54 to 60% ([23-26, 29, 30] and female participants ranging from 40

to 46% ([23-26, 29, 30]. Panagiotou et al. [27] and Park et al. [28] did not report sex
distribution (Table1).

3.2 Genetic information and outcome measured

Out of the nine studies, eight studies employed a Polygenic Risk Score (PRS)-
based model ([22] [23-28, 30], and one study used an Ancestry-Adjusted PRS
(Table 2) [30]. Seven studies used a weighted approach ([22-26, 28, 30], and two
studies applied an unweighted method ([27, 29]). All studies sourced genetic markers
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from GWAS. The number of SNPs (Single Nucleotide Polymorphisms) varied, with
the highest being 1,700,000 [24] and the lowest being 30 [22].

The most frequently included genetic variants across the studies were APOE
[22, 23, 25, 29], LPA [22-24, 26, 30], PCSK9 ([23, 25, 26, 30], FTO [24, 25]), MYH7
[26, 29], NOS3 [26, 29, 30], and the least ones were SCARB1 [22], LDLR (Khera
etal., 2018), CETP [24], and TCF7L2 [24]. The genetic markers were not specified
for Panagiotou et al. [27] and Park et al. [28] in the extracted data.

The most common adjusted confounder in the models was age, which was
included in all studies (Table 2) (n = 9; 100%). Sex was adjusted for in five studies
(, LDL cholesterol was considered in five studies (, and BMI was included as a con-
founder in four studies . Smoking was considered in four studies (, hypertension was
included in three studies , and diabetes was included in four studies .

Coronary heart disease (CHD) was the most common outcome, assessed in five
studies [22-25, 28], whereas two studies evaluated CAD and myocardial infarction
(Table 2) [26, 30]. On the other hand, only one study focused on heart failure and
stroke ([27], and one study measured general cardiovascular disease risk [28]. The
follow-up duration ranged from 6 years [27] to 17 years [28].

3.3 Model performance evaluation

For performance evaluation, calibration was assessed using the Hosmer—
Lemeshow test in five studies [22, 24, 25, 30], while two studies [23, 26] applied the
Chi-square test. However, Park et al. [27, 28] did not report any calibration assessment
(Table 2), while discrimination was assessed using AUROC scores, which ranged
from 0.72 to 0.83 across the studies. The highest AUROC was observed in Inouye
etal. (0.83) and Mars et al. [25] (0.83), while the lowest AUROC was reported in
Panagiotou et al. [27] (0.72).

Additionally, among the validation approaches, cross-validation was the most
frequently used method, applied in five studies [23-25, 28, 30], while split-sample
validation was employed in three studies (Table 2) [25, 27, 28]. Additionally,
external validation was performed in two studies [22, 26]. Regarding reclassifica-
tion metrics, the Net Reclassification Index (NRI) was reported in four studies
[22, 24, 26, 28], whereas the Integrated Discrimination Index (IDI) was docu-
mented in two studies [23, 27].

Lastly, the evidence of clinical utility suggests that four studies demonstrated
potential for clinical implementation (Table 2) [23-25, 30]. Three studies required
further validation ([26-28], and two studies had minimal clinical evidence ([22, 29]).

3.4 Quality assessment of the included studies

The risk of bias for the nine included studies was assessed using PROBAST
(Prediction Model Risk of Bias Assessment Tool) [20], which evaluates four key
domains: participants, predictors, outcome, and analysis. The overall risk of bias was
categorized as low, moderate, or high based on methodological rigor and potential
biases in study design. Among the included studies, three studies [24, 26, 28] had
a low risk of bias across all domains (Table 3, Figure 2). These studies used well-
defined participant selection criteria, robust predictor measurements, clearly defined
outcomes, and appropriate statistical methods, ensuring high methodological reliabil-
ity. Four studies [22, 23, 25, 30] were assessed as having a moderate risk of bias. The
primary concerns in these studies were related to outcome assessment and statistical

66



L9

Study type Study name/study source Participants Predictors Outcome Analysis Overall risk of bias
Developmental Abraham etal. [22] ¢ W ¢ ¢ ¢
Khera etal. [23] (W) (W) (W) (¥} ¢
Inouye et al. [24] ¢ W ¢ ¢ ¢
Internal validation Mars et al. [25] ¢ 9] o ¢ ¢
Torkamani et al. [29] © ¢ © © ©
External validation Golaetal. [26] (W) (W) (W) (W) (W)
Patel et al. [30] (W) ¢ (W) ¢ ¢
Panagiotou et al. [27] © ¢ © (¥} (¥}
Park etal. [28] v v v v v

Note: ® = Low risk, © = Moderate risk, ® = High risk.

Table 3.

Quality assessment of the included studies using PROBLAST [20].
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Risk of Bias by PROBAST Domain per Study
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Figure 2.
Quality assessment of the included studies using PROBLAST [20].

analysis. For example, Abraham et al. [22] and Mars et al. [25] had moderate risk in
outcome and analysis domains, indicating potential measurement inconsistencies
or methodological limitations. Khera et al. [23] demonstrated high risk in analysis,
suggesting possible overfitting or lack of external validation (Table 3, Figure 2).

4, Discussion

This review assessed the methodological quality and performance of various car-
diovascular disease (CVD) prediction models, focusing on their study characteristics,
genetic risk factors, performance metrics, and validation approaches. The findings
highlight variations in study design, population selection, and statistical methodolo-
gies, influencing the overall reliability and usability of these models.

The included studies employed prospective, retrospective, and genetic
association-based designs, reflecting differences in data collection and follow-up
methods. While prospective cohort studies [23, 24, 26, 28] provided more robust
long-term insights, retrospective analyses [29] relied on previously collected data,
introducing potential selection bias. Additionally, multi-country studies [25, 30]
increased the generalizability of findings, whereas single-center studies [27, 28]
may be less applicable across diverse populations. The variability in sample size and
participant demographics also affects model generalizability. Larger datasets, such as
INTERHEART (Mars et al., 2020, n = 500,000) and UK Biobank studies (Khera et al.,
2018, n = 400,000; Inouye et al., 2018, n = 482,500), provide statistically powerful
insights, whereas smaller cohorts (Patel et al. [30], n = 29,389) may lack sufficient
representation for risk prediction in broader populations. Furthermore, some studies
did not specify sex distribution [28], limiting the ability to analyze sex-based varia-
tions in CVD risk.

A key aspect of this review was the integration of genetic predictors into risk
assessment models. The majority of studies incorporated Polygenic Risk Scores
(PRS), with variations in scoring methodologies (weighted vs. unweighted) and the
number of single nucleotide polymorphisms (SNPs) considered. The most frequently
included genetic variants were APOE, LPA, and PCSK9, which have well-established
links to lipid metabolism and cardiovascular risk ([22, 23, 25, 26, 30]. However, not
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all studies utilized the same set of genetic markers, potentially affecting predictive
consistency across populations. Additionally, clinical and lifestyle factors such as
LDL cholesterol, BMI, diabetes, and smoking were included as confounders in dif-
ferent models. However, the lack of standardized predictor inclusion across studies
raises concerns about model comparability. For example, while LDL cholesterol

was adjusted for in five studies [22, 24-27], other relevant biomarkers, such as HDL
cholesterol and triglycerides, were not consistently reported [26]. This inconsistency
may limit the reproducibility and clinical applicability of certain models.

Regarding performance evaluation, discrimination ability of the models, assessed
through AUROC (C-statistic), ranged from 0.72 to 0.83. Notably, Inouye et al. and
Mars et al. [25] achieved the highest AUROC values (0.83), indicating strong predic-
tive performance. In contrast, Panagiotou et al. [27] reported the lowest AUROC
(0.72), suggesting room for improvement in model accuracy. Calibration was assessed
through Hosmer-Lemeshow tests in five studies ([22, 24, 25, 30] and Chi-square tests
in two studies [23, 26]. However, Park et al. [28] and Panagiotou et al. [27] did not
report calibration results, making it difficult to assess model reliability in those cases.
For validation approaches, cross-validation was the most common method (used
in five studies), whereas split-sample and external validation were less frequently
applied. The lack of extensive external validation in most models suggests potential
limitations in their applicability across diverse populations. Furthermore, reclassifica-
tion metrics such as Net Reclassification Index (NRI) and Integrated Discrimination
Index (IDI) were only reported in a few studies, highlighting the need for better
performance evaluation measures.

Quality assessment using PROBAST [20] revealed that most studies had a low or
unclear risk of bias, particularly in predictor and outcome assessments. However,
Torkamani et al. [29] and Gola et al. [26] were identified as high risk, primarily
due to concerns regarding participant selection and statistical analysis methods.
Additionally, some studies lacked key methodological details, such as missing sex
distribution data [27, 28] or not reporting calibration results, which limits the trans-
parency and reproducibility of findings. Moreover, while some models demonstrated
clinical applicability ([23-25, 30], others lacked sufficient validation to be integrated
into clinical practice.

The findings suggest that PRS-based models show promise in enhancing cardio-
vascular risk prediction, particularly when combined with traditional clinical factors.
However, standardization in predictor selection, validation techniques, and perfor-
mance evaluation methods is needed to improve model comparability. Future studies
should focus on (1) external validation in diverse populations to enhance generaliz-
ability, (2) incorporating additional clinical markers to improve model performance,
and (3) reporting detailed calibration and reclassification metrics to better assess
clinical utility.

5. Strengths and limitations

This systematic review offers several key strengths. To our knowledge, it is the
first review to focus exclusively on genetic risk prediction models for cardiovascular
disease (CVD), providing a comprehensive and up-to-date synthesis of published
models. The study employed a rigorous and transparent methodology, adhering
to CHARMS checklist and utilizing the PROBAST tool to assess the risk of bias
across the included studies. By systematically evaluating the core features of each
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model—including study design, population, predictors, genetic variants, statisti-
cal approaches, and performance metrics—this review offers practical insights for
clinicians, researchers, and policymakers aiming to integrate genetic risk into car-
diovascular prevention strategies. The findings also highlight current gaps in model
validation, standardization, and applicability, especially in diverse or underrepre-
sented populations, thereby offering a roadmap for future research in the field.
However, the review also has several limitations. Despite employing a comprehen-
sive search strategy, it is possible that some relevant studies were missed, particularly
unpublished models or studies not indexed in major English-language databases. The
substantial heterogeneity among the included studies in terms of design, outcome
definitions, and predictor sets precluded a formal meta-analysis or pooled quantita-
tive synthesis. Moreover, most models were developed and validated in European or
North American populations, which may limit their generalizability to other regions,
particularly low- and middle-income countries. Additionally, reliance on published
data meant that some studies lacked important methodological details, such as cali-
bration metrics or external validation outcomes, which may affect the accuracy of our
comparative assessments. Finally, given the rapid pace of genomic research, newer
models may have been published since the review’s search cut-off, underscoring the
need for periodic updates to maintain relevance.

6. Conclusion

In conclusion, this systematic review highlights the increasing importance of
genetic risk prediction models in improving cardiovascular disease (CVD) risk assess-
ment. Polygenic risk scores (PRS) offer a promising complement to traditional clini-
cal models, enabling the earlier and more individualized identification of high-risk
individuals. However, despite these advancements, significant challenges persist—
most notably, inconsistencies in study design, heterogeneity in predictor selection,
and limited external validation across diverse populations. These limitations hinder
the clinical translation and generalizability of existing models. Addressing these gaps
through standardized methodologies, diverse population-based validations, and
integration with clinical data will be essential for developing robust, reliable, and
equitable risk prediction tools. Ultimately, refining these models will support more
personalized preventive strategies and make a meaningful contribution to the goals of
precision cardiovascular medicine.
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Chapter 4

Telomere Dynamics in Cancer:
Novel Insights and Therapeutic
Implications

Nosipho Treasure Mdluli and Yun-Chen Chang

Abstract

Telomere dynamics are pivotal in cancer biology, representing a balance between
genomic stability and tumor progression. This chapter explores the intricate
mechanisms governing telomere maintenance, including telomerase activation
and the alternative lengthening telomeres (ALT) pathway, enabling cancer cells to
bypass replicative senescence. It highlights recent advances in understanding the
molecular underpinnings of telomere regulation and their implications for diag-
nostics and therapeutics. The chapter also examines telomere-targeting strategies,
such as telomerase inhibitors and ALT-specific interventions, and their potential for
clinical translation. By addressing emerging research and therapeutic innovations,
this chapter underscores the critical role of telomeres in precision oncology and
personalized medicine.

Keywords: telomere maintenance, cancer progression, telomerase activation,
alternative lengthening of telomeres (ALT), therapeutic targets

1. Introduction

Telomeres, the protective caps of chromosomes composed of repetitive TTAGGG
sequences, play a crucial role in safeguarding genomic integrity by preventing
chromosome ends from being misrecognized as double-strand breaks. These special-
ized structures and the associated shelterin protein complex maintain chromosomal
stability and regulate cellular lifespan. However, due to the “end replication problem,”
telomeres naturally shorten with each cell division. This gradual attrition serves as a
molecular clock that limits the replicative potential of somatic cells, ultimately induc-
ing replicative senescence or apoptosis when telomeres become critically short [1, 2].

While this process acts as a tumor-suppressive mechanism, cancer cells circum-
vent this limitation to achieve limitless replicative capacity—a hallmark of cancer.

To overcome telomere shortening, most tumors reactivate telomerase, a reverse
transcriptase that elongates telomeres and is normally inactive in somatic cells.
Approximately 85-90% of human cancers exploit telomerase reactivation to sup-
port continuous cell division [3, 4]. The remaining cancers rely on the alternative
lengthening of telomeres (ALT), a recombination-based mechanism that maintains
telomere length through homologous recombination [5]. Both telomerase and

75 IntechOpen



Molecular Medicine — New Insights

ALT mechanisms allow cancer cells to bypass senescence and apoptosis, enabling
unchecked growth and metastasis.

