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ABSTRACT

Oncological diseases represent a significant burden on individuals and society. Although the exact causes
of cancer are not fully understood, evidence suggests that a combination of genetic, environmental, and
lifestyle factors contribute to its development. Methods: This narrative review explores the role of tumor
suppressor genes in carcinogenesis. An exhaustive literature search was conducted in electronic databases,
selecting articles focused on genetic regulation by tumor suppressor genes for analysis. These genes play
a crucial role in cell cycle regulation, DNA repair, and apoptosis, with significant implications for cell
function and disease development. Abnormal patterns in these genes have been associated with
neurological disorders and oncological diseases. Conclusion: Understanding the role of tumor suppressor
genes in carcinogenesis provides insights into disease development and progression and offers
opportunities to develop potential therapeutic strategies. However, studying genetic changes in
carcinogenesis presents challenges, including the complexity of gene regulation and the heterogeneity of
diseases. Nonetheless, the therapeutic potential of tumor suppressor gene regulation in cancer prevention
is promising, and more research is needed to understand the underlying mechanisms and develop safe and
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effective treatments.
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INTRODUCTION

Tumor suppressor genes (TSGs) are vital genes that play a
crucial role in controlling cell growth and proliferation. When
functioning normally, these genes contribute to cancer
prevention by regulating cell division, repairing DNA errors,
and inducing apoptosis (programmed cell death) when cells
are damaged beyond repair ! 2

TSGs are genes that encode proteins that restrict cell
proliferation and survival. Their loss of function due to
mutations, dysregulation, or epigenetic alterations can
contribute to the development and progression of cancer 2 3
As for their overall functionality, TSGs function as critical
regulators of cell cycle checkpoints, ensuring that genetic
errors are rectified before a cell divides *They play a crucial
role in DNA repair mechanisms, maintaining genomic
integrity ! TSGs play a prominent role in apoptosis; triggering

https://ijmscr.org/

cell death when genetic damage is irreparable ! TSGs when
inactivated through mechanisms such as hypermethylation,
can result in uncontrolled cell growth, contributing to the
development and progression of several types of cancer,
including melanoma and breast cancer 3 2, TSGs are crucial
regulators of normal cell physiology, and their impairment
can lead to malignant transformation and cancer progression.
Tumor suppressor genes (TSGs) play a critical role in
preventing cancer development, known as carcinogenesis,
through several mechanisms: Cell cycle regulation: TSGs
control cell cycle progression to prevent uncontrolled cell
proliferation, a characteristic trait of cancer cells. Alterations
through mutations or dysregulation of TSGs can disrupt these
regulatory functions, leading to aberrant cell growth  DNA
repair: TSGs are often associated with DNA repair activity.
Inactivity or loss of these TSGs due to epigenetic changes
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such as hypermethylation can interfere with the DNA repair
mechanism, leading to an accumulation of DNA damage,
thereby promoting carcinogenesis 24 Apoptosis: TSGs induce
programmed cell death or apoptosis in cells with severe DNA
damage. Impairment of these genes can hinder apoptosis,
allowing damaged cells to spread, contributing to tumor
development 2 # Inhibition of metastasis: Specific TSGs are
associated with reduced cancer cell invasion or metastasis.
For example, reduced expression of the CDHI1 gene is
significantly associated with an increased risk of
tumorigenesis, suggesting its protective role in cancer
development ° In addition, as has been observed in several
studies involving cancers such as breast cancer, cutaneous
malignant melanoma, and squamous cell carcinoma of the
head and neck, understanding and research of TSGs not only
offer wvital information about the mechanisms of
carcinogenesis but also guide prevention and targeted
treatment strategies %2 4

METHODOLOGY

This narrative review aimed to explore the role of tumor
suppressor genes in carcinogenesis.

Literature search: An exhaustive search of electronic
databases, including PubMed and other relevant sources, was
conducted—the search aimed to identify articles published
from the earliest available date to the present.

Search strategy: The strategy included the use of keywords
and their combinations, such as:

Tumor Suppressor Genes, Carcinogenesis, Gene Regulation.
The inclusion criteria for the selection of articles were as
follows:

Studies focusing on gene regulation by tumor suppressor
genes in the context of carcinogenesis. Research involving
human subjects or animal models. Studies that provide
information on cell cycle regulation, DNA repair, or
apoptosis. All articles are published in English.

The exclusion criteria were as follows:

Studies unrelated to tumor suppressor genes or
carcinogenesis and studies conducted in non-human subjects
or in in vitro models. Articles that did not provide relevant
data or specific information on genetic mechanisms.

Two independent review authors assessed articles based on
their titles and abstracts. Any discrepancies were resolved
through discussion, and if no consensus was reached, a third
reviewer was consulted. Full articles that met the inclusion
criteria were obtained for detailed analysis.

Data extraction and synthesis: Data were extracted from
selected articles to identify common themes and patterns
related to regulation by tumor suppressor genes in
carcinogenesis. Key findings and insights related to cell cycle
regulation, DNA repair, and apoptosis were analyzed and
summarized.

THEORETICAL FRAMEWORK

Several tumor suppressor genes and their relationship to
different types of cancer have been identified through various
studies. According to one study, the rearrangement or
dysregulation of tumor suppressor genes (TSGs) leads to
molecular abnormalities that play an essential role in the
development and progression of the disease 3 Oncogenes such
as RAS, MYC, c-erbB-2, and BCL-2 are abnormally
expressed. Usually, lower levels of tumor suppressor genes
such as RB, p53, and pl6INK4A are found. These
irregularities could be used to develop diagnostics for the
early detection of diseases and create gene therapy targets °-
An increase in the uptake of FDG, a radioactive glucose
compound used in PET imaging of cancers, has been
observed in lung cancers where Rb, tumor suppressor genes
pl6, p27, and p53 have been altered 7 In head and neck
squamous cell carcinoma (HNSCC) studies show a
significant decrease in mitochondrial tumor suppressor genes
such as SIRT3, SIRT4, and MTUSI. This downregulation,
correlated with reduced mitochondrial DNA repair and
increased proliferation (seen through an increased level of the
proliferation marker Ki-67), is considered crucial in the
progression of HNSCC # In cutaneous malignant melanoma:
loss of function in tumor suppressor genes, primarily
attributed to epigenetic alterations such as silencing by
hypermethylation of the CpG island of the promoter,
contributes to the progression of this type of cancer ?