Recent research has revealed that telomeres not merely are passive chromosomal
end protectors but actively participate in cellular processes that influence cancer
progression. Telomere dysfunction caused by excessive shortening or deproteination
of shelterin components can trigger DNA damage responses, genomic instability, and
chromosomal rearrangements [6, 7]. Additionally, the noncanonical roles of telom-
erase in promoting oncogenic signaling, inflammation, and stemness are emerging as
critical areas of investigation [8].

Beyond their biological significance, telomeres and telomerase are promising
clinical tools. Short telomeres in peripheral blood leukocytes have been associated
with increased cancer risk and aggressive disease phenotypes, suggesting their poten-
tial as biomarkers for early detection and prognosis [9, 10]. Telomerase activity and
ALT signatures also provide opportunities for personalized therapy, as they represent
cancer-specific vulnerabilities that can be exploited with targeted interventions.

Therapeutic strategies targeting telomere maintenance mechanisms are undergo-
ing rapid development. Telomerase inhibitors, such as imetelstat, have shown promise
in preclinical and clinical studies by inducing telomere shortening and senescence in
cancer cells [11]. Meanwhile, ALT-specific therapies targeting DNA repair enzymes,
such as ATR inhibitors, are being investigated for their efficacy against ALT-positive
tumors [12]. These approaches highlight the translational potential of telomere biol-
ogy in oncology and underscore the importance of continued research to overcome
challenges such as resistance and off-target effects.

This chapter provides a comprehensive overview of telomere dynamics in cancer,
focusing on their mechanistic roles, clinical implications, and therapeutic potential. By
integrating recent advances and identifying gaps in current knowledge, it aims to foster
a deeper understanding of telomere biology and its relevance in precision medicine.

2. The biology of telomeres and telomerase
2.1 Telomere structure and function

Telomeres are specialized structures located at the ends of eukaryotic chro-
mosomes, composed of repetitive nucleotide sequences (TTAGGG repeats in
vertebrates) and a specialized protein complex known as shelterin. This unique
composition ensures the protection and stability of the chromosome ends. The
repetitive DNA sequences serve as a buffer zone that absorbs the inevitable loss of
nucleotides during DNA replication, while the shelterin complex protects telo-
meres from being recognized as DNA double-strand breaks by the cellular repair
machinery (Figure 1) [1, 13].

The shelterin complex comprises six proteins: TRF1, TRF2, POT1, TIN2, RAP1,
and TPP1. TRF1 and TRF2 bind directly to the double-stranded telomeric DNA, while
POT1 interacts with the single-stranded overhang. Together, these proteins prevent
the activation of DNA damage response pathways that could otherwise lead to
deleterious outcomes such as end-to-end chromosome fusions and genomic instabil-
ity [14]. Shelterin also regulates the formation of T-loops, a structure in which the
single-stranded overhang loops back to invade the double-stranded telomeric DNA.
This configuration physically conceals the chromosome ends, further preventing
inappropriate recognition and degradation [5, 15].
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Figure 1.
Telomere structure, shortening, TTAGGG repeats sequences, and the shelterin complex.

Telomeres play a vital role in maintaining genomic stability. Dysfunctional telo-
meres, caused by loss of shelterin or excessive shortening, can lead to chromosomal
abnormalities such as translocations, aneuploidy, and breakage-fusion-bridge cycles.
These events drive genetic instability, a hallmark of cancer progression [16].

2.2 Telomere shortening and cellular senescence

During DNA replication, the inability of DNA polymerase to fully replicate the 3’
ends of linear chromosomes results in gradual telomere shortening, a phenomenon
known as the “end replication problem” [2]. Each cell division removes 50-200 base
pairs of telomeric DNA, eventually leading to critically short telomeres incapable
of maintaining protective function. When telomeres reach this critical length, they
activate DNA damage responses (DDR), mediated by ATM and ATR kinases, which
recognize uncapped telomeres as double-strand breaks (Figure 2) [17].

This DDR induces a state of permanent cell cycle arrest known as replicative
senescence. Senescence is a tumor-suppressive mechanism that prevents the uncon-
trolled proliferation of damaged or aged cells. However, it also contributes to aging
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Figure 2.
Mechanism of telomere shortening.
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and tissue dysfunction as senescent cells accumulate over time and secrete inflam-
matory cytokines and matrix-degrading enzymes, collectively called the senescence-
associated secretory phenotype (SASP) [18, 19].

In certain contexts, particularly when the DDR pathways are impaired, critically
short telomeres may trigger genomic instability instead of senescence, promoting
cellular transformation and tumorigenesis [8].

2.3 Telomerase: The key to immortality in cancer cells

Telomerase is a ribonucleoprotein enzyme complex that counters telomere short-
ening by adding TTAGGG repeats to the ends of chromosomes, thereby restoring
telomere length and enabling continued cellular proliferation. The core components
of telomerase include:

* TERT (Telomerase reverse transcriptase): The catalytic subunit responsible for
synthesizing telomeric DNA from an RNA template.

* TERC (Telomerase RNA component): The RNA subunit is the telomeric repeat
synthesis template [4].

Telomerase is active in embryonic stem cells and certain progenitor cells but is
repressed in most somatic cells during development. This repression ensures that
somatic cells undergo replicative aging, a mechanism of tumor suppression. However,
telomerase reactivation is a near-universal feature of cancer, observed in approxi-
mately 85-90% of tumors [3].

2.4 Mechanisms of telomerase activation in cancer telomerase activation in
cancer cells occurs through several mechanisms, including

1. TERT promoter mutations: Mutations in the TERT promoter region are frequently
observed in cancers such as glioblastomas, melanomas, and hepatocellular carci-
nomas. These mutations create binding sites for transcription factors that drive
TERT overexpression (Figure 3) [20, 21].
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Figure 3.
Mechanism of telomerase activation.
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2. Chromosomal rearrangements: Structural changes such as gene amplifications or
rearrangements near the TERT locus can increase its transcriptional activity [20].

3. Epigenetic modifications: Alterations in DNA methylation and histone acetylation
in the TERT promoter region can relieve transcriptional repression, promoting
telomerase activity [21].

4. Activation by oncogenic pathways: Certain oncogenic signals, such as those medi-
ated by c-Myc, can directly upregulate TERT expression [22].

While telomerase reactivation is a defining feature of most cancers, a subset of
malignancies, particularly sarcomas and gliomas, maintain telomere length through
the alternative lengthening of telomeres (ALT). ALT is a telomerase-independent
mechanism that relies on homologous recombination and is associated with high
levels of genomic instability [23].

The dual roles of telomerase and ALT in maintaining telomeres highlight their
significance in cancer biology and their potential as therapeutic targets. By unraveling
the complex regulatory mechanisms underlying telomere maintenance, researchers
are uncovering new opportunities for targeted interventions in cancer therapy.

2.5 Telomere maintenance mechanisms in cancer

Cancer cells rely on specific mechanisms to maintain telomere length and ensure
their ability to proliferate indefinitely. Telomere maintenance is critical to bypassing
replicative senescence and crisis, enabling tumor progression and metastasis. The two
primary pathways for telomere maintenance in cancer are telomerase activation and
the alternative lengthening of telomeres (ALT).

2.6 Telomerase activation in tumors

Telomerase activation is the predominant telomere maintenance mechanism in
approximately 85-90% of human cancers [24]. Cancer cells, unlike normal somatic
cells exhibiting low or absent telomerase activity, reactivate telomerase to prevent
telomere shortening and circumvent senescence or apoptosis (Table 1).

1. Prevalence across cancer types

Telomerase activation is observed in a wide range of malignancies, includ-
ing lung, breast, prostate, liver, and colorectal cancers. Certain tumor types,
such as glioblastomas and melanomas, show particularly high frequencies of
telomerase activation due to TERT promoter mutations [25, 26]. These muta-
tions create binding sites for transcription factors like ETS/TCF, resulting in
increased TERT expression. Other mechanisms include gene amplification,
epigenetic modifications, and activation of oncogenic pathways like MYC,
which upregulates TERT transcription [25, 26].

2.Role in bypassing senescence

Telomerase extends the replicative lifespan of cancer cells by adding TTAGGG
repeats to the ends of telomeres, effectively reversing the shortening that occurs
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Cancer Type Prevalence of TERT Other Mechanisms Notes
Promoter Mutations (%)

Glioblastoma ~83% ATRX/DAXX High prevalence of TERT
mutations, alternative ~ promoter mutations, with some
lengthening of cases showing ALT pathways.
telomeres (ALT)

Oligodendroglioma ~95% IDH mutations, TERT promoter mutations are
co-deletionof 1p/19q  prevalent, often with co-occurring
chromosomes IDH mutations.

Melanoma ~71% BRAF mutations, Significant occurrence of TERT
NRAS mutations promoter mutations, often alongside

BRAF or NRAS mutations.

Bladder Cancer ~66% FGFR3 mutations, High frequency of TERT promoter
HRAS mutations mutations, frequently with FGFR3

or HRAS mutations.

Hepatocellular ~47% HBV/HCV infections, ~ Notable presence of TERT

Carcinoma p53 mutations promoter mutations, often

associated with viral infections or
P53 mutations.

Head and Neck ~21% HPV infection, TERT promoter mutations are

Squamous Cell pl6INK4a inactivation  mainly found in oral cavity cancers,

Carcinoma (HNSCC) often alongside HPV infection.

Papillary Thyroid ~10% BRAF mutations, RAS  TERT promoter mutations are

Carcinoma mutations present, with higher rates in less

differentiated subtypes.

Non-Small Cell Lung ~ ~15% KRAS mutations, TERT promoter mutations occur

Cancer (NSCLC) EGFR mutations in a minority of cases, often with

KRAS or EGFR mutations.

Breast Cancer ~5% BRCA1/2 mutations, TERT promoter mutations are
P53 mutations, HER2 rare, with other mechanisms
amplification like BRCA1/2 mutations more

common.

Colorectal Cancer ~20% APC mutations, TERT promoter mutations
mismatch repair are observed, often with APC
deficiency (AMMR) mutations or dAMMR.

Pancreatic Cancer ~25% KRAS mutations, TERT promoter mutations are
CDKN2A inactivation  present, frequently with KRAS

mutations.

Table 1.

The prevalence of telomerase activation mechanisms, including TERT promoter mutations and other mechanisms,
across different cancer types.

during cell division. By maintaining telomere length, telomerase allows cancer
cells to evade replicative senescence, a natural tumor-suppressive mechanism [27].

3.Implications for tumor growth, metastasis, and therapy resistance

Telomerase activity is strongly associated with sustained tumor growth and
metastatic potential. It enables cancer cells to divide indefinitely, promoting the
formation of large tumor masses. Additionally, telomerase confers resistance to
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therapies that induce DNA damage, as maintained telomeres prevent telomere-
driven genome instability.

* Metastasis: Studies suggest that telomerase plays a role in epithelial-to-mesen-
chymal transition (EMT), a key process in metastasis [28].

* Therapy resistance: Cancer cells with active telomerase exhibit reduced sensi-
tivity to chemotherapeutic agents and radiation due to enhanced DNA repair
capacity and telomere stabilization [29].

Given its central role in cancer biology, telomerase is an attractive therapeutic

target. Telomerase inhibitors, such as imetelstat, and immunotherapies targeting
TERT-derived peptides are under investigation for their potential to suppress tumor
growth and overcome therapy resistance [30].

2.7 Alternative lengthening of telomeres (ALT)

A subset of cancers, particularly sarcomas and gliomas, maintains telomeres

through the ALT pathway, an alternative, telomerase-independent mechanism. ALT is
estimated to occur in 10-15% of cancers and is often associated with tumors that lack
TERT promoter mutations (Table 2) [31, 32].
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1. ALT pathway mechanisms

The ALT pathway relies on homologous recombination-mediated elongation of
telomeres. In ALT-positive cells:

o Telomere sister chromatid exchange (T-SCE): Telomeres from one chromosome
act as templates for the elongation of telomeres on another, creating variabil-
ity in telomere length [33].

* Break-induced replication (BIR): A DNA repair mechanism involved in repli-
cating damaged telomeres contributes to their lengthening [34].

e C circle formation: ALT cells produce extrachromosomal, circular telomeric
DNA known as C circles, which are a hallmark of ALT activity and play a role
in telomere maintenance [23].

2. Chavacteristics of ALT-positive tumors

ALT-positive tumors exhibit distinct features, including:

o Telomere length heterogeneity: ALT-positive cells have highly variable telomere
lengths, ranging from very short to excessively long. This heterogeneity can be
visualized using fluorescence in situ hybridization (FISH) [35].

* ALT-associated PML bodies (APBs): ALT cells display nuclear structures called
ALT-associated promyelocytic leukemia (PML) bodies. These contain telo-
meric DNA, shelterin components, and DNA repair proteins, serving as sites
for telomere elongation [36].
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Cancer Type ALT Genomic Variability Presence of ALT-  Notes
Positivity ~ Instability inTelomere  Associated PML
(%) Length Bodies (APBs)

Glioblastoma ~10-15% High High Present ALT positivity is often
associated with ATRX
mutations and the
presence of APBs.

Osteosarcoma ~50% High High Present High prevalence of ALT,
frequently showing
APBs.

Leiomyosarcoma  ~30-40%  Moderate High Present ALT positivity is common,

to High with APBs detected in
most cases.

Neuroblastoma ~ ~20-30%  High High Present ALT is observed ina
subset of high-risk
neuroblastomas, often
with APBs.

Pancreatic ~10-25% Moderate High Present ALT positivity linked

Neuroendocrine with ATRX/DAXX

Tumors mutations and APBs
presence.

Soft Tissue ~25-60% High High Present High prevalence of ALT,

Sarcomas particularly in sarcomas
with ATRX/DAXX
mutations.