One study found that breast cancer patients with allelic loss
at specific sites of tumor suppressor genes (1p34, 3p25, 8p22,
13q12, 17p13.3, or 17g21.1) had significantly higher five-
year mortality rates, suggesting that these genes could predict
prognosis and inform postoperative management &

Tumor suppressor genes (TSGs) are vital members of cellular
regulatory networks and prevent uncontrolled growth through
multiple mechanisms. Cell cycle regulation: TSGs play an
essential regulatory role in the cell life cycle, often stopping
the cycle to repair damaged DNA or to initiate cell apoptosis.
For example, TP53 is a well-known regulator that can induce
cell cycle arrest and DNA repair or apoptosis under stress
conditions 'Promote DNA repair: TSGs are actively involved
in DNA repair pathways to maintain genomic integrity. The
cell cycle arrests implemented by TSGs ensure that any
damage is repaired before the cell progresses to the division
stage. If repair is insufficient, the cell goes into apoptosis
Prevention of apoptosis: Some TSGs can regulate
programmed cell death or apoptosis, helping to eliminate
cells with extensive and irrevocable DNA damage. They
promote cell survival under stressful conditions and limit
uncontrolled growth. Indirect downregulation of genes: It has
been observed that the p53 gene only activates transcription
processes. Downregulation of specific genes due to p53
function is indirect and requires p21 *Mitochondrial energy
metabolism: Mitochondrial genes such as SIRT3, SIRT4, and
MTUSI also behave like TSG and play an essential role in
controlling cellular metabolism, reactive oxygen species
(ROS) production, and apoptosis. Dysregulation of these
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genes can increase cancer proliferation and progression
“Epigenetic control: Finally, TSGs can be inactivated through
epigenetic changes. For example, promoter hypermethylation
can inactivate bona fide TSGs and influence melanoma
progression. These mechanisms contribute to preventing
uncontrolled cell growth. However, mutations or
dysregulation of TSGs can lead to a loss of these protective
functions and contribute to carcinogenesis 3.

Mutations in specific genes can contribute to cancer
development when they result in a loss of function. Tumor
suppressor genes can slow cell division, repair errors in DNA,
and tell cells when to die. When such a gene is mutated, cells
can continue to divide uncontrollably and not die when they
should, leading to the formation of a tumor ©. For example, in
the RB gene, more than 90% of small cell lung cancers
(SCLC) have detected abnormalities in RB, a vital regulator
of the cell cycle ®p53: p53 mutations are common in lung and
oral cancer, with a frequency of up to 50% in non-small cell
lung cancer (NSCLC) and 80% in SCLC 8, and 44% in oral
squamous cell carcinoma °. This can lead to loss of function,
cell proliferation, and inhibition of apoptosis ® PALB2: 1.2%
of patients with triple-negative breast cancer (TNBC) have
deleterious mutations in this gene responsible for DNA repair
processes 1° BAP1: Mutations in this gene may play a role in
the development of kidney cancer !, And some oncogenes
promote cell growth and division. However, mutations in
these genes can lead to their overexpression or permanent
activation, resulting in high cell proliferation and potentially
tumor formation 8. For example, RAS mutations are observed
in the K-RAS oncogene where it is permanently activated: up
to 30% of adenocarcinomas show such mutations SMYC, this
gene encodes a transcriptional activator, and mutations can
adversely affect survival in small cell lung cancer (SCLC) c-
erbB-2: This growth factor receptor is overexpressed in up to
25% of NSCLC cases *BCL-2, a negative regulator of
apoptosis, it is expressed differently in some NSCLCs due to
mutations 3. Non-coding RNA genes: Even though they do
not produce proteins, their mutations can affect gene
expression and subsequently stimulate cancer development 2

Interaction with other cellular pathways and their
importance in cellular homeostasis.

Tumor suppressor genes (TSGs) interact significantly with
other cellular pathways and play a key role in maintaining
cellular homeostasis. Based on the findings of several studies,
here is an overview of TSG interactions and their importance.
Role in DNA repair: The TP53 gene, recognized as a tumor
suppressor, functions as a transcription factor. The TP53
mutation alters its response pathway and is critical for many
cancers 1. This research also points out that p53 targets genes
involved in DNA repair, implying that TSGs play a crucial
role in maintaining DNA integrity and stability. 2. Cell Cycle,
Apoptosis, and Metabolism: High-confidence p53 target
genes have been reported to be involved in multiple cellular
responses, including cell cycle arrest, apoptosis, and
metabolism, which are critical processes for maintaining

cellular homeostasis ! Energy metabolism: Mitochondrial
TSGs such as SIRT3, SIRT4, and mitochondrial tumor
suppressor 1 (MTUS1) are crucial in cellular energy
metabolism. Loss or dysregulation of these genes, according
to a retrospective study, is associated with unfavorable
clinical outcomes in head and neck squamous cell carcinoma
4 Regulation of cell growth and proliferation, tumor
suppressor genes affected by hypermethylation of the
promoter's CpG island have been shown to encounter loss-of-
function events, which promote the development and
progression of cutaneous malignant melanoma (MBC). These
genes precisely control cell proliferation and growth, and
silencing induces uncontrolled growth and tumor formation 2
Feedback mechanism: Intricate feedback mechanisms are
also incorporated, as seen with TP53 activating MDM2,
which, in turn, induces p53 degradation, forming a negative
feedback loop 3.

Primary Mechanisms by Which Tumor Suppressor Genes
Can Be Inactivated

Genetic mutations and their impact on gene function.
Genetic mutations can lead to various impacts on gene
function, including loss of function, alteration of function, or
gain of new function. In some cases, genetic mutations can
disrupt the normal function of the gene, leading to disease.
For example, mutations in the dystrophin gene result in
abnormal production of the protein dystrophin, which
subsequently causes Duchenne muscular dystrophy (DMD).
The severity and progression of this disease are related to the
type and location of the mutation *In the case of cystic
fibrosis (CF), mutations reduce, but do not eliminate, the
function of the cystic fibrosis transmembrane conductance
regulator (CFTR) gene, contributing to the variant CF
phenotypes. In some cases, factors other than CFTR
mutations may result in clinical phenotypes that are
indistinguishable from non-classical CF 1° Interestingly,
specific germline polymorphisms may influence the risk of
somatic mutations, as observed in a study on non-small cell
lung cancer (NSCLC). These polymorphisms may favor
cellular malignancies, thereby increasing susceptibility to
specific somatic mutations, such as EGFR tyrosine kinase
mutations %Genetic mutations may not always result in
noticeable alterations in both the gene product and disease
severity, as observed in a study of filaggrin gene mutations
(FLG) and atopic dermatitis (AD). In specific individuals
with mutations in the FLG gene, AD severity, skin water
content, and transepidermal water loss were not affected *'.
In addition, mutations in the genes of sarcomeres are often
responsible for hypertrophic cardiomyopathy (HCM). The
clinical implications of these mutations may vary, as people
with mutations in the sarcomere gene experience worse
lifelong outcomes and more frequent lethal arrhythmic events
18, In general, the effects of genetic mutations are diverse and
highly dependent on the specific gene, the type of mutation,
and the type of cell involved. They can significantly inform
disease risk, diagnosis, prognosis, and treatment.
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Epigenetic silencing and its role in the inactivation of
tumor suppressor genes.

Epigenetic silencing plays a critical role in the inactivation of
tumor suppressor genes. This process affects the development
and progression of several types of cancer, including
cutaneous malignant melanoma and pituitary adenomas. Here
is how it works: Methylation in selected genes: The scientists
observed that epigenetic silencing of multiple tumor
suppressor genes, such as SOCS1, SOCS2, RASSFla,
CDKN2a, and MGMT, occurs frequently in the formation of
melanoma #16374457. In the case of pituitary adenomas,
alterations were found in at least 24 specific genes, including
CDKN2A, GADD45y, FGFR2, caspase-8, and PTAG 2°.
These genes showed abnormal DNA methylation in more
than 50% of pituitary adenoma samples, resulting in tumor
suppressor gene silencing and tumorigenesis. CpG island
methylator phenotype (CIMP): Evidence suggests the
existence of a common subset of promoter CpG islands that
are hypomethylated in standard samples but become
hypermethylated in cancer, establishing a link between
hypermethylation and gene silencing in cancer 2. However,
this hypermethylation does not always result in a decrease in
gene expression. Histone deacetylation: Overexpression of
histone deacetylases (HDACsSs) induces epigenetic silencing
of tumor suppressor genes. The use of HDAC inhibitors has
been shown to increase antitumor activity in several studies,
bolstering the role of epigenetic silencing in cancers .

In summary, epigenetic silencing through DNA methylation
and histone deacetylation plays a vital role in the inactivation
of tumor suppressor genes. It contributes to the development
and progression of cancers by silencing tumor-specific
suppressor genes, leading to uncontrolled cell proliferation
and tumor growth. However, more research is needed to fully
understand the intricate interplay between epigenetic

modifications and gene expression in cancer 2.

Chromosomal deletions and their relationship to the loss
of tumor suppressor genes.

Chromosomal deletions have been found to involve the loss
of tumor suppressor genes that usually reside in those loci,
which may play a critical role in the development and
progression of several types of cancer. Multiple studies
provide strong evidence for this: One study suggested that
there may be a tumor suppressor gene on chromosome 1p
associated with colorectal cancer, as allelic loss in regions
1p36 and 1p32 was found to be an independent predictor of
poor prognosis in patients with adenocarcinoma of the colon
22Similar findings have been reported in cases of breast
cancer, where patients with allelic loss at 1p34, 3p25, 8p22,
13q12, 17p13.3, or 17q21.1 had significantly higher risks of
postoperative mortality compared to those whose tumors
retained both alleles at those loci 8. In particular, allelic losses
at 1p34-36 in a tumor were found to serve as a negative
prognostic indicator, which could guide the postoperative
management of patients with 10955803 breast cancer. In a
study involving patients with small cell carcinoma and lung

adenocarcinoma, a very high incidence of allelic deletions at
different chromosomal loci was observed in small cell
carcinomas, especially on chromosomes 3p, 13q, and 17p.
Adenocarcinomas also showed a high frequency of loss of
heterozygosity on chromosome 3p 2892196. Analysis of
bladder tumors identified four regions on chromosome 9
whose deletion was associated with a high risk of recurrence,
highlighting a link between chromosome 9 abnormalities and
recurrence of superficial bladder cancer 2 A study on
colorectal carcinoma observed that patients with nm23-H1
allelic deletions on chromosome 17q21 were three times
more likely to develop distant metastases compared to
patients without such deletions 2% Overall, these results
emphasize that specific chromosomal deletions are linked to
the loss of tumor suppressor genes, leading to increased
cancer progression and poor prognosis.

Role of genetic inheritance in the transmission of
mutations in tumor suppressor genes.

Inherited mutations in tumor suppressor genes can contribute
significantly to the development of several types of cancer,
including colorectal, breast, ovarian, and pediatric cancer. In
a study involving 1120 pediatric cancer patients, germline
mutations were identified in 8.5% of patients. Specifically,
these mutations were often found in the TP53, APC, BRCA2,
NF1, PMS2, RB1, and RUNXI1 genes. Interestingly, a family
history of cancer did not predict the presence of an underlying
predisposition syndrome in most of these patients, indicating
that genetic factors may be independent of family history in
some cases 2°. A review of hereditary breast and ovarian
cancer syndrome (HBOC) found that mutations in the
BRCAT1 and BRCA2 genes are responsible for most cases of
HBOC. Lifetime cancer risks for mutation carriers are 60-
80% for breast cancer and 20-40% for ovarian cancer. In
addition to BRCA genes, mutations in other susceptibility
genes, such as the Fanconi anemia (FA) group, mismatch
repair (MMR) group, DNA repair group, and other tumor
suppressor genes, may also predispose to HBOC 2. In a
cohort study of 44 patients with Hodgkin's disease with
second malignancies (SMNs), only a tiny portion carried
germline mutations in TP53 and BRCA2. While it confirms
that such mutations may contribute to secondary
tumorigenesis, it also suggests that the incidence of these
mutations may be relatively low among patients with SMN
2 1In a large population-based association study, inherited
defects in genes involved in base cleavage repair (BER), a
mechanism for maintaining genome integrity, were shown to
contribute to the incidence of colorectal cancer. Biallelic
defects of MUTYH had a 93-fold increased risk of colorectal
cancer and accounted for 0.54% of the entire cohort.
Interestingly, even heterozygous carriers of the >55-year-old
MUTYH mutation had a 1.68-fold increased risk of colorectal
cancer, indicating a role for heterozygous mutations in cancer
predisposition in adulthood %. In conclusion, genetic
inheritance can contribute significantly to the transmission of
mutations in tumor suppressor genes, which can increase an
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individual's risk of developing certain types of cancer. The
role of genetic inheritance in cancer predisposition is
supported by the observed increased risk of cancer among
carriers of specific mutant alleles.