Lipoma ~5-10% Low Low Present ALT positivity is rare but
can occur, with APBs
detected in some cases

Table 2.

Key characteristics of ALT-positive cancers.

* Increased genome instability: While ALT extends the replicative potential of
cancer cells, it also introduces chromosomal aberrations, making ALT-positive
tumors genetically unstable [31].

3. Clinical significance and detection methods

The presence of ALT has significant clinical implications. ALT-positive tumors
often exhibit resistance to telomerase inhibitors, necessitating the development of
alternative therapeutic strategies. However, ALT-associated genome instability may
make these tumors more vulnerable to DNA damage-inducing therapies [31, 37].

* Detection methods: ALT activity can be identified using various techniques:

* C circle assay: Measures the presence of C circles in cell extracts.

* FISH: Detects heterogeneous telomere lengths and APBs.

* Immunostaining: Identifies PML bodies associated with telomeric
DNA [38-41].
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Emerging therapies targeting ALT-positive tumors include inhibitors of DNA repair
pathways essential for ALT function, such as the ATR and PARP pathways. These
approaches aim to exploit the inherent vulnerabilities of ALT-positive cells [42-44].

3. Telomeres as biomarkers in cancer

The dynamic nature of telomeres and their critical role in genomic stability and
cellular aging make them promising biomarkers in cancer. Telomere length and
associated dynamics offer potential utility in diagnosis, prognosis, and therapeutic
monitoring. However, translating this promise into clinical practice requires overcom-
ing several technical and methodological challenges (Figure 4).

4. Telomere length as a diagnostic tool

Telomere length has been investigated as a diagnostic biomarker due to its associa-
tion with cancer risk and early tumorigenesis.

1. Associations between telomere length and cancer risk
Epidemiological studies have linked telomere length in peripheral blood leuko-
cytes and cancer susceptibility. Both excessively short and long telomeres have
been implicated in increased cancer risk:
* Short telomeres: Critically short telomeres can lead to chromosomal instabil-

ity, promoting oncogenic transformations. This phenomenon is particularly
evident in cancers such as lung, bladder, and esophageal cancers [45, 46].
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Telomere length and cancer risk.
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* Long telomeres: Some studies suggest that unusually long telomeres may
provide an extended replicative lifespan to cells, supporting tumor progres-
sion. This is observed in cancers like melanoma and certain hematological
malignancies [47, 48].

2.Short telomeres in blood and early detection

Telomere length in circulating blood cells has been explored as a minimally
invasive biomarker for cancer detection. Short telomeres in leukocytes correlate
with an elevated risk of developing cancers, including colorectal and gastric
cancers [45, 49]. These findings have prompted efforts to integrate telomere
measurements into early detection strategies:

* Population-based screening: Regular assessment of telomere length could iden-
tify individuals at high cancer risk, enabling preventive interventions [50].

* Liquid biopsy: Combining telomere length analysis with other circulating

biomarkers (e.g., tumor DNA, exosomes) could enhance the sensitivity and
specificity of cancer detection [51, 52].

Despite these advances, the diagnostic value of telomere length remains limited by

its variability across individuals, tissues, and diseases.

5.

Prognostic value of telomere dynamics

Telomere length and dynamics also serve as prognostic indicators, reflecting

tumor aggressiveness and patient outcomes (Table 3).

84

1. Telomere length and tumor aggressiveness

Studies have shown that cancer patients with extremely short or hetero-
geneous telomere lengths in tumor tissues often exhibit aggressive disease
phenotypes [53-55]:

* Heterogeneous telomere lengths: Increased variability in telomere length within
tumors indicates genomic instability, a hallmark of high-grade and metastatic
cancers.

* Short telomeres: Critically short telomeres in tumor cells are associated with
enhanced chromosomal fusions and rearrangements, driving tumor progres-
sion and metastasis.

2. Telomere length and patient survival

Telomere length can provide prognostic insights into overall survival (OS) and
progression-free survival (PFS) in various cancers:

* Inbreast cancer, shorter telomeres are linked to poor prognosis and reduced
survival [56, 57].
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Cancer Type Telomere Length/ Prognostic Implications Study Findings
Telomerase Activity
Glioblastoma Shortened telomeres, Poor overall survival, Short telomeres and high

high telomerase
activity

increased recurrence rate

telomerase activity correlate
with poor prognosis and shorter
survival.

Breast Cancer

Variable telomere
length

Short telomeres linked to
poor survival and higher
recurrence risk

Shorter telomeres are associated
with worse outcomes and
increased metastasis risk.

Melanoma

High telomerase
activity

Poor prognosis, increased
metastasis

High telomerase activity is linked
to aggressive tumor behavior and
lower survival rates.

Non-Small Cell
Lung Cancer
(NSCLC)

Short telomeres, high
telomerase activity

Worse prognosis, higher
recurrence rate

Studies show a significant
association between short
telomeres and poor survival
outcomes.

Colorectal Cancer

Shortened telomeres

Poor overall survival,
increased metastasis

Short telomeres are indicative of
advanced disease stages and poor
prognosis.

Prostate Cancer

Variable telomere
length

Short telomeres linked
to worse survival and
increased progression risk

Shorter telomeres are associated
with higher Gleason scores and
worse outcomes.

Pancreatic Cancer

High telomerase
activity

Poor prognosis, higher
metastasis rate

High telomerase activity is
correlated with advanced tumor
stages and reduced survival.

Hepatocellular Short telomeres, high Worse survival, higher Short telomeres and high
Carcinoma telomerase activity recurrence telomerase activity are associated
with poor prognosis and early
recurrence.
Bladder Cancer Shortened telomeres Increased recurrence risk, Short telomeres are linked to
poor survival high-grade tumors and reduced
survival rates.
Osteosarcoma High telomerase Poor prognosis, increased High telomerase activity is
activity metastasis indicative of aggressive tumor
behavior and poor clinical
outcomes.
Table 3.

Study findings linking telomere length/telomerase activity with patients’ prognosis in various cancers.

* Long telomeres may predict favorable outcomes in hematological cancers, as
they reflect less genomic instability than short-telomere profiles [58].

* Dynamic changes in telomere length during treatment could also serve as
indicators of therapeutic response, with stable telomeres correlating with
better outcomes in some cases [59].

The integration of telomere length into prognostic models could improve risk
stratification and personalized treatment planning.
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6. Technical challenges in telomere biomarker development

Despite its potential, there are significant technical and methodological barriers to
implementing telomere-based biomarkers in clinical settings.

1. Limitations of current telomere measurement techniques

Accurately measuring telomere length remains a challenge due to the inherent
variability in telomere biology and limitations in available methods:

* Quantitative PCR (qPCR): This widely used technique is cost-effective and
has high throughput but suffers from low precision and inter-assay
variability [60].

* Telomere vestriction fragment (TRF) Analysis: The gold standard TRF assay
provides detailed telomere length distributions but is labor-intensive and
requires large amounts of DNA [61].

* Single telomere length analysis (STELA): This technique measures telomere
lengths at individual chromosome ends but is limited to certain telomeres and
requires specialized expertise [62].

2. Need for standardization

A lack of standardization in telomere measurement protocols and reporting

practices hinders the comparison and reproducibility of results across studies.

Key areas needing standardization include:

* Pre-analytical variables: Differences in sample collection, storage, and DNA
extraction methods can affect telomere length measurements.

o Analytical techniques: Harmonizing methods across laboratories is essential to
ensure comparability of results.

* Reference ranges: Establishing population-specific reference ranges for telo-
mere length is critical for meaningful clinical interpretation.

3. Biological variability
Telomere length is influenced by numerous factors, including age, genetic pre-
disposition, environmental exposures, and lifestyle. This variability complicates
its use as a standalone biomarker [63].

7. Future directions

To fully realize the potential of telomeres as cancer biomarkers, the following
areas warrant further research and development:

86



Telomere Dynamics in Cancer: Novel Insights and Therapeutic Implications
DOI: http://dx.doi.org/10.5772/intechopen.1010864

o Advancing technology: Developing high-throughput, cost-effective, and precise
methods for telomere length measurement, such as next-generation sequencing
(NGS)-based approaches.

o Integrative biomarker panels: Combining telomere length analysis with other
molecular and genetic markers to improve diagnostic and prognostic accuracy.

* Longitudinal studies: Establishing the clinical significance of telomere dynamics
over time through large-scale prospective studies.

7.1 Therapeutic implications of telomere targeting

Telomere maintenance mechanisms, including telomerase activation and the
alternative lengthening of telomeres (ALT), are crucial for tumor cell survival and
replication. Targeting these pathways offers a promising therapeutic strategy for a wide
range of cancers. While telomerase inhibitors and ALT-targeting therapies have shown
potential, their development and application face significant challenges, including
resistance mechanisms and tumor heterogeneity. This section explores key advance-
ments, current challenges, and future directions in telomere-targeted cancer therapies.

7.2 Telomerase inhibitors

Telomerase is reactivated in approximately 85-90% of human cancers, making it
an attractive therapeutic target [11]. Telomerase inhibitors aim to prevent telomere
elongation, leading to telomere shortening and eventual tumor cell death.

1. Overview of inhibitors and mechanisms of action

* Imetelstat: A leading telomerase inhibitor, imetelstat is a lipid-conjugated oli-
gonucleotide that directly binds to the RNA component of telomerase (TERC),
blocking its enzymatic activity limiting telomere elongation [11, 64, 65].

* Small molecule inhibitors: Compounds like BIBR1532 inhibit the catalytic
subunit of telomerase (TERT), disrupting the enzyme’s ability to extend
telomeres [65, 66].

* Telomerase vaccines: Vaccines targeting TERT elicit immune responses against
telomerase-positive cancer cells, potentially enhancing the effectiveness of
immunotherapies [67, 68].

2. Clinical trial outcomes and ongoing developments
* Imetelstat: Early clinical trials demonstrated its efficacy in hematological
malignancies such as myelofibrosis, which reduced telomerase activity and
prolonged overall survival in certain patients [69-71]. However, challenges like

dose-limiting toxicities, including cytopenias, remain a concern.

* Combination therapies involving imetelstat and other agents are under investi-
gation to improve therapeutic efficacy and reduce resistance [72, 73].
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Therapy Indication Phase  Status Details
THIO (6-thio-2’- Advanced Non- Phase2 Ongoing  MAIA Biotechnology is conducting the THIO-101
deoxyguanosine)  Small Cell Lung trial to evaluate THIO in combination with the
Cancer (NSCLC) anti-PD-1 antibody cemiplimab. The U.S. FDA
cleared the IND application in October 2023,
BioSpace
Updated results were presented at the 2024
ASCO Annual Meeting.
ASCOPubs
EXG-34217 Dyskeratosis Phase Ongoing  Elixirgen Therapeutics is assessing EXG-34217,
Congenita 172 which involves ex vivo telomere elongation of

autologous CD34+ hematopoietic stem cells
using EXG-001. Positive interim data were
presented at the 64th ASH Annual Meeting in
December 2022.

Elixirgen Therapeutics

Table 4.
Ongoing clinical trials for telomere-targeting therapies as of January 17, 2025.

* Trials in solid tumors have been less successful, potentially due to the slower
kinetics of telomere shortening in these cancers compared to rapidly dividing
hematological malignancies (Table 4) [74, 75].

7.3 Targeting ALT pathways

The ALT mechanism, employed by about 10-15% of cancers, particularly in

sarcomas and gliomas, presents a distinct therapeutic opportunity [37].
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1. Therapeutic opportunities in ALT-positive cancers

* ALT is characterized by telomere length heterogeneity and the presence of
ALT-associated promyelocytic leukemia (PML) bodies.

» ATR inhibitors: ATR (ataxia-telangiectasia and Rad3-related) kinase is essential
for the survival of ALT-positive cells. Inhibitors like VE-821 and VE-822 dis-
rupt ALT pathways by impairing DNA damage response signaling, selectively
killing ALT-positive tumor cells [76, 77].

¢ Other strategies include targeting proteins involved in homologous recombina-
tion, such as RAD51 or FANCM, which are critical for ALT-mediated telomere
elongation [24, 31].

2. Preclinical studies and challenges in drug development

* Challenges include the lack of reliable biomarkers for ALT status and potential
off-target effects, given the role of ATR in normal DNA damage repair.

* The redundancy of ALT-related pathways also complicates the development of
highly specific therapies.


https://www.biospace.com/maia-biotechnology-announces-fda-clearance-of-ind-application-for-thio-a-first-in-class-telomere-targeting-agent-for-the-treatment-of-non-small-cell-lung-cancer?utm_source=chatgpt.com
https://ascopubs.org/doi/pdf/10.1200/JCO.2024.42.16_suppl.8601?utm_source=chatgpt.com
https://elixirgentherapeutics.com/news/clinical-trials/elixirgen-therapeutics-presents-new-clinical-data-demonstrating-ex-vivo-telomere-elongation-with-exg-34217-in-dyskeratosis-congenita-at-the-64th-ash-annual-meeting?utm_source=chatgpt.com
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7.4 Combination therapies

Combining telomere-targeting agents with existing cancer therapies has shown
promise in overcoming some of their limitations.

1. Synergistic potential with chemotherapy or immunotherapy
* Telomerase inhibitors enhance the efficacy of chemotherapy by exacerbating
DNA damage in tumor cells. For example, combining imetelstat with paclitaxel
or carboplatin has shown additive effects in preclinical models [66, 78].
* Vaccines targeting TERT, when combined with immune checkpoint inhibi-
tors (e.g., anti-PD-1/PD-L1 antibodies), boost antitumor immune responses,
particularly in immunologically “cold” tumors [67, 79].

2.Enhancing sensitivity to DNA-damaging agents

 Telomere-targeting agents increase tumor cell sensitivity to radiation and
DNA-damaging agents, such as cisplatin, by compromising telomere integrity.