Genetic counseling and testing can play an essential role in
managing cancer risk for people with a family history of
cancer: 1. Improved risk perception and decision-making: As
evidenced by a study involving Ashkenazi Jews %, genetic
counseling helps improve general knowledge of cancer
genetics. It improves understanding of personal behavior, the
meaning of positive and negative test results, the mechanisms
of cancer inheritance, and physician knowledge. This
increased understanding helps people identify and make
informed decisions, such as opting for genetic testing or
lifestyle modifications. 2. Accurate Risk Assessment:
According to a Systematic Review %, five reference models
accurately estimate the individual risk of BRCA mutations.
Genetic counseling helps people accurately assess the
likelihood of being carriers of a genetic mutation that
increases the risk of cancer. 3. Emotional well-being: Genetic
counseling has also been found to decrease cancer-related
worry, anxiety, and depression . It allows people to cope
with the emotional aspects of being at risk. 4. Guided Medical
Provisions: The results of genetic testing can often influence
medical management. In a retrospective review of the
medical records of 670 at-risk patients who underwent
genetic testing 3L, positive results increased surveillance in
96% of patients with deleterious mutations. Conversely,
negative results in people under surveillance for a known
familial mutation led to decreased risk and reduced
subsequent surveillance and treatment. 5. Family Planning:
Parents with a personal history of cancer usually express
interest in genetic counseling/testing *?, primarily since it
could provide vital information about their children's cancer
risk. 6. Improved Lifelong Care: For families considering
genetic testing for children %, genetic counseling and testing
could provide critical information about the family's cancer
risk across the lifespan and prepare them for potential future
medical decisions.

Tumor-specific suppressor genes and their relationship to
particular types of cancer

BRCA1 and BRCA2 in breast and ovarian cancer.

The BRCA1 and BRCA2 genes are tumor suppressor genes
associated with a significantly increased risk of breast and
ovarian cancer. These genes are mainly involved in DNA
repair processes, and their mutation has been widely studied
for its implications in cancer predisposition. According to an
observational study that placed information from 19,581
BRCA1 mutation carriers and 11,900 BRCA2 mutation
carriers, it was found that the specific mutation type and
location within BRCA1/2 were associated with different
breast and ovarian cancer risks. The study established breast
cancer group regions (BCCRs) and ovarian cancer group
regions (OCCRs) within these genes. Mutations within
certain regions resulted in an increased risk of breast or

ovarian cancer, indicating a direct correlation between the
location and type of mutation and the type of cancer
developed 4. Women who carry BRCAl or BRCA2
mutations have a lifetime risk of breast and ovarian cancer of
60-80% and 20-40%, respectively. The remaining cases of
hereditary breast and ovarian cancer syndrome (HBOC) that
are not attributed to BRCA mutations may involve other
cancer susceptibility genes, such as the Fanconi anemia (FA)
group, mismatch repair (MMR) group, and other DNA repair
or tumor suppressor genes 2. Patients carrying a mutation in
a BRCA gene who develop cancer in one breast have an
increased risk of developing cancer in the other breast,
depending on the specific gene mutated and the patient's age
during the illness. Prophylactic bilateral mastectomy and
adnexectomy significantly reduce the incidence of breast and
ovarian cancer in these high-risk individuals %. It is also
worth noting that the presence of BRCA mutations can extend
beyond breast and ovarian cancers. In a systematic review
and meta-analysis, a significant increase in the frequency of
mutations in BRCA1 and BRCA2 was observed in patients
with colorectal cancer, suggesting that these genes may also
contribute to colorectal cancer risk *®. Through these findings,
it appears that the relationship between specific tumor
suppressor genes and cancer types is not only proportional but
also located within these genes and can significantly affect
susceptibility 34 35 26 36,

TP53 and its relationship with various types of cancer.

The TP53 gene, known as the tumor suppressor gene, has
shown significant associations with several types of cancer:
Adenocarcinoma and squamous cell carcinoma of the cervix:
A systematic review found a higher frequency of TP53 gene
mutation in adenocarcinoma of the cervix (13.3%) compared
to squamous cell carcinoma (5.9%) . Patterns of TP53
mutations in these two cervical cancers showed significant
geographic variation, with the highest frequency of TP53
mutation in cervical adenocarcinoma observed in Asia. In
particular, different mutation patterns were observed: three
codons (175, 248, and 273) were commonly mutated in both
types of cancer, one codon (249) mainly in squamous cell
carcinoma and another (282) only in adenocarcinoma. Breast
cancer: The research found no significant overall associations
between common genetic variations in TP53 and breast
cancer risk %. However, mutations in TP53 have been shown
to produce a significantly poorer survival outcome in both
node-negative breast cancer and node-positive breast cancers.
In both subgroups, the TP53 mutation was found to be a
possible independent marker of poor prognosis %. Colorectal
cancer: In a study involving 1,060 patients with colon and
rectal cancer, TP53 was associated with more aggressive
tumor behavior. The relationship between TP53-altered
tumor cells and energy balance was explored, and a possible
modifying effect on the patient's body mass index was
observed %°. Bladder cancer: The literature has suggested that
the TP53 mutation, regardless of stage, may be predictive of
outcome in bladder cancer. In this case, one study found
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exposure-specific  heterogeneity in TP53  pathway
inactivation. A higher prevalence of TP53 inactivation was
found among hair dye users and men with at-risk occupations.
At the same time, evidence showed a relatively lower TP53
mutation and alteration in bladder cancers of individuals with
higher arsenic exposure *'. Overall, the TP53 mutation plays
a crucial role in different types of cancer, and the impact
appears to differ depending on the specific type of cancer and,
potentially, the individual's lifestyle factors. More studies are
needed to understand better the role of TP53 alterations in
these cancers and their impact on prognosis and outcomes.

APC in colorectal cancer.