* ALT-positive cancers, in particular, are highly dependent on robust DNA dam-

age responses. Inhibiting ALT mechanisms further sensitizes these tumors to
genotoxic therapies [80, 81].

7.5 Resistance mechanisms

Despite their potential, telomere-targeting therapies face significant hurdles due
to the adaptability of cancer cells.

1. Adaptive responses in tumors

 Tumors often develop resistance to telomerase inhibitors through upregulation
of alternative telomere maintenance pathways, including ALT activation.

* Increased DNA repair efficiency and activation of bypass mechanisms allow
cancer cells to evade the effects of telomere-targeted therapies [24, 82].

2. Strategies to overcome resistance
» Combination approaches: Using telomerase inhibitors alongside ALT pathway
inhibitors or DNA repair inhibitors (e.g., PARP inhibitors) can mitigate
resistance [83-85].
* Targeting telomere-associated proteins: Disrupting shelterin components, such
as TRF1 and TRF2, could compromise telomere stability, regardless of the

maintenance mechanism [84, 86].

o Adaptive dosing regimens: Alternating or intermittent dosing schedules may pre-
vent the development of resistance by minimizing selective pressures [87, 88].

89



Molecular Medicine — New Insights

The development of telomere-targeting therapies is a rapidly evolving field, with

several areas requiring further research and optimization:

* Biomarker development: Reliable biomarkers for telomerase activity or ALT status

are needed to identify patients who are most likely to benefit from these therapies.

* Combination strategies: Systematic evaluation of combination therapies involving

telomere-targeting agents and standard cancer treatments is crucial.

* Personalized approaches: Tailoring telomere-targeting therapies based on individ-

ual tumor biology and telomere maintenance mechanisms will enhance efficacy.

7.6 Emerging insights in telomere biology and cancer

Recent advances in the study of telomeres have revealed noncanonical roles of

telomerase, beyond its traditional function in telomere elongation, and highlighted
the contribution of telomere-associated proteins in cancer progression and resistance
to therapy. Additionally, growing evidence underscores the importance of epigenetic
and transcriptomic regulation in maintaining telomere integrity and influencing
tumorigenesis. These emerging insights are reshaping our understanding of telomere
biology and opening new avenues for targeted cancer therapies.

7.7 Noncanonical roles of telomerase
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1. Telomerase in stem cell maintenance

Telomerase has long been recognized for its role in maintaining telomere length
in somatic cells, but its involvement in stem cell biology is gaining increased
attention. In stem cells, telomerase activity is essential for maintaining self-
renewal and preventing premature senescence. Recent studies have shown
that telomerase elongates telomeres and regulates stem cell homeostasis by
interacting with key signaling pathways like Wnt, Notch, and TGF-f [89-91].
These pathways are critical for the balance between stem cell renewal and
differentiation, and telomerase is increasingly viewed as a regulator of cellular
pluripotency and tissue regeneration [92]. Furthermore, telomerase may play
arole in maintaining the balance between stem cell quiescence and activation,
suggesting its significance in cancer stem cell populations [93, 94].

2. Telomerase in mitochondrial function

Telomerase has been implicated in maintaining mitochondrial function, extend-
ing beyond its role in the nucleus. Studies have demonstrated that telomerase
reverse transcriptase (TERT), the catalytic subunit of telomerase, localizes to
mitochondria and contributes to mitochondrial stability and bioenergetics [95].
TERT has been shown to regulate mitochondrial DNA integrity and protect
against oxidative stress, thereby supporting cellular energy metabolism. This
mitochondrial function of TERT is particularly relevant in cancer cells, where
mitochondrial dysfunction is common. By stabilizing mitochondrial DNA and
preventing cellular stress, telomerase supports the survival and proliferation of
cancer cells in hypoxic environments, thus contributing to tumorigenesis [96].
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3. Telomerase in signaling pathways

Beyond its involvement in stem cells and mitochondria, telomerase has been shown
to interact with several cellular signaling pathways, including the PI3K/AKT,
MAPK, and NF-«B pathways. These interactions suggest that telomerase plays a
role in regulating cell survival, apoptosis, and proliferation, all of which are crucial
for cancer progression [97, 98]. In particular, the ability of telomerase to modulate
these pathways in response to DNA damage or oxidative stress contributes to its
role in cancer cell survival and resistance to chemotherapy. Telomerase may also
promote epithelial-to-mesenchymal transition (EMT), a key event in metastasis,
by regulating transcription factors involved in cell migration and invasion [28, 99].

8. Telomere-associated proteins
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1. Roles of shelterin components in cancer progression

The shelterin complex, composed of six proteins (TRF1, TRF2, RAP1, POT1,
TIN2, and TPP1), plays a critical role in protecting telomeres from degradation
and inappropriate DNA repair. In cancer, dysregulation of shelterin components
is frequently observed, leading to telomere dysfunction, genomic instability,
and uncontrolled cell proliferation. For example, overexpression of TRF1 or
TRF2 is commonly observed in various cancers and is associated with telomere
protection and tumor progression [86, 100]. Conversely, loss of shelterin
proteins such as POT1 has been linked to the activation of the DNA damage
response, resulting in telomere fusion and chromosomal instability, a hallmark
of cancer progression [101, 102].

Shelterin proteins also contribute to the resistance of cancer cells to therapies
that induce DNA damage. TRF1, for instance, has been shown to inhibit the acti-
vation of the DNA damage response at telomeres, thus preventing the triggering
of cell death pathways following radiation or chemotherapy. This ability to evade
apoptotic signals is a key mechanism by which cancer cells resist conventional
therapies [102-104].

2. Epigenetic vegulation of shelterin complex components

Recent studies have uncovered epigenetic mechanisms that regulate the expres-
sion and activity of shelterin components. For instance, histone modifications
and DNA methylation are involved in the regulation of TRF1 and TRF2 expres-
sion, thereby influencing telomere length maintenance and cancer progression
[105]. The upregulation of these shelterin components via epigenetic changes
can contribute to the evasion of senescence and promote tumorigenesis by
stabilizing telomere integrity in cancer cells [106, 107].

3. Therapeutic implications of targeting shelterin proteins

Given their pivotal role in maintaining telomere integrity, shelterin proteins are
attractive targets for therapeutic intervention. Inhibition of shelterin proteins such
as TRF1 or POT1 may render cancer cells more susceptible to DNA damage and cell
death, providing a potential strategy for cancer therapy. However, the development
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of therapies targeting shelterin components must account for the potential toxicity
to normal cells, where these proteins play essential roles in maintaining genomic
stability [108, 109].

9. Epigenetic and transcriptomic regulation of telomeres
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1. Chromatin remodeling and telomere dynamics

Chromatin remodeling is a crucial process for regulating telomere maintenance
and function. Modifications to histones and chromatin structure can influence
the accessibility of telomeres to telomerase and other repair machinery. For
instance, histone acetylation at telomeres has been shown to promote telomere
elongation by facilitating telomerase binding [110, 111]. On the other hand,
histone deacetylation can lead to telomere attrition and genomic instability,
providing a link between chromatin remodeling and cancer development.
Furthermore, the interaction between telomeres and various chromatin remod-
eling complexes, such as the SWI/SNF complex, has been implicated in telomere
regulation during cell division [112, 113].

2. Noncoding RNAs and telomere vegulation

The role of noncoding RNAs (ncRNAs) in telomere biology is an emerging area
of research. Telomere-specific ncRNAs, including TERRA (telomeric repeat-con-
taining RNA), have been shown to regulate telomere stability by modulating the
chromatin structure at telomeres. TERRA is involved in the formation of telomere
heterochromatin and the regulation of telomerase activity. Dysregulation of
TERRA and other ncRNAs can lead to telomere dysfunction and contribute to the
development of cancer by promoting genomic instability [114, 115]. Moreover,
long noncoding RNAs (IncRNAs) such as HOTAIR and MALAT1, which are
involved in the regulation of gene expression, have been found to interact with
telomerase and contribute to telomere maintenance in cancer cells [116-118].

3. Telomere and epigenetic reprogramming in cancer

Epigenetic reprogramming, which alters the expression of genes involved in
telomere maintenance, is a hallmark of cancer. The dysregulation of epigenetic
processes, such as DNA methylation and histone modification, can result in the
silencing or activation of genes that regulate telomerase and shelterin proteins,
leading to altered telomere dynamics in cancer cells [110, 119]. For example,
the silencing of the tumor suppressor gene pl6INK4a, which regulates telomere
shortening, is often observed in various cancers and is associated with telomere
elongation and enhanced tumorigenicity [120, 121].

Emerging insights into telomere biology reveal that telomerase and telomere-
associated proteins play critical roles beyond telomere elongation, including
regulating stem cell function, mitochondrial health, and cellular signaling
pathways. The epigenetic regulation of telomere dynamics further complicates
the process, contributing to cancer progression and therapeutic resistance.
These discoveries provide novel therapeutic opportunities, such as targeting
telomere-associated proteins and epigenetic pathways, which could lead to
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more effective cancer treatments. However, challenges remain in translating
these findings into clinical practice, particularly in terms of specificity and
minimizing off-target effects. Further research into the noncanonical roles of
telomerase and the regulatory mechanisms that influence telomere function
will be critical for the development of next-generation cancer therapies.

10. Future directions in telomere research

Telomeres, as critical elements of cellular stability and aging, continue to garner
attention as potential therapeutic targets in cancer. As our understanding of telomere
biology deepens, emerging technologies and strategies are opening new avenues for
cancer treatment. The application of advanced techniques such as single-cell telomere
length analysis and CRISPR-based tools is poised to revolutionize our approach
to understanding telomere dynamics in cancer. Furthermore, the integration of
telomere-targeting therapies into personalized medicine and the exploration of
telomere-based interventions hold significant promise for improving cancer treat-
ment outcomes. However, several unanswered questions still need to be addressed to
fully harness the potential of telomere-targeting therapies.

11. Technological advancements in telomere research
1. Single-cell telomere length analysis

Traditional methods of telomere length measurement, such as quantita-

tive PCR (qPCR) or Southern blotting, have provided valuable insights

into telomere dynamics. However, they typically measure average telomere
lengths across populations of cells, which masks the heterogeneity present in
individual cells. Recent advancements in single-cell telomere length analysis
have enabled the study of telomere dynamics at the level of individual cancer
cells. Techniques such as single-cell telomere sequencing and single-cell gPCR
now allow for the assessment of telomere length heterogeneity within tumor
populations [61, 122].

This technological leap has profound implications for understanding tumor
heterogeneity, which is a key factor in cancer progression and therapeutic
resistance. Tumors often contain subpopulations of cells with varying
telomere lengths, which may contribute to differential responses to thera-
pies. For instance, cells with short telomeres may undergo senescence or die
in response to treatment, while those with longer telomeres may continue to
proliferate. By analyzing telomere length at the single-cell level, researchers
can gain insights into the clonal evolution of tumors, identify biomarkers
for drug resistance, and predict relapse. This approach holds promise for
improving patient stratification in clinical settings [123, 124].

2. CRISPR-based tools for studying telomere dynamics

The CRISPR/Cas9 genome-editing system has emerged as a powerful tool
for investigating telomere biology. By selectively targeting genes involved in
telomere maintenance, such as those encoding shelterin proteins or telomerase
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subunits, researchers can modulate telomere length and study its effects on
cellular processes, including cancer progression. CRISPR-based systems have
enabled the precise manipulation of telomere length and telomerase activ-
ity, facilitating the study of the molecular pathways that regulate telomere
dynamics [125-127].

Additionally, CRISPR/Cas9 can be used to engineer cancer models with specific
telomere-related mutations, such as mutations in the TERT promoter or muta-
tions that activate the ALT pathway. These models provide valuable insights into
how telomere alterations contribute to oncogenesis and resistance to conven-
tional therapies. Furthermore, CRISPR-based tools are also being developed

to specifically target and disrupt telomere-maintenance pathways in cancer
cells, providing a potential therapeutic approach to eliminate cancer cells with
dysfunctional telomeres selectively [127, 128].

12. Personalized medicine and telomere-targeting therapies
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1. Integrating telomere-targeting strategies into tailored treatment vegimens

As our understanding of the role of telomere maintenance in cancer grows,
the possibility of integrating telomere-targeting strategies into personalized
medicine is becoming increasingly feasible. Personalized medicine aims to
tailor treatments based on the individual genetic and molecular characteris-
tics of a patient’s tumor. Telomere biology plays a crucial role in determining
the aggressiveness of cancer and its response to therapy. By assessing the
telomere status of tumors, clinicians can gain insights into the most appropri-
ate treatment strategies.

For example, in cancers that rely on telomerase for telomere maintenance,
telomerase inhibitors (such as imetelstat) may be particularly effective.
Alternatively, tumors with ALT activity may benefit from therapies target-
ing the alternative lengthening of the telomeres (ALT) pathway. Combining
telomere-targeting therapies with other treatment modalities, such as che-
motherapy or immunotherapy, could enhance the effectiveness of treatment
regimens and reduce the likelihood of relapse. Integrating telomere length
assessment and telomerase activity measurements into routine clinical prac-
tice may enable clinicians to select the most effective personalized treatment
strategies [128-130].