The adenomatous polyposis coli (APC) gene plays a vital role
in colorectal cancer. As a tumor suppressor gene, its mutation
is commonly considered an early event in colorectal cancer
tumorigenesis *2. A mutation in APC was found in fecal DNA
obtained from patients with early colorectal tumors,
indicating its role in the early stages of the disease **. The
presentation and risk of colorectal cancer may vary
depending on the specific APC gene variants found. For
example, a case-control study conducted in Taiwan identified
three novel mutations in the APC gene that were associated
with colorectal cancer risk in Taiwanese subjects, including a
deletion at codon 460 leading to a frameshift and two
missense mutations “2. However, the APC mutation site does
not appear to predict survival in patients with familial
adenomatous polyposis who have colorectal cancer #4.
Interestingly, relatively high folate intake was positively
associated with colorectal tumors carrying APC mutations
among men. It suggests that folate may enhance colorectal
carcinogenesis via an APC-mutated pathway “°. A meta-
analysis revealed that three APC-specific polymorphisms
(D1822V, E1317Q, and 11307K) influenced the risk of
colorectal neoplasia “®. In summary, the APC gene is integral
to the pathogenesis of colorectal cancer. The type of mutation
may influence the risk and presentation of the disease, but it
does not appear to predict the outcome of the disease. In
addition, certain dietary factors, such as folate intake, could

interact with APC mutations to influence disease risk 42 43 4

45 46

Current Challenges in the Study and Treatment of Cancer
Related to the Inactivation of Tumor Suppressor Genes

The study and treatment of cancers related to the inactivation
of tumor suppressor genes poses several challenges: 1.
Complexity of tumor suppressor genes: Tumor suppressor
genes (TSGs) have various functions in normal cellular
function. Mutation and dysregulation lead to aberrant
molecular processes in cancer cells, greatly complicating the
understanding of their roles in the oncogenic process 3. 2.
Detection of aberrations in tumor suppressor genes: Many
alterations, such as hypermethylation leading to silencing of
TSGs, are common in cancers such as melanoma #, but
detecting these changes remains a challenge. Variability in
detection methods and a lack of standardized protocols can

affect the accuracy of results. 3. Epigenetic alterations: TSGs
can be inactivated not only by genetic alterations but also by
epigenetic modifications, most commonly promoting
hypermethylation of the CpG island. Determine the
functional role of such alterations in the progression of
cancers such as cutaneous malignant melanoma 8. It is
complex and remains a significant focus of research. 4. Drug
specificity: Several studies investigate potential new oral
drugs such as TAS-117 in cancer patients with altered tumor
suppressor genes. However, the development of targeted
therapies that can disrupt specific signaling pathways is
technically challenging and requires extensive clinical trial
testing to determine their efficacy and safety “°. 5. Loss of
function: In addition to inactivation, loss of mitochondrial
TSG expression has been linked to unfavorable clinical
outcomes in cancers, making the recovery of their function
critical. However, this loss of function is a complex process
to reverse %. 6. Mutations in the p53-MDM?2 interaction: In
approximately 50% of all human cancers, the tumor
suppressor protein p53 is inactivated by mutation, making
attempts to reactivate it by directing its interaction with
MDM?2 a significant focus of research. However, the
identification and development of specific inhibitors remains
a complex task '*. 7. Limited knowledge about oncogenic
signaling pathways: TSGs are involved in multiple signaling
pathways. Comprehensive analysis of these pathways and
mutations in advanced thyroid cancers using next-generation
sequencing improves understanding of these tumors for
targeted therapies. However, significant work is still required
to fully characterize these pathways and their interactions to
determine the best treatment approach .

Emerging Strategies to Fight Cancer Associated with
Inactivation of Tumor Suppressor Genes

Emerging strategies and potential targeted therapies to fight
gene-associated cancer, such as inactivating tumor suppressor
genes, include gene therapy, gene editing, and suicide gene
therapy.

According to a phase I clinical trial, CT-guided intratumoral
gene therapy is a practical alternative treatment approach for
non-small cell lung cancer. Patients underwent CT-guided
intratumoral injections of a tumor suppressor gene, p53,
resulting in gene transfer in 50% of treated patients. Four
weeks after treatment, four of the six patients showed stable
disease at the site of the treated tumor °. In addition, in a
progressive trial for head and neck cancer, gene therapy was
carried out with a lipid vector containing the HLA-B7 gene
and the beta2 microglobulin gene. Treated patients
demonstrated no adverse effects of gene therapy, with
increased apoptosis observed in tumors that responded,
indicating the efficacy of this method 2.

Gene editing using the CRISPR/Cas9 system has shown
promising results by characterizing genes and exploring
different mechanisms involved in tumorigenesis. This
method makes it possible to tailor strategies based on intrinsic
factors such as cancer type, gene function, mutation type, and
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various technical approaches *. The use of CRISPR/Cas9
gene-editing technology in combination with chimeric
antigen receptor T (CAR-T) cell therapy has demonstrated
improved function and reduced toxicity in animal models of
different types of cancer, including acute leukemia, glioma,
and melanoma 4. According to a review of the literature,
suicide gene therapy involves the delivery of genes to cancer
cells that convert non-toxic prodrugs into active
chemotherapeutic agents, effectively resulting in a behavior
change that is fatal to the cancer cells. This strategy has been
effective in cell cultures, laboratory animals, and in some
early clinical trials .

In light of the immediate success of these therapies, future
studies are anticipated to focus on reducing unintentional
bias, improving the long-term persistence of edited cells, and
mitigating delivery and dosing challenges ** 6. Advances in
the delivery of tissue- and cell-specific suicide genes using
specific promoters are also expected to improve the clinical
applicability of suicide gene therapy %°. Current research is
expanding to exploring different genes and disease
mechanisms, optimizing strategies for different types of
cancer, refining technical approaches, and improving CAR-T
cell therapies with gene editing 5 54, Gene therapies work best
when the brain is not the primary target. In addition, early
intervention is more effective, so it could be beneficial to
target the presymptomatic stage °6. Finally, combination
therapies, such as integrating gene therapy with traditional
cancer treatments (chemotherapy, radiation, etc.), could also
be a direction for future cancer treatment research.

Implications for public health and cancer prevention

Understanding tumor suppressor genes (TSGs) and their roles
in oncogenic processes is critical for cancer prevention and
treatment 3. They play an integral role in cellular energy
metabolism, apoptosis, and free radical generation, and their
dysregulation may aid cancer progression “. In public health
and cancer prevention, understanding the functions and
mechanisms of TSGs has several implications: - Diagnostic
and prognostic markers: Alterations such as mutations or
epigenetic modifications in TSGs, such as methylation, could
serve as potential diagnostic and prognostic markers. One
study showed that serum SOCS1, SOCS2, RASSFla,
CDKN2a, and MGMT were hypermethylated in 41
melanoma patients 4. Dysregulated expression of SIRT3,
SIRT4, and MTUSI, along with the DNA repair gene OGG1 -
2a and increased proliferation, have shown potential
prognostic significance in head and neck squamous cell
carcinomas (HNSCC) “. Targeted therapies: Understanding
tumor suppressor pathways may inspire the development of
targeted therapies. TAS-117, an investigational oral drug,
targets parts of cell signaling that may be overactive due to
the inactivation of the tumor suppressor protein PTEN “°,
Health education and behavior modification: Knowledge of
TSG mutations could lead to recommendations for lifestyle
adjustments for people with a family history of cancer, as
these mutations can be inherited. Risk prediction and

detection: Identifiable modifications or mutations in TSGs
may suggest increased vulnerability to specific cancers. This
can inform risk prediction models and lead to more informed
detection strategies. It is important to note that there is still
much to understand about TSGs, particularly given the
inconsistencies between individual genetic studies and high-
throughput research . Therefore, continued research on TSGs
is crucial for fully realizing these implications.

CONCLUSION

Research on tumor suppressor genes (TSGs) is crucial for
cancer prevention and treatment, with comprehensive studies
highlighting the role of TSGs in the oncogenic process,
particularly in breast cancer 3. - Some genes such as SIRT3,
SIRT4, and MTUSI1, described as mitochondrial tumor
suppressor genes, are critical in multiple types of cancer,
including head and neck squamous cell carcinoma (HNSCC).
Dysregulation of these genes has been linked to decreased
mitochondrial DNA repair and increased cancer cell
proliferation, making them potential targets for future
treatments 4. - Epigenetic alterations, such as
hypermethylation of the promoter CpG island, have been
linked to loss-of-function events in TSGs, contributing to the
progression of cutaneous malignant melanoma. Further study
of these alterations could provide valuable tools in cancer
diagnosis, prognosis, and possibly targeted therapy “6. -
Promoter methylation in TSGs plays a vital role in thyroid
carcinogenesis. It is crucial to conduct more research to
understand how it interacts with other risk factors to develop
effective prevention and treatment strategies 5. - The finding
of a germline-somatic link in carcinogenesis represents a
promising clue. Genetic variation in loci encoding "driver
kinases" involved in carcinogenesis, such as DYRK2 and
CDKL2, could be crucial for understanding the molecular

basis of breast cancer risk and progression °’.

REFERENCES
I Fischer M. Census and evaluation of p53 target

genes. Oncogene. 2017;36(28):3943-3956.
doi:10.1038/0nc.2016.502

1. Giliveng C, Neckebroeck F, Antoranz A, Garmyn
M, van den Oord J, Bosisio FM. Bona Fide Tumor
Suppressor Genes Hypermethylated in Melanoma:
A Narrative Review. [Int J Mol Sci.
2021;22(19):10674. doi:10.3390/ijms221910674

I Cho SB. Uncovering Oncogenic Mechanisms of
Tumor Suppressor Genes in Breast Cancer Multi-
Omics Data. Int J Mol Sci. 2022;23(17):9624.
doi:10.3390/ijms23179624

V. I M, Ma K. Loss of Mitochondrial Tumor
Suppressor Genes Expression Is Associated with
Unfavorable Clinical Outcome in Head and Neck
Squamous  Cell Carcinoma: Data from
Retrospective Study. PloS One. 2016;11(1).
doi:10.1371/journal.pone.0146948

2713 Volume 03 Issue 11 November 2023

Corresponding Author: Beatriz Arely Cayon Figueroa



Role of Tumor Suppressor Genes in Carcinogenesis: A Narrative Review

V.

VI.

VII.

VIII.

XI.

XII.

XII.

XIV.

XV.

Khatami F, Larijani B, Heshmat R, et al. Meta-
analysis of promoter methylation in eight tumor-
suppressor genes and its association with the risk
of thyroid cancer. PloS One.
2017;12(9):e0184892.
doi:10.1371/journal.pone.0184892

Salgia R, Skarin AT. Molecular abnormalities in
lung cancer. J Clin Oncol Off J Am Soc Clin Oncol.
1998;16(3):1207-1217.
doi:10.1200/JC0O.1998.16.3.1207

Sasaki M, Sugio K, Kuwabara Y, et al. Alterations
of tumor suppressor genes (Rb, p16, p27 and p53)
and an increased FDG uptake in lung cancer. Ann
Nucl Med. 2003;17(3):189-196.
doi:10.1007/BF02990021

Emi M, Utada Y, Yoshimoto M, et al. Correlation
of Allelic Loss with Poor Postoperative Survival in
Breast Cancer. Breast Cancer Tokyo Jpn.
1999;6(4):351-356. doi:10.1007/BF02966452
Friedrich RE, Giese M, Riethdorf S, Loning T.
P53-mutation in smears of oral squamous cell
carcinoma. Anticancer Res. 2000;20(6D):4927-
4930.

Couch FJ, Hart SN, Sharma P, et al. Inherited
mutations in 17 breast cancer susceptibility genes
among a large triple-negative breast cancer cohort
unselected for family history of breast cancer. J
Clin Oncol Off J Am Soc Clin Oncol.
2015;33(4):304-311.
doi:10.1200/JC0O.2014.57.1414

Wu J, Wang H, Ricketts CJ, et al. Germline
mutations of renal cancer predisposition genes and
clinical relevance in Chinese patients with
sporadic, early-onset disease. Cancer.
2019;125(7):1060-1069. doi:10.1002/cnecr.31908
Bozgeyik E, Bozgeyik I. Non-coding RNA
variations in oral cancers: A comprehensive
review. Gene. 2023;851:147012.
doi:10.1016/j.gene.2022.147012

Koo N, Sharma AK, Narayan S. Therapeutics
Targeting p53-MDM?2 Interaction to Induce
Cancer Cell Death. Int J Mol Sci. 2022;23(9):5005.
doi:10.3390/ijms23095005

Gambetta KE, McCulloch MA, Lal AK, et al.
Diversity of Dystrophin Gene Mutations and
Disease Progression in a Contemporary Cohort of
Duchenne Muscular Dystrophy. Pediatr Cardiol.
2022;43(4):855-867.  doi:10.1007/s00246-021-
02797-6

Groman JD, Meyer ME, Wilmott RW, Zeitlin PL,
Cutting GR. Variant cystic fibrosis phenotypes in
the absence of CFTR mutations. N Engl J Med.
2002;347(6):401-407.
doi:10.1056/NEJMo0a011899

XVI.