2. Biomarkers for telomere-based interventions

As telomere biology becomes more integrated into clinical practice, the
identification of reliable biomarkers for telomere-targeting therapies will be
essential. Telomere length and telomere-associated proteins, such as shel-
terin components, could serve as biomarkers to predict the effectiveness of
telomere-targeted therapies. Moreover, the detection of telomerase activity
or the presence of ALT mechanisms in tumors could provide valuable insights
into treatment response. Combining these biomarkers with other molecular
features of tumors, such as genetic mutations and epigenetic modifications,
will help create more accurate prognostic tools and improve patient outcomes
[23, 31, 37].
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13. Unanswered questions in telomere research
1. Role of telomere dynamics in treatment resistance and relapse

One of the major challenges in cancer therapy is the development of treatment
resistance and relapse. While telomere maintenance mechanisms are implicated
in these processes, the exact role of telomere dynamics in resistance remains
poorly understood. In particular, it is unclear how telomere attrition or telomere
elongation contributes to resistance to conventional therapies, such as chemo-
therapy and radiation, as well as newer immunotherapies. Some studies suggest
that telomere dysfunction may trigger a DNA damage response that promotes
tumor survival, while others indicate that long telomeres may allow cancer cells
to bypass replicative senescence and continue proliferating despite treatment.
Further research is needed to better understand the relationship between telo-
mere dynamics and therapeutic resistance. Investigating how telomere altera-
tions influence DNA repair mechanisms, cell cycle progression, and apoptotic
pathways in cancer cells will be critical for developing strategies to overcome
resistance and prevent relapse [37, 131, 132].

2. Telomere-based interventions in combination with emerging cancer therapies

The combination of telomere-targeting therapies with emerging cancer thera-
pies, such as immune checkpoint inhibitors and targeted therapies, holds great
potential. However, the safety and efficacy of such combination approaches are
still unclear. Telomere-targeting therapies could potentially sensitize cancer cells
to immune responses by inducing telomere dysfunction and triggering cell death
pathways. On the other hand, telomere-targeting drugs may also have off-target
effects on normal cells, raising concerns about toxicity and side effects.
Understanding the optimal combination strategies and determining the best
patient populations for these treatments will require extensive clinical trials and
preclinical studies. Additionally, the timing of telomere-targeted therapies in
combination with other treatments needs to be explored to maximize therapeu-
tic efficacy while minimizing potential resistance mechanisms [133-135].

The future of telomere research holds tremendous potential for improving cancer
therapies and personalizing treatment regimens. Advances in technologies such as
single-cell telomere analysis and CRISPR-based tools are providing new insights
into tumor heterogeneity and telomere dynamics, which could help refine

cancer diagnosis and treatment. Integrating telomere-targeting strategies into
personalized medicine offers the promise of more effective and tailored therapies.
However, several unanswered questions remain, particularly regarding the role

of telomere dynamics in treatment resistance and relapse. Continued research is
essential to understand the complexities of telomere maintenance in cancer and to
develop effective therapies that target telomeres and related pathways.

14. Conclusion

In this chapter, we explored the crucial role of telomere biology in cancer, examin-
ing the complex mechanisms of telomere maintenance, their implications in cancer
progression, and the potential for targeting these mechanisms in therapeutic settings.
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The dynamic processes governing telomere length, such as the activation of telomerase
and alternative lengthening of telomeres (ALT), not only are essential for maintaining
chromosomal stability but also serve as key drivers of tumorigenesis and resistance to
conventional treatments. Telomeres, once considered merely structural elements at the
ends of chromosomes, have now emerged as critical components in cancer progression,
with their dynamics influencing tumor growth, metastasis, and treatment response.

14.1 Telomere maintenance mechanisms as critical drivers of cancer progression

Telomere maintenance mechanisms, primarily through the activation of telom-
erase or the ALT pathway, provide a survival advantage to cancer cells by bypassing
replicative senescence and enabling continuous proliferation. This dysregulation of
telomere biology is often observed in a variety of malignancies, making it a hallmark
of cancer. The aberrant reactivation of telomerase is a common feature in over 85% of
human cancers and is strongly associated with increased malignancy and poor prog-
nosis [46, 136, 137]. Similarly, cancers utilizing the ALT mechanism are characterized
by increased genomic instability, further driving tumor evolution and resistance to
therapies [138-140]. These findings underscore the significance of telomere mainte-
nance pathways as not only a consequence of cancer but also active participants in the
malignancy’s development and progression.

14.2 The potential of telomeres as biomarkers and therapeutic targets

Telomeres, due to their role in cellular aging and genomic stability, hold great
promise as biomarkers for cancer diagnosis, prognosis, and therapy selection.
Telomere length has been associated with both cancer risk and prognosis, with
shorter telomeres in peripheral blood correlated with increased susceptibility to
cancer and shorter survival in patients with certain cancers [141-144]. As telomere
shortening is a ubiquitous feature of aging and cancer, measuring telomere dynamics
may offer an early detection tool for malignancies, particularly in cancers known to
be associated with significant telomere attrition, such as lung, liver, and colorectal
cancers [145, 146]. Moreover, assessing telomere-related biomarkers such as telom-
erase activity or shelterin complex expression may provide crucial insights into the
biological behavior of tumors and their response to treatment [45, 47].

Therapeutically, telomere-targeting strategies, including telomerase inhibitors
like imetelstat and approaches targeting the ALT pathway, hold promise as potential
cancer treatments. By disrupting these pathways, which cancer cells rely on for
unlimited proliferation, researchers aim to selectively target tumor cells while sparing
normal somatic cells. Combination therapies involving telomere-targeting agents and
traditional chemotherapies, or newer immunotherapies, may also improve treatment
efficacy by sensitizing cancer cells to DNA-damaging agents and immune responses
[64, 147, 148]. These therapeutic strategies are still in the experimental phase, and
while preclinical studies show promising results, clinical trials are required to assess
their true therapeutic potential and safety in patients.

14.3 Call for interdisciplinary research to translate insights into clinical practice

The future of telomere-targeting therapies hinges on our ability to translate
fundamental research into clinical practice. This will require interdisciplinary
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collaboration among molecular biologists, oncologists, bioinformaticians, and
clinical researchers. While significant advances have been made in understand-
ing telomere biology, challenges remain in accurately measuring telomere length,
understanding the full spectrum of telomere-associated proteins, and elucidating
the mechanisms that govern telomere maintenance across various cancers. As
telomere-targeting therapies move from preclinical studies to clinical trials, it is
essential to standardize methodologies for telomere measurement and biomarker
identification to ensure reliable, reproducible results across different patient
populations [149, 150].

Furthermore, the development of individualized treatment regimens, tak-
ing into account the telomere status of each patient’s tumor, will be crucial for
maximizing the effectiveness of telomere-targeted therapies. This requires the
integration of telomere-related biomarkers into routine cancer diagnostics and
prognostics, which will likely lead to more personalized and effective therapeutic
approaches. Ultimately, understanding how telomere maintenance contributes to
treatment resistance and relapse will be key to improving long-term outcomes for
cancer patients [151].

Telomeres and their associated pathways are central to cancer biology and hold
great promise for both diagnostics and treatment. However, translating these insights
into clinical therapies requires continued research, collaboration, and innovation.
As our understanding of telomere dynamics grows, so too will our ability to harness
this knowledge to improve cancer diagnosis, prognosis, and therapeutic strategies,
providing new hope for patients with cancer.
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Abbreviations

AKT protein kinase B

ALT alternative lengthening of telomeres

ATM ataxia telangiectasia mutated

ATR ATM and Rad3-related

BBA biochimica et biophysica acta

BIR break-induced replication

BMC BioMed central

CRISPR clustered regularly interspaced short palindromic repeats
CST CTC1-STN1-TEN1 complex

DDR DNA damage response

DNA deoxyribonucleic acid

EMBO European molecular biology organization
EMT epithelial-mesenchymal transition

ETS/TCF E26 transformation-specific/ternary complex factor
FANCM fanconi anemia complementation group M
FEBS federation of European biochemical societies
FISH fluorescent in situ hybridization

HBV hepatitis B virus

HCV hepatitis C virus

HER2 human epidermal growth factor receptor 2
HNSCC head and neck squamous cell carcinoma
HPV human papillomavirus

IDH isocitrate dehydrogenase

JNCI journal of the National Cancer Institute
MAPK mitogen-activated protein kinase

MYC myelocytomatosis

NF nuclear factor

NGS next-generation sequencing

NSCLC non-small cell lung cancer

(O overall survival

PARP poly (ADP-ribose) polymerase

PCR polymerase chain reaction

PD-1/PD programmed death protein 1/programmed death
PFS progression-free survival

P13K phosphoinositide 3-kinase

PML promyelocytic leukemia

POT1 protection of telomeres 1

RAP1 repressor/activator protein 1

RAS rat sarcoma virus

qPCR quantitative polymerase chain reaction

RB retinoblastoma

RNA ribonucleic acid

SASP senescence-associated secretory phenotype
SCE sister chromatid exchange

STELA single telomere length analysis

SWI/SNF switch (mating-type)/sucrose non-fermenting (SWltch)
TERC telomerase RNA component

TERRA telomeric repeat-containing RNA
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Chapter 5

Ubiquitinomics in Sigmoid Colon
Cancer: Defining Stage-Specific
Patterns for Predictive, Preventive,
and Personalized Medicine

Ousman Bajinka, Lamarana Jallow, Haiyu Shen, Na Li
and Xianquan Zhan

Abstract

Sigmoid colon cancer (SCC) is a distinct clinical and molecular subtype of colorectal
cancer, characterized by unique molecular, diagnostic, therapeutic, and prognostic
features. Recent ubiquitinomics profiling identified 608 differentially ubiquitinated
proteins (DUPs) with 1249 ubiquitinated sites, revealing stage-specific patterns. Early
stages exhibit ubiquitination changes facilitating oncogenic evasion, while advanced
stages show DUPs driving metastasis, therapy resistance, and immune evasion. Key
pathways include Salmonella infection, ferroptosis, and glycolysis. Crucially, 46
survival-associated DUPs serve as prognostic biomarkers and therapeutic targets.
Despite these advances, clinical translation faces limitations, including technical
challenges in ubiquitinomics such as inability to resolve polyubiquitin chain topology,
biological heterogeneity, subsite generalization, and validation gaps. Future efforts
require refined ubiquitin detection methods, functional validation of DUPs, multi-omic
integration, and prospective clinical studies. Overcoming these barriers will enable
predictive diagnostics, preventive strategies like targeting pre-malignant ubiquitina-
tion, and personalized therapies such as DUB inhibitors, PROTACs, advancing the
predictive, preventive, personalized medicine (3 PM) framework for SCC management.

Keywords: sigmoid colon cancer, ubiquitinomics, predictive preventive personalized
medicine (3 PM), stage-specific biomarkers, therapeutic targeting

1. Introduction

Sigmoid colon cancer (SCC), arising from the distal descending colon proximal
to the rectum, represents a significant and distinct clinical entity within colorectal
cancer (CRC). Epidemiologically, it is the second most common CRC site, account-
ing for 16-31% of cases and is generally associated with a better prognosis than
right-sided colon cancer, though it paradoxically correlates with a higher incidence

109 IntechOpen



Molecular Medicine — New Insights

of suicide, underscoring its unique clinical profile [1-4]. Molecularly, SCC is char-
acterized by specific alterations that differentiate it from other colorectal subsites. A
defining feature is its unique ubiquitinomic signature, involving 608 differentially
ubiquitinated proteins linked to pathways such as Salmonella infection and ferroptosis
[5]. This profile contrasts with right-sided tumors, which often exhibit suppression

of carcinogen-detoxifying enzymes [6]. Further molecular distinctions include
epigenetic alterations like frequent p16INK4a methylation in aggressive subsets,
specific mutations such as KRAS G12C in rare amphicrine carcinomas, and markers of
epithelial-mesenchymal transition (EMT) like E-cadherin loss [7-9].

Diagnostic approaches for SCC have advanced significantly, with MRI demon-
strating superiority over CT for local T-staging and detection of extramural vascular
invasion [10]. These imaging techniques are complemented by emerging liquid
biopsies, including 7-gene panels and circulating tumor DNA (ctDNA) for predict-
ing micrometastasis and recurrence, as well as the analysis of exfoliated colonocytes
[11-14]. Therapeutically, management strategies reflect the distinct anatomy and
behavior of SCC. Robotic surgery enables precise D3-D4 lymphadenectomy for
advanced nodal disease, while preservation of the superior rectal artery (SRA) can
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Figure 1.

Keﬁ ubiquitinomic features and precision medicine opportunities in sigmoid colon cancer (SCC). This schematic
highlights the major moleculay, diagnostic, therapeutic, and prognostic features of sigmoid colon cancer (SCC)
with relevance to precision medicine. Top-left: SCC displays unique ubiquitinomic signatures, including 608
differentially ubiquitinated proteins (DUPs), links to Salmonella-induced ferroptosis, and distinct genetic/
epigenetic alterations such as KRAS G12C mutations, p16/INK4A loss, altered Ca*'/GPCR signaling, and
reduced detoxification enzymes (CYP2C8). Advancements in diagnosis include improved MRI vs. CT accuracy for
T-staging/EMVI and the utility of liquid biopsies (ctDNA and exfoliated colonocytes) for early micrometastatic
detection. Bottom-left: Therapeutic gaps include limited benefits of adjuvant chemotherapy in stage II SCC,
drug resistance to bortezomib-like inhibitors, and surgical considerations such as lymphadenectomy vs. SRA
preservation. Bottom-right: Prognostic patterns show better stage 111 survival, distinct metastatic spread (brain/
lung > liver), and notable epidemiologic burdens, with SCC representing 16-31% of CRC cases.
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reduce anastomotic complications [15, 16]. For localized tumors invading adjacent
organs, en bloc resection is critical for local control. However, adjuvant chemotherapy
shows no clear benefit in stage II disease, and the use of self-expanding metal stents
(SEMS) for palliation carries high complication risks [17-20].

Prognostically, the sigmoid location itself is an independent factor, conferring
better outcomes in stage III cancer and after liver metastasis development compared to
proximal sites [21-23]. Nevertheless, SCC is associated with higher rates of lung and
brain metastases, and its prognosis is further refined by lymph node distribution and
molecular subtypes, including MSI status and markers like CPEB4 expression [24-29].
Despite these insights, current research faces significant limitations, including subsite
generalization, small cohorts for rare subtypes, retrospective data biases, and a lack of
large-scale validation for novel diagnostic and prognostic tools. Therefore, this chapter
aims to synthesize the distinct molecular, diagnostic, therapeutic, and prognostic char-
acteristics of SCC, with a primary focus on establishing disease- and stage-specific ubiq-
uitination patterns as novel hallmarks. It critically evaluates existing research limitations
while highlighting the implications of these ubiquitination signatures for advancing
predictive, preventive, and personalized medicine (3 PM) in SCC management.

The ubiquitinomics profiling was conducted using a cohort of 100 SCC samples and
matched para-carcinoma tissues from The Cancer Genome Atlas (TCGA). The method-
ology involved the enrichment of ubiquitinated peptides using anti-K-e-GG antibody
beads, followed by label-free quantitative high-resolution mass spectrometry to identify
and quantify differentially ubiquitinated proteins (DUPs) and their specific modifica-
tion sites. This chapter aims to synthesize current knowledge on the distinct molecular,
diagnostic, therapeutic, and prognostic characteristics of SCC, with a primary focus
on establishing disease- and stage-specific ubiquitination patterns as novel hallmarks and
evaluating their implications for advancing 3 PM in SCC management (Figure1).

2. Establishment of disease and stage-specific ubiquitination patterns for
human SCC

Ubiquitination, the covalent attachment of ubiquitin molecules to target proteins,
is a fundamental post-translational modification (PTM) regulating virtually every
cellular process, including protein degradation (via the proteasome or lysosome),
DNA repair, signal transduction, immune responses, and cell cycle progression.
Dysregulation of the ubiquitin-proteasome system (UPS) is a hallmark of cancer,
contributing to oncogenesis, tumor progression, metastasis, and treatment resistance.
While global proteomic and genomic landscapes of CRC have been extensively stud-
ied, the specific role of ubiquitination, particularly in a subsite- and stage-specific
manner, remained largely unexplored until recently. The establishment of disease and
stage-specific ubiquitination patterns in human SCC represents a significant advance-
ment in our molecular understanding of this prevalent malignancy, offering novel
insights for predictive, preventive, and personalized medicine (3 PM) [5].

2.1 The ubiquitinomics approach: Unveiling the sigmoideome

The pioneering study by Yang et al. [5] established the first comprehensive ubiq-
uitinomic profile specific to human SCC by employing a sophisticated multi-faceted
methodology: utilizing a cohort of 100 SCC samples and matched para-carcinoma
tissues from The Cancer Genome Atlas (TCGA) to ensure robust clinical annotation;
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leveraging anti-K-e-GG antibody beads (PTMScan® Ubiquitin Remnant Motif Kit)
to enrich tryptic peptides containing the diglycine (Gly-Gly) remnant left on lysine
residues after ubiquitination, thereby isolating peptides representing ubiquitinated
sites; performing label-free quantitative high-resolution mass spectrometry (MS)

on these enriched peptides to identify and quantify ubiquitinated proteins and their
specific modification sites; and integrating this ubiquitinome data with correspond-
ing gene expression (differentially expressed genes — DEGs) and proteomic (differen-
tially expressed proteins — DEPs) data from the same cohort to explore relationships
between ubiquitination, gene/protein expression, and protein abundance, supple-
mented by Kaplan-Meier survival analysis to identify prognostic associations.

2.2 Establishing the baseline: The sigmoid colon ubiquitinome

This groundbreaking work quantified a vast and complex ubiquitination land-
scape specific to SCC tissues compared to adjacent normal tissue, revealing 1249
ubiquitinated sites within 608 differentially ubiquitinated proteins (DUPs). This scale
highlights ubiquitination’s pervasive role as a fundamental regulatory mechanism in
SCC biology. A critical advancement was the stratification of these DUPs by disease
progression. Analysis of the TCGA cohort revealed dynamic, stage-specific patterns:
early-stage SCC was characterized by 385 DUPs often involved in processes like meta-
bolic reprogramming and evasion of growth suppression, while advanced-stage SCC
exhibited a distinct set of 223 DUPs driving metastasis, therapy resistance, and immune
evasion.

Here, DUPs are defined as proteins exhibiting statistically significant differences
in ubiquitination levels (quantified by ubiquitinated peptide abundance) between
cancerous and normal tissues. This encompasses both increased ubiquitination
(DUP-up), often leading to target protein degradation or functional alteration, and
decreased ubiquitination (DUP-down,), potentially stabilizing oncoproteins or dys-
regulating critical signaling pathways. Most significantly, the prognostic relevance of
this ubiquitinome was rigorously tested. Survival analysis, specifically Kaplan-Meier
methodology applied to the patient cohort, identified 46 overall survival-related DUPs.
The ubiquitination status of these specific proteins showed a statistically significant
association with patient outcomes, thereby validating their potential as prognostic
biomarkers and implicating them as hallmarks of aggressive, high-stage biology.

2.3 Stage-specific ubiquitination patterns emerge

A critical finding was the identification of ubiquitination patterns correlating with
SCC progression stage, observed through analysis of the TCGA cohort spanning dif-
ferent stages. The study revealed dynamic shifts in ubiquitination status across protein
networks: early stages showed altered ubiquitination (often increased degradation) in
proteins maintaining cellular integrity, DNA repair, and controlled metabolism, facili-
tating initial oncogenic evasion, while advanced stages exhibited distinct DUP patterns
associated with metastatic potential, involving changes in cell adhesion (integrins and
cadherins), cytoskeletal dynamics, and EMT markers [9], potentially via upregulated
deubiquitinating enzymes (DUBs) stabilizing EMT transcription factors; treatment
resistance, through alterations in ubiquitination pathways controlling drug efflux
pumps, DNA repair machinery, and apoptosis regulators (Bcl-2 family, IAPs); and
immune evasion, via modulation of antigen presentation (MHC), immune checkpoint
stability (PD-L1 regulated by E3 ligases like CBL-b or DUBs), and cytokine signaling.
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KEGG pathway analysis of the 608 DUPs implicated 35 significant pathways,
including Salmonella infection (reflecting hijacking of host ubiquitination for
invasion/metastasis), glycolysis/gluconeogenesis (stage-specific regulation of key
enzymes like PKM2/LDHA controlling Warburg effect metabolic reprogramming),
and ferroptosis (ubiquitination dynamics of regulators like GPX4/SLC7A11 influenc-
ing susceptibility to this iron-dependent cell death, potentially altered in advanced
disease via DUB upregulation). Most significantly, survival analysis identified 46
overall survival-related DUPs whose ubiquitination status directly correlated with
patient outcomes, strongly implicating these events as hallmarks of aggressive, high-
stage biology, and prime candidates for stage-specific biomarkers.

2.4 Functional implications of stage-specific ubiquitination

The observed ubiquitination patterns are not merely correlative but drive SCC
pathogenesis through stage-dependent functional consequences: Oncoprotein
stabilization (DUP-down) occurs via decreased ubiquitination preventing the
degradation of key oncoproteins like f-catenin (enhancing Wnt signaling) [9], c-Myc,
cyclin D1 (accelerating proliferation), or RTKs such as EGFR/MET, hyperactivat-
ing growth pathways; tumor suppressor degradation (DUP-up) involves increased
ubiquitination-mediated proteasomal destruction of p53 (abrogating apoptosis),
PTEN (activating PI3K/AKT survival signals), and adhesion/DNA repair regulators
(fueling metastasis/genomic instability); altered signaling dynamics arise from direct
ubiquitination of components in critical pathways, MAPK/ERK (RAS/RAF), PI3K/
AKT/mTOR (AKT/mTOR), NF-kB (IkBs/NEMO controlling therapy resistance),
and TGF-p (receptors/SMADs modulating EMT in advanced stages) [9]. Moreover,
metabolic reprogramming results from ubiquitination controlling enzyme stability
(locking in Warburg effect via PKM2/LDHA regulation). Immune evasion exploits
ubiquitination-mediated modulation of immune checkpoints (PD-L1 stability),
antigen presentation, and cytokine responses to create an immunosuppressive micro-
environment in advanced SCC.

2.5 Relationship to gene and protein expression (DEGs/DEPs)

A unique aspect of the Yang et al. study [5] was the integrated analysis of the
ubiquitinome with DEGs and protein expression (DEPs), revealing four distinct
regulatory relationship models: (1) DUP-up and DEG-up (increased ubiquitination
and gene expression, suggesting futile cycling or non-degradative ubiquitin signal-
ing); (2) DUP-up and DEG-down (increased ubiquitination with decreased gene
expression, indicating canonical UPS-mediated degradation); (3) DUP-down and
DEG-up (decreased ubiquitination and increased gene expression, implying protein
stabilization driving oncogenic accumulation); and (4) DUP-down and DEG-down
(decreased ubiquitination despite reduced gene expression, potentiating functional
impact of stabilized residual proteins). Similar quadripartite models emerged for
DUP-DEP relationships, collectively demonstrating that ubiquitination constitutes
an independent regulatory layer beyond transcriptional or translational control.
Critically, stage-specific cancer progression likely involves dynamic shifts in the
prevalence of these models, for example, advanced SCC may exhibit increased “DUP-
down and DEG-up” stabilization of oncogenes (f-catenin, c-Myc) and “DUP-up and
DEG-down” degradation of tumor suppressors (p53, PTEN), amplifying oncogenic
signaling through coordinated multi-level dysregulation.
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2.6 Implications for 3 PM

The establishment of disease and stage-specific ubiquitination patterns is foun-
dational for advancing 3 PM in SCC, offering transformative potential across the
clinical spectrum: predictive diagnostics leverage the 46 survival-related DUPs and
other stage-specific signatures as prognostic biomarkers, where detecting specific
ubiquitination patterns (in biopsies or future liquid biopsies) could stratify patients
by progression/recurrence risk at diagnosis, guiding treatment intensity; preven-
tive measures target the earliest ubiquitination changes in high-risk individuals
(IBD patients, genetic syndromes), enabling the development of chemopreventive
agents modulating specific E3 ligases or DUBs active in pre-malignant stages; and
personalized therapy exploits these patterns for novel interventions, including
targeting specific E3 ligases (MDM2 inhibitors for p53-restorable tumors), inhibiting
oncoprotein-stabilizing DUBs (USP7 inhibitors in advanced SCC), refining protea-
some inhibitors (targeting SCC-specific vulnerabilities like immunoproteasomes),
designing rational combination therapies (DUB inhibitors + targeted agents based on
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Stage-specific ubiquitination patterns drive SCC progression and thevapeutic vulnerabilities. This figure
illustrates how dynamic ubiquitination patterns shape sigmoid colon cancer (SCC) biology across disease

stages and reveal precision-medicine tavgets. In early-stage SCC, increased ubiquitination (DUP-up) promotes
proteasomal degradation of tumor suppressors (e.g., p53, PTEN) and metabolic reprogramming through PKM2
ubiquitination, contributing to DNA vepair dysfunction and enhanced glycolysis. In advanced-stage SCC, reduced
ubiquitination (DUP-down) leads to stabilization of oncogenic proteins (e.g., p-catenin, c-Myc), supporting
epithelial-mesenchymal transition (EMT), drug resistance via efflux pumps, and immune evasion (e.g., PD-L1
signaling regulated by CBL-b/USPy7). Key connectors include inflammatory cytokines driving EMT (IL-1p, IL-6,
TNFa). Clinical implications (3 PM) include (i) 46 survival-associated DUPs as prognostic biomarkers, (ii)
liquid biopsy-based detection of DUP signatures, and (iii) stage-tailoved therapeutics such as MDM2 or USP7
inhibitors tavgeting ubiquitin-regulating enzymes.
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ubiquitination-mediated resistance), and leveraging drug sensitivity profiling linked
to survival-related DUPs to identify personalized therapeutic vulnerabilities [5]. This
integrated approach enables precise risk stratification, interception of carcinogenesis,
and tailored targeting of the ubiquitin-driven molecular machinery specific to SCC
biology.

The establishment of disease and stage-specific ubiquitination patterns for human
SCC, pioneered by the ubiquitinomics approach of Yang et al. [5], marks a paradigm
shift in understanding this common malignancy. The identification of 608 DUPs with
1249 ubiquitinated sites, their association with critical pathways (Salmonella infec-
tion, glycolysis, and ferroptosis), their complex relationships with gene and protein
expression, and crucially, the discovery of 46 survival-related DUPs, provides an
unprecedented molecular map of SCC progression. These patterns reveal how the
UPS is hijacked at different stages to stabilize oncoproteins, degrade tumor suppres-
sors, rewire signaling, reprogram metabolism, and evade the immune system. While
significant challenges in validation, functional characterization, and clinical transla-
tion remain, this foundational work opens powerful avenues for advancing predictive

diagnostics, preventive strategies, and personalized therapies tailored to the specific
ubiquitination-driven vulnerabilities of an individual’s SCC, ultimately realizing the
promise of 3 PM. Future research must focus on overcoming technical limitations,
resolving spatial heterogeneity, performing deep functional validation, integrating
multi-omic data, and rigorously translating these discoveries into clinical tools and
treatments that improve patient outcomes (Figure 2; Table 1).

Study objective Study design Main findings Conclusion Citation
Evaluate robotic D3-D4 Single-center Improved nodal Robotic [15]
lymphadenectomy for clinical study staging accuracy and lymphadenectomy
advanced nodal disease survival in advanced enhances precision and

sigmoid/rectal cancer survival in advanced

disease

Compare MRI vs. CT Diagnostic MRI superior to CT MRI should replace CT [10]
for local staging accuracy study in T-staging and for local staging of SCC

detecting extramural

vascular invasion
Assess SRA Observational Reduced anastomotic SRA preservation lowers  [16]
preservation outcomes  cohort study leak rates (7vs.22%in  surgical complications in

controls) sigmoid resection
Evaluate SEMS for Retrospective High complication SEMS carries significant ~ [20]
obstruction palliation multicenter rates (perforation: risks; alternative

study 15%, migration: 12%) palliation methods
preferred

Validate ctDNA for Prospective case-  ctDNA detected ctDNA enables early [12]
recurrence prediction control study micrometastases recurrence intervention

6 months earlier than in stage III-IV SCC

imaging
Compare mini-probe Diagnostic Mini-probe US Endoscopic ultrasound [13]

US vs. CT staging

validation study

accuracy: 92% vs. CT:
74% for T-stage

outperforms CT in local
staging accuracy

Table 1.