XVIL.

XVIII.

XIX.

XX.

XXI.

XXII.

XXIII.

XXIV.

XXV.

XXVI.

XXVII.

Liu W, He L, Ramirez J, et al. Functional EGFR
germline polymorphisms may confer risk for
EGFR somatic mutations in non-small cell lung
cancer, with a predominant effect on exon 19
microdeletions. Cancer Res. 2011;71(7):2423-
2427. doi:10.1158/0008-5472.CAN-10-2689

Ota M, Sasaki T, Ebihara T, et al. Filaggrin-gene
mutation has minimal effect on the disease severity
in the lesions of atopic dermatitis. J Dermatol.
2021;48(11):1688-1699.
doi:10.1111/1346-8138.16087

Nakashima Y, Kubo T, Sugiura K, et al. Lifelong
Clinical Impact of the Presence of Sarcomere Gene
Mutation in Japanese Patients With Hypertrophic
Cardiomyopathy. Circ J Off J Jpn Circ Soc.
2020;84(10):1846-1853. doi:10.1253/circj.CJ-20-
0027

Pease M, Ling C, Mack WJ, Wang K, Zada G. The
role of epigenetic modification in tumorigenesis
and progression of pituitary adenomas: a
systematic review of the literature. PloS One.
2013;8(12):e82619.
doi:10.1371/journal.pone.0082619

Moarii M, Boeva V, Vert JP, Reyal F. Changes in
correlation between promoter methylation and
gene expression in cancer. BMC Genomics.
2015;16:873. doi:10.1186/s12864-015-1994-2
Qiu T, Zhou L, Zhu W, et al. Effects of treatment
with histone deacetylase inhibitors in solid tumors:
a review based on 30 clinical trials. Future Oncol
Lond Engl. 2013;9(2):255-269.
doi:10.2217/fon.12.173

Ogunbiyi OA, Goodfellow PJ, Gagliardi G, et al.
Prognostic value of chromosome 1p allelic loss in
colon cancer. Gastroenterology. 1997;113(3):761-
766. doi:10.1016/s0016-5085(97)70169-0
Simoneau M, LaRue H, Aboulkassim TO, Meyer
F, Moore L, Fradet Y. Chromosome 9 deletions and
superficial  bladder
identification of four regions of prognostic
interest.  Oncogene.  2000;19(54):6317-6323.
doi:10.1038/sj.0onc.1204022

Cohn KH, Ornstein DL, Wang F, et al. The
significance of allelic deletions and aneuploidy in

recurrence of cancer:

colorectal carcinoma. Results of a 5-year follow-
up study. Cancer. 1997;79(2):233-244.

Zhang J, Walsh MF, Wu G, et al. Germline
Mutations in Predisposition Genes in Pediatric
Cancer. N Engl J Med. 2015;373(24):2336-2346.
doi:10.1056/NEJMoal508054

HK,S O,Y S, M M. Hereditary breast and ovarian
cancer susceptibility genes (review). Oncol Rep.
2013;30(3). doi:10.3892/01.2013.2541

Nichols KE, Heath JA, Friedman D, et al. TP53,
BRCALI, and BRCA2 tumor suppressor genes are

2714 Volume 03 Issue 11 November 2023

Corresponding Author: Beatriz Arely Cayon Figueroa



Role of Tumor Suppressor Genes in Carcinogenesis: A Narrative Review

XXVIII.

XXIX.

XXX.

XXXI.

XXXII.

XXXIII.

XXXIV.

XXXV,

XXXVI.

not commonly mutated in survivors of Hodgkin’s
disease with second primary neoplasms. J Clin
Oncol Off J Am Soc Clin  Oncol.
2003;21(24):4505-4509.
doi:10.1200/JC0.2003.12.042

Farrington SM, Tenesa A, Barnetson R, et al.
Germline susceptibility to colorectal cancer due to
base-excision repair gene defects. Am J Hum
Genet. 2005;77(1):112-119. doi:10.1086/431213
Kelly K, Leventhal H, Marvin M, Toppmeyer D,
Baran J, Schwalb M. Cancer genetics knowledge
and beliefs and receipt of results in Ashkenazi
Jewish individuals receiving counseling for
BRCA1/2 mutations. Cancer Control J Moffitt
Cancer Cent. 2004;11(4):236-244.
doi:10.1177/107327480401100405

Nelson HD, Pappas M, Zakher B, Mitchell JP,
Okinaka-Hu L, Fu R. Risk assessment, genetic
counseling, and genetic testing for BRCA-related
cancer in women: a systematic review to update
the U.S. Preventive Services Task Force
recommendation. Ann Intern Med.
2014;160(4):255-266. doi:10.7326/M13-1684
Frost AS, Toaff M, Biagi T, Stark E, McHenry A,
Kaltman R. Effects of Cancer Genetic Panel
Testing on at-Risk Individuals. Obstet Gynecol.
2018;131(6):1103-1110.
doi:10.1097/A0G.0000000000002531

Desrosiers LR, Quinn E, Cramer S, Dobek W.
Integrating genetic counseling and testing in the
pediatric oncology setting: Parental attitudes and
influencing factors. Pediatr Blood Cancer.
2019;66(10):¢27907. doi:10.1002/pbc.27907
McGill BC, Wakefield CE, Vetsch J, et al. “I
remember how I felt, but I don’t remember the
gene”: Families’ experiences of cancer-related
genetic testing in childhood. Pediatr Blood
Cancer.2019;66(8):¢27762.
doi:10.1002/pbc.27762

Rebbeck TR, Mitra N, Wan F, et al. Association of
type and location of BRCA1 and BRCA2
mutations with risk of breast and ovarian cancer.
JAMA.2015;313(13):1347-1361.
doi:10.1001/jama.2014.5985

Meindl A, Ditsch N, Kast K, Rhiem K, Schmutzler
RK. Hereditary breast and ovarian cancer: new
genes, new treatments, new concepts. Ditsch
Arzteblatt Int. 2011;108(19):323-330.
doi:10.3238/arztebl.2011.0323

Feng Z, Yang X, Tian M, et al. BRCA genes as
candidates for colorectal cancer genetic testing
panel: systematic review and meta-analysis. BMC
Cancer. 2023;23(1):807. doi:10.1186/s12885-
023-11328-w

XXXVII.