Summary of key studies on SCC management.
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3. Limitations in establishing disease and stage-specific ubiquitination
patterns for human SCC

The groundbreaking work by Yang et al. [5] establishing the first ubiquitinomic
profile specific to human SCC represents a significant leap forward. However, trans-
lating these findings into clinically actionable tools for predictive, 3 PM faces substan-
tial limitations across technical, biological, and clinical domains:

3.1 Technical complexity and limitations of ubiquitinomics

Ubiquitinomics faces substantial methodological challenges due to its technical
complexity and resource intensity. The core technique, enriching K-e-GG peptides via
antibodies followed by high-resolution mass spectrometry (MS), is highly sensitive to
sample quality, digestion efficiency, and enrichment biases, with poor cross-labora-
tory reproducibility [5]. Crucially, the anti-K-e-GG antibody captures ubiquitin rem-
nants but fails to differentiate between mono-ubiquitination and functionally distinct
poly-ubiquitin chain linkages (K48-linked for degradation, K63-linked for signaling,
M1-linked for NF-kB activation), leaving chain topology, a critical determinant of
functional consequences, largely uncharacterized in SCC [5]. Accurate quantification
is hindered by limitations of label-free methods (LFQ ) for low-abundance peptides,
where dynamic range constraints obscure changes in biologically significant DUPs;
isobaric tagging (TMT) mitigates this but introduces ratio compression artifacts.
Furthermore, ubiquitination operates within a network of PTMs, interacting exten-
sively with phosphorylation, acetylation, and SUMOpylation, yet current single-PTM
focused methodologies cannot capture this regulatory crosstalk essential to SCC
biology [5].

3.2 Subsite generalization and cohort limitations

Despite focusing on SCC, analytical constraints often lead to grouping with other
left-sided sites (descending colon) in pathway and survival analyses, potentially
obscuring true SCC-specific ubiquitination signatures due to cohort size limitations
or study design [5, 6]. While the ubiquitinome cohort (n = 100 tumors) is substantial,
it remains underpowered to detect patterns in rare aggressive subtypes like amphi-
crine carcinoma [8] or molecular subgroups (KRAS/BRAF mutants). Reliance on
retrospective TCGA data introduces selection bias and treatment heterogeneity [5],
compounded by scarce high-quality fresh-frozen samples with comprehensive clinical
annotation for validation. Furthermore, demographic homogeneity in TCGA and
similar cohorts [15] limits insights into ethnicity-, geography-, or lifestyle-dependent
variations in ubiquitination, restricting global generalizability of findings.

3.3 Biological heterogeneity and functional validation gap

Bulk tissue analysis homogenizes ubiquitination signals across malignant cells,
stroma, and normal epithelium, obscuring cell-type-specific dynamics, such as
cancer cell-intrinsic immune evasion mechanisms diluted by lymphocyte signatures
[5]. This approach further fails to resolve spatial heterogeneity, where ubiquitination
patterns likely vary between tumor subregions (invasive front vs. core) and clonal
populations. Critically, the identified correlations lack causal validation: the func-
tional roles of specific DUPs (the 46 survival-associated sites) in SCC pathogenesis
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remain unproven, requiring extensive iz vitro (E3/DUB modulation) and in vivo
(PDX models) interrogation [5]. Moreover, ubiquitination’s rapid dynamics in
response to stimuli (hypoxia and therapy) are lost in static resection snapshots, mask-
ing adaptive responses crucial to stage progression and treatment resistance.

3.4 Diagnostic and therapeutic translation hurdles

Translating the 46 survival-related DUPs into clinical biomarkers faces formidable
hurdles: current IHC cannot reliably detect ubiquitination patterns in FFPE biopsies,
while developing targeted MS or proximity assays remains challenging, and liquid
biopsy applications are even more complex [5]. Although advanced-stage ubiquitina-
tion signatures (metastasis/resistance/immune evasion) are identified [5], pinpoint-
ing druggable stage-specific drivers (E3 ligases/DUBs) requires deeper functional
validation. Therapeutic targeting is complicated by specificity issues, off-target
effects may disrupt normal UPS function (neurotoxicity), and rapid tumor resistance
through compensatory mechanisms. Rational combination strategies (DUB inhibitors
+ targeted agents) demand better understanding of SCC-specific ubiquitination-
pathway crosstalk [5], yet relevant preclinical models recapitulating dynamic SCC
ubiquitinomes during progression are currently lacking, impeding drug testing.

3.5 Integration and data interpretation challenges

Comprehensive multi-omic integration, beyond DEGs/DEPs, requires incorporat-
ing genomics (FBXW7/TP53 mutations), transcriptomics (ubiquitination-altering
splice variants), phosphoproteomics (PTM crosstalk), and metabolomics to build
causal stage-specific networks, posing immense computational and biological com-
plexity [5]. Crucially, distinguishing pathogenic driver ubiquitination events (direct
oncogenic activators) from inconsequential passenger changes demands sophisticated
bioinformatic prioritization (network centrality metrics) coupled with functional
validation, which remains incomplete. Furthermore, clinically actionable thresholds for
significant ubiquitination level changes in specific DUPs are undefined, and quantify-
ing the biological relevance of, for instance, a 1.5-fold ubiquitination increase in early-
stage SCC is essential for developing diagnostic/prognostic assays but currently lacking.

3.6 Prognostic application limitations

Observed survival advantages linked to distal location or ubiquitination signatures
may reflect lead-time bias (earlier diagnosis from symptomatic presentation) or
stage distribution confounders rather than intrinsic biological effects of ubiquitina-
tion itself [22, 23]. While the 46 DUPs show prognostic potential, their independent
value must be validated against established clinical/molecular factors, including
TNM stage, CEA levels, MSI status, CMS subtypes, and RAS/BRAF mutations, to
determine true incremental predictive power beyond current standards. Most criti-
cally, these signatures require rigorous assessment in large, multi-center prospective
SCC cohorts prior to clinical implementation, as retrospective data cannot confirm
real-world utility for recurrence risk stratification or treatment guidance.

The establishment of disease and stage-specific ubiquitination patterns in SCC is
a foundational achievement. However, significant limitations impede its immediate
translation into 3 PM. Technical hurdles in ubiquitinomics, biological complexities
like heterogeneity and lack of functional validation, challenges in biomarker and
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Therapeutic
Targeting Barriers

Barriers to translating SCC ubiquitinomics into predictive, preventive and personalized medicine (3 PM).

This figure outlines the major obstacles hindering the clinical translation of Sigmoid Colon Cancer (SCC)
ubiquitinomics into 3 PM-driven applications. Technical challenges include mass spectrometry limitations,
dynamic range issues, and antibody-based biases such as chain-topology blindness and difficulty distinguishing
poly-ubiquitin linkages, leading to quantification artifacts. Biological and clinical hurdles arise from tumor
heterogeneity, loss of spatial information, unvalidated ubiquitin-driven events, and limited diagnostic tools,
compounded by barriers in moving ubiquitinomics into routine clinical workflows. Data integration and
validation barriers include priorvitization bottlenecks within bioinformatics pipelines (driver vs. passenger
ubiquitination events) and limited prospective, multi-omic validation frameworks. Therapeutic targeting barriers
encompass off-target toxicity of E3 ligase/DUB inhibitors, adaptive tumor resistance, and neurotoxicity risks,
making targeted drug development and translation challenging.
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ubiquitination dynamics, often altered in ~ redox balance and cell death susceptibility.
advanced disease.

Glycolysis/ Drives the Warburg effect (aerobic Ubiquitination controls the stability and

gluconeogenesis glycolysis) for metabolic reprogramming;  activity of key enzymes such as PKM2
stage-specifically regulated. and LDHA, locking in the glycolytic

phenotype.

Epithelial- Critical for metastasis in advanced stages; ~ Decreased ubiquitination (DUP-down)

mesenchymal driven by ubiquitination-mediated stabilizes oncoproteins like f-catenin and

transition (EMT) protein stabilization. EMT transcription factors, promoting

invasion.

10



Ubiquitinomics in Sigmoid Colon Cancer: Defining Stage-Specific Patterns for Predictive...
DOI: http://dx.doi.org/10.5772/intechopen.1014259

Pathway

Role/context in SCC

Key mechanisms/molecular components

Immune evasion

Creates an immunosuppressive
microenvironment in advanced SCC.

Ubiquitination modulates the stability of
immune checkpoints like PD-L1 (via E3
ligases e.g., CBL-b or DUBs) and antigen
presentation (MHC).

Apoptosis and therapy

resistance

Enables evasion of cell death and confers
resistance to treatments.

Altered ubiquitination of apoptosis
regulators (e.g., Bcl-2 family, IAPs) and
DNA repair machinery proteins.

Whnt/p-catenin

Promotes proliferation and stemness; a

DUP-down of B-catenin prevents its

signaling hallmark oncogenic pathway in SCC. degradation, leading to constitutive
activation of Wnt target genes.

PI3K/AKT/mTOR Central cell survival pathway; DUP-up of PTEN leads to its degradation,

signaling hyperactivated in SCC. activating PI3K/AKT signals. Direct

ubiquitination of AKT/mTOR components
also alters signaling dynamics.

This table consolidates the major pathways discussed, highlighting how the ubiquitin-proteasome system (UPS) exerts
stage-specific control over critical cancer hallmarks in SCC, from metabolic veprogramming and metastasis to immune
evasion and treatment resistance.

Table 2.

Key pathways implicated by ubiquitinomics in sigmoid colon cancer.

Protein Function Ubiquitination Implication for 3PM

change in SCC

B-catenin Oncoprotein; key mediator DUP-down Predictive: Marker of aggressive disease.
of Wnt signaling (Stabilized) Personalized therapy: Target for Wnt

pathway inhibitors or DUB inhibitors.

p53 Tumor suppressor; DUP-up (degraded) Predictive: Poor prognosis biomarker.

apoptosis and DNA repair Personalized therapy: Candidate for MDM2
E3 ligase inhibitors in p53-wildtype
tumors.

PTEN Tumor suppressor; negative ~ DUP-up (degraded) Predictive: Indicator of activated PI3K/
regulator of PI3K/AKT AKT signaling and potential therapy
pathway resistance.

Personalized therapy: Guide for AKT/
mTOR pathway inhibitors.

PD-L1 Immune checkpoint ligand DUP-down Predictive: Identifies tumors with

(stabilized) enhanced immune evasion potential.
Personalized therapy: Combine
immunotherapy with specific DUB
inhibitors that stabilize PD-L1.

c-Myc Oncogenic transcription DUP-down Predictive: Marker of high proliferative
factor; drives proliferation (stabilized) index.

Personalized therapy: Target for BET
inhibitors or specific E3 ligase agonists.

GPX4 Key regulator of ferroptosis DUP-up (degraded) Predictive: May indicate increased

susceptibility to ferroptosis inducers.
Personalized therapy: Stratify patients
for treatment with ferroptosis-inducing
agents.

Note: This table provides representative examples. The full set of 46 DUPs encompasses a wider range of proteins involved
in various hallmarks of cancer. Their collective signatuve offers a powerful multi-dimensional biomarker for 3 PM.

Table 3.

Selected examples of the 46 survival-associated DUPs in sigmoid colon cancer.
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therapeutic development, and the need for sophisticated data integration and prospec-
tive validation represent major roadblocks. Overcoming these limitations requires
concerted efforts: developing more sensitive and specific ubiquitin detection methods
(especially for chain topology), employing spatial proteomics and single-cell ubiqui-
tinomics, performing deep functional validation of candidate DUPs in relevant SCC
models, integrating ubiquitinomics fully with other omics layers, conducting robust
prospective biomarker validation studies, and designing highly specific UPS-targeting
agents. Only by addressing these limitations can the immense potential of the SCC
ubiquitinome be fully realized for improving patient outcomes through precise predic-
tion, prevention, and personalized therapy (1) (Figure 3, Tables 2 and 3).

4. Future prospects for SCC management

The establishment of disease- and stage-specific ubiquitination patterns in SCC
marks a paradigm shift, moving beyond static genomic and proteomic landscapes to
a dynamic, regulatory layer governing tumor behavior. While significant challenges
remain, this foundational work illuminates a compelling path forward for predictive,
3 PM in SCC. The future prospects hinge on overcoming current limitations and strate-
gically leveraging the ubiquitinome’s potential across several interconnected domains.

4.1 Technical evolution: Decoding the ubiquitin code with precision

The immediate future demands revolutionary advancements in ubiquitinomics
technology to overcome the critical bottleneck of accurately detecting polyubiquitin
chain topology (distinguishing K48, K63, and M1 linkages), necessitating the devel-
opment of new generations of topology-specific antibodies or engineered affinity
reagents designed to specifically enrich peptides carrying distinct chain linkages,
thereby functionally annotating DUPs by distinguishing degradation signals from
activation signals or immune modulation. Concurrently, rapid evolution in advanced
mass spectrometry (MS) platforms is expected through the integration of trapped ion
mobility spectrometry (TIMS), parallel accumulation-serial fragmentation (PASEF),
and targeted MS/MS (PRM and SRM) to significantly enhance sensitivity, specificity,
and quantification accuracy for low-abundance ubiquitinated peptides, especially
from challenging clinical samples like FFPE tissues or liquid biopsies. Furthermore,
resolving tumor heterogeneity requires pioneering spatial and single-cell ubiquiti-
nomics techniques, such as adapting imaging mass cytometry for ubiquitin remnants
or coupling single-cell proteomics/scRNA-seq with ubiquitin capture, which will
reveal cancer cell-intrinsic ubiquitination dynamics versus stromal contributions
and map spatial variations within tumor subregions (invasive front versus core);
finally, comprehensive understanding of the PTM crosstalk driving SCC progres-
sion and therapeutic resistance hinges on developing robust methods for multi-PTM
integration, enabling simultaneous or sequential analysis of ubiquitination alongside
phosphorylation, acetylation, and SUMOylation via techniques like sequential immu-
noaffinity purification or multiplexed MS workflows.