XXXVIIL.

XXXIX.

XL.

XLI.

XLII.

XLIII.

XLIV.

XLV.

XLVI.

XLVII.

Tornesello ML, Buonaguro L, Buonaguro FM.
Mutations of the TP53 gene in adenocarcinoma
and squamous cell carcinoma of the cervix: a
systematic review. Oncol.
2013;128(3):442-448.
doi:10.1016/j.ygyno.2012.11.017

Garcia-Closas M, Kristensen V, Langerad A, et al.
Common genetic variation in TP53 and its
flanking genes, WDR79 and ATP1B2, and
susceptibility to breast cancer. Int J Cancer.
2007;121(11):2532-2538. doi:10.1002/ijc.22985
Overgaard J, Yilmaz M, Guldberg P, Hansen LL,
Alsner J. TP53 mutation is an independent
prognostic marker for poor outcome in both node-

Gynecol

negative and node-positive breast cancer. Acta
Oncol  Stockh  Swed.  2000;39(3):327-333.
doi:10.1080/028418600750013096

Morikawa T, Kuchiba A, Liao X, et al. Tumor
TP53 expression status, body mass index and
prognosis in colorectal cancer. Int J Cancer.
2012;131(5):1169-1178. doi:10.1002/1jc.26495
Kelsey KT, Hirao T, Hirao S, et al. TP53
alterations and patterns of carcinogen exposure in
a U.S. population-based study of bladder cancer.
Int J Cancer. 2005;117(3):370-375.
doi:10.1002/ijc.21195

Chen SP, Tsai ST, Jao SW, et al. Single nucleotide
polymorphisms of the APC gene and colorectal
cancer risk: a case-control study in Taiwan. BMC
Cancer. 2006;6:83. doi:10.1186/1471-2407-6-83
Traverso G, Shuber A, Levin B, et al. Detection of
APC mutations in fecal DNA from patients with
colorectal tumors. N  Engl J Med.
2002;346(5):311-320.
doi:10.1056/NEJMo0a012294

Bertario L, Russo A, Sala P, et al. APC genotype is
not a prognostic factor in familial adenomatous
polyposis patients with colorectal cancer. Dis
Colon Rectum. 2004;47(10):1662-1669.
doi:10.1007/s10350-004-0652-6

de Vogel S, van Engeland M, Liichtenborg M, et
al. Dietary folate and APC mutations in sporadic
colorectal cancer. J Nutr. 2006;136(12):3015-
3021. doi:10.1093/jn/136.12.3015

Liang J, Lin C, Hu F, et al. APC polymorphisms
and the risk of colorectal neoplasia: a HuGE
review and meta-analysis. Am J Epidemiol.
2013;177(11):1169-1179. doi:10.1093/aje/kws382
Marini A, Mirmohammadsadegh A, Nambiar S,
Gustrau A, Ruzicka T, Hengge UR. Epigenetic
inactivation of tumor suppressor genes in serum of
patients with cutaneous melanoma. J Invest
Dermatol. 2006;126(2):422-431.
doi:10.1038/sj.jid.5700073

2715 Volume 03 Issue 11 November 2023

Corresponding Author: Beatriz Arely Cayon Figueroa



Role of Tumor Suppressor Genes in Carcinogenesis: A Narrative Review

XLVIIL.

XLIX.

LI.

LIl

LI

CG,FN,AA MG,] van den O, Fm B. Bona
Fide Tumor Suppressor Genes Hypermethylated in
Melanoma: A Narrative Review. Int J Mol Sci.
2021;22(19). doi:10.3390/ijms221910674

Rodén J, Funchain P, Laetsch TW, et al. A phase 11
study of TAS-117 in patients with advanced solid
tumors harboring germline PTEN-inactivating

mutations.  Future  Oncol  Lond  Engl.
2022;18(30):3377-3387.  doi:10.2217/fon-2022-
0305

Chen H, Luthra R, Routbort MJ, et al. Molecular
Profile of Advanced Thyroid Carcinomas by Next-
Generation Sequencing: Characterizing Tumors
Beyond Diagnosis for Targeted Therapy. Mol
Cancer Ther. 2018;17(7):1575-1584.
doi:10.1158/1535-7163.MCT-17-0871

Kauczor HU, Schuler M, Heussel CP, et al. CT-
guided intratumoral gene therapy in non-small-cell
lung cancer. Eur Radiol. 1999;9(2):292-296.
doi:10.1007/s003300050670

Gleich LL. Gene therapy for head and neck cancer.
The Laryngoscope. 2000;110(5 Pt 1):708-726.
doi:10.1097/00005537-200005000-00002
Gonzalez-Salinas F, Martinez-Amador C, Trevino
V. Characterizing genes associated with cancer

LIV.

LV.

LVI.

LVII.

using the CRISPR/Cas9 system: A systematic
review of genes and methodological approaches.
Gene. 2022;833:146595.

Maganti HB, Kirkham AM, Bailey AJM, et al. Use
of CRISPR/Cas9 gene editing to improve chimeric
antigen-receptor T cell therapy: A systematic
review and meta-analysis of preclinical studies.
Cytotherapy. 2022;24(4):405-412.
do0i:10.1016/j.jcyt.2021.10.010

Yazawa K, Fisher WE, Brunicardi FC. Current
progress in suicide gene therapy for cancer. World
J Surg. 2002;26(7):783-789. doi:10.1007/s00268-
002-4053-5

Singh J, Goodman-Vincent E, Santosh P. Evidence
Synthesis of Gene Therapy and Gene Editing from
Different Disorders-Implications for Individuals
with Rett Syndrome: A Systematic Review. Int J
Mol Sci. 2023;24(10):9023.

Bonifaci N, Gorski B, Masoj¢ B, et al. Exploring
the link between germline and somatic genetic
alterations in breast carcinogenesis. PloS One.
2010;5(11):¢14078.
doi:10.1371/journal.pone.0014078

2716 Volume 03 Issue 11 November 2023

Corresponding Author: Beatriz Arely Cayon Figueroa