4.2 Functional validation: From correlation to causation

The 608 identified DUPs and 46 survival-associated sites constitute a rich
reservoir of candidates demanding rigorous functional validation to elucidate their
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mechanistic roles in SCC pathogenesis, necessitating high-throughput CRISPR-Cas9
screens targeting E3 ligases, DUBs, or specific DUP genes in SCC cell lines and
organoids to pinpoint essential drivers of oncogenesis, metastasis, and therapy
resistance linked to ubiquitination changes; advanced preclinical models including
patient-derived xenografts (PDXs) and genetically engineered organoids (express-
ing ubiquitination-resistant oncoprotein mutants or overexpressing DUBs) for in
vivo validation of stage-specific DUP functions and testing of targeted interven-
tions, with urgent need for models capturing dynamic ubiquitination shifts during
therapy; and detailed mechanistic dissection through biochemical and cellular
studies to decode how specific ubiquitination events (on p-catenin, p53, and
PD-L1) alter protein stability, localization, interactions, and downstream signaling
cascades (Wnt, PI3K/AKT, and immune checkpoints) within the unique biological
context of SCC.

4.3 Biomarker translation: Ubiquitination signatures in the clinic

The immense clinical promise of the 46 survival-related DUPs and stage-specific
ubiquitination signatures hinges on overcoming translational barriers, starting with
developing robust assays for routine clinical samples, including targeted MS panels
for key DUP peptides in FFPE biopsies, ubiquitination-specific proximity ligation
assays (PLA) for i situ chain topology detection, and refined methods for capturing
ubiquitin remnants from liquid biopsies (circulating ubiquitinated proteins or tumor
exosomes). This must be coupled with large-scale prospective validation in dedicated
SCC cohorts to rigorously establish the prognostic/predictive power of these signa-
tures against existing markers (TNM, CEA, MSI, and RAS/BRAF) and define clini-
cally actionable thresholds for ubiquitination changes. Furthermore, exploring these
signatures for early detection and MRD monitoring, such as identifying pre-malignant
ubiquitination shifts in blood/stool of high-risk patients (IBD) or enhancing ctDNA
analysis with ubiquitination-associated mutational/expression profiles, could revolu-
tionize screening paradigms and residual disease surveillance.

4.4 Therapeutic exploitation: Targeting the ubiquitin system in SCC

The stage-specific ubiquitination map of SCC provides a blueprint for develop-
ing novel, personalized therapies. Key strategies include: Precision targeting of the
ubiquitin machinery, such as developing or repurposing E3 ligase inhibitors or acti-
vators (e.g., MDM2 inhibitors for p53-wildtype tumors) and PROTACs to degrade
oncoproteins, while also targeting oncoprotein-stabilizing deubiquitinases (DUBs)
like USP7/USP10 in advanced SCC. Selectivity must be addressed to spare normal
tissue function. Advancing next-generation proteasome inhibitors that move
beyond broad agents like Bortezomib to selectively target immunoproteasomes or
exploit SCC-specific subunit dependencies. Designing rational combination thera-
pies, including: Pairing DUB inhibitors with the targeted agents (e.g., EGFR/BRAF
inhibitors) to overcome ubiquitination-mediated resistance. Combining ubiquitin
pathway modulators with immunotherapy, such as inhibiting PD-L1-stabilizing
DUBs to enhance checkpoint blockade. Creating stage-specific regimens, such as
neoadjuvant/adjuvant therapies based on early signatures, and metastatic therapies
targeting advanced evasion mechanisms. Leveraging the map for drug repurposing
by screening existing compound libraries for agents that reverse prognostic DUP
signatures or modulate SCC-relevant ubiquitin pathways.
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4.5 Integration and systems medicine: Building the 3 PM framework

The ultimate realization of predictive, 3 PM for SCC necessitates transcending
isolated ubiquitinomics through multi-dimensional integration and dynamic systems
medicine. This requires seamless multi-omic synthesis, merging ubiquitinomics data
with genomics (FBXW7/TP53 mutations), transcriptomics (ubiquitin-altering splice
variants), phosphoproteomics (PTM crosstalk), metabolomics (ubiquitin-driven
Warburg shifts), and microbiome profiles (host-microbe ubiquitin interactions),
leveraging AI/ML to decode complex datasets, identify master regulatory nodes, and
build predictive models of tumor behavior. Complementing this, computational mod-
eling must simulate the dynamic SCC ubiquitin-proteasome network across disease
stages and therapeutic perturbations to forecast vulnerabilities and optimize inter-
vention strategies. Crucially, longitudinal ubiquitinome monitoring via liquid biopsies
enables real-time tracking of signature evolution during treatment and progression,
facilitating adaptive therapy adjustments. Together, this integrated framework
transforms static molecular snapshots into a living, actionable blueprint for precision
oncology.

4.6 Addressing broader challenges and ethical considerations

To realize the transformative potential of ubiquitinomics in SCC management,
future progress must proactively address four overarching challenges: demographic
diversity requires actively recruiting ethnically, geographically, and lifestyle-diverse
cohorts to map population-specific variations in the SCC ubiquitinome, ensuring
globally relevant diagnostics/therapies. Functional redundancy and resistance in the
UPS necessitates innovative strategies like multi-target inhibitors or adaptive therapy
regimens to overcome tumors’ rapid compensatory mechanisms. Cost and accessibility
barriers must be dismantled through scalable technologies and equitable implementa-
tion frameworks to democratize advanced ubiquitination profiling and novel thera-
pies; and ethical frameworks urgently need development to govern predictive data use,
establishing guidelines for genetic predisposition disclosure, early-risk communica-
tion, and psychological support to navigate the implications of ubiquitinomics-driven
prognostics. These pillars are non-negotiable for translating ubiquitinome discoveries
into ethically sound, universally accessible 3 PM (predictive, preventive, personalized
medicine).

4.7 Towards an ubiquitin-tailored future

The journey from the foundational ubiquitinome map of SCC to improved
patient outcomes is complex but brimming with potential. The next decade will
likely witness transformative advances in ubiquitin detection technology, lead-
ing to validated ubiquitination-based biomarkers for precise risk stratification
(predictive medicine) and early detection (preventive medicine). Simultaneously,
deep functional validation will unlock novel therapeutic targets within the UPS,
paving the way for highly specific drugs and rational combination regimens
(personalized medicine). Moreover, the vision is a future where an SCC patient’s
management is guided not just by histology and genomics but by a dynamic readout
of their tumor’s ubiquitination landscape. A biopsy or liquid sample could reveal
the dominant ubiquitin-driven pathways, predicting aggressiveness and recur-
rence risk. Treatment could be tailored: neoadjuvant therapy targeting early-stage
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Figure 4.

Future prospects for SCC management: Technological advances, clinical translation, therapeutic targeting, and
integrated 3 PM framework. This figure presents an Integrated 3PM (Precision, Predictive, Preventive Medicine)
Framework for advancing cancer care. It is built upon a multi-optic hub and Al layer for data integration. The
framework outlines a three-pillar strategy: 1) A Technological Revolution utilizing advanced mass spectrometry,
spatial mapping, and single-cell analysis to decode tumor complexity. 2) A Clinical Translation Pipeline

that processes patient samples (like biopsies) into actionable assays for validation and risk stratification. 3)
Therapeutic Targeting with precision tools (e.g., PROTACs, immunotherapy) to exploit cancer vulnerabilities and
dynamically adapt treatment, mitigating resistance.

ubiquitination drivers, surgery, followed by adjuvant regimens selected based on
residual ubiquitination signatures, and metastatic therapy precisely inhibiting the
ubiquitin-mediated resistance or immune evasion mechanisms identified in the
individual’s tumor. In addition, overcoming the substantial technical, biological,
and clinical hurdles requires sustained interdisciplinary collaboration between
ubiquitin biologists, oncologists, bioinformaticians, chemists, and clinical trialists.
However, the reward, shifting SCC management from reactive to proactive, from
generalized to exquisitely personalized, makes the pursuit of the ubiquitinomic
horizon in SCC not just promising, but imperative for realizing the full potential of
3 PM. The work of Yang et al. has ignited this path; the future lies in traversing it
with innovation and rigor (Figure 4).

5. Ethical and translational considerations for clinical implementation

The translation of ubiquitinomic discoveries from a research setting into routine
clinical practice for SCC management presents significant ethical and practical chal-
lenges that must be proactively addressed to ensure equitable, effective, and respon-
sible implementation within the 3 PM framework.

123



Molecular Medicine — New Insights

5.1 Ethical implications of predictive ubiquitinomics

The ability to stratify patients based on highly specific ubiquitination signatures
raises several ethical considerations: Identifying patients with high-risk ubiquiti-
nomic signatures, especially in pre-malignant or early-stage settings, could cause
significant anxiety, “labeling,” and psychological distress. Clear guidelines for
communicating this complex prognostic information and providing integrated
psychological support are essential. Consent processes must clearly explain the
nature of ubiquitinomic testing, including its predictive uncertainty, the potential for
discovering incidental biological findings, and how the data will be stored, used, and
shared. Ubiquitinome data constitutes sensitive health information. Robust, transpar-
ent data governance frameworks are required to protect patient privacy and prevent
misuse, such as discrimination by employers or insurers. There is a substantial risk
that advanced ubiquitinomic profiling and subsequent targeted therapies will initially
be available only at specialized, well-resourced centers, exacerbating existing health
disparities. Deliberate strategies for cost-reduction and equitable resource allocation
are necessary to prevent a “genomic divide” in SCC care.

5.2 Translational hurdles in biomarker and therapeutic development

Bridging the gap between ubiquitinomic discovery and clinical utility involves
overcoming formidable translational barriers: Translating the 46 survival-associated
DUPs into FDA-approved diagnostic tests is a major hurdle. This requires creating
robust, cost-effective assays for FFPE biopsies (targeted MS panels, ubiquitination-
specific immunohistochemistry) and liquid biopsies (detecting circulating ubiquiti-
nated proteins or tumor-derived exosomes) and demonstrating that the assay reliably
measures the ubiquitination signature (analytical validity) and that the signature
accurately predicts the clinical outcome of interest (clinical validity) in large, pro-
spective, multi-center SCC cohorts.

Proving that using the test to guide treatment decisions actually improves patient
outcomes, a step that necessitates costly and lengthy randomized controlled trials.
Developing drugs that target specific components of the ubiquitin system is fraught
with challenges: E3 ligase inhibitors and DUB inhibitors must be highly specific to
avoid disrupting the vast number of essential UPS functions in normal cells, which
could lead to off-target toxicity (neurotoxicity). The UPS network is highly redun-
dant and adaptive; tumors can rapidly develop compensatory mechanisms to bypass
targeted inhibition, necessitating rational combination strategies from the outset.
Clinical trials for UPS-targeted agents must incorporate ubiquitinomic biomarkers
to identify the SCC patient subpopulations most likely to respond, moving beyond a
one-size-fits-all approach.

5.3 Navigating the path to clinical integration

Successful integration of ubiquitinomics into SCC management requires a coordi-
nated, multidisciplinary effort: Close collaboration between molecular biologists, clinical
oncologists, pathologists, bioinformaticians, ethicists, and patients is crucial to design
clinically relevant studies and implement findings. Regulatory bodies like the FDA will
need to adapt to the evaluation of complex, multi-protein ubiquitination signatures as
companion diagnostics, which differ from traditional single-analyte tests. Widespread
adoption requires educating clinicians on interpreting ubiquitinomic reports and
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understanding the clinical implications of targeting the UPS, a system less familiar than
canonical signaling pathways. While the ubiquitinome offers a revolutionary path for

3 PM in SCC, its journey to the clinic is inseparable from confronting these ethical and
translational challenges. Addressing these issues head-on is not merely an administrative
step but a fundamental prerequisite for realizing a future where SCC care is truly predic-
tive, preventive, and personalized in an equitable and sustainable manner.

6. Conclusion

SCC emerges as a distinct clinical and molecular entity within colorectal cancer,
characterized by unique ubiquitinomic profiles. The establishment of disease- and
stage-specific ubiquitination patterns, with early stages defined by 385 DUPs facili-
tating oncogenic evasion and advanced stages by 223 DUPs driving metastasis and
resistance, represents a transformative advance. Crucially, 46 survival-associated
DUPs offer validated prognostic biomarkers and therapeutic targets, implicating key
pathways like Salmonella infection, ferroptosis, and glycolysis.

However, the translation of this foundational knowledge into clinical 3 PM hinges
on addressing two critical gaps: the functional validation of candidate DUPs to establish
causal roles in pathogenesis, and large-scale, prospective validation studies to confirm the
real-world prognostic and predictive power of ubiquitination signatures. Future progress
depends on a concerted effort to advance ubiquitinomics technology, validate functional
mechanisms, and develop UPS-targeted therapies. The definitive translational roadmap
is clear: from ubiquitinome discovery, we must move through rigorous functional studies
and prospective clinical validation to arrive at the final destination of clinically integrated,
ubiquitin-informed predictive diagnostics, and personalized therapies for SCC.
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