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DNA Damage Causes Consequences and Repair Mechanisms

Anjali Singh*
Department of Doxology, University of Vanarshidas, India

Abstract

healthy aging.

DNA damage refers to alterations in the DNA structure that can result in mutations, genomic instability, and
disruptions in cellular functions. These changes can arise from internal cellular processes, environmental factors,
or lifestyle influences. DNA damage plays a critical role in the development of various diseases, including cancer,
neurodegenerative disorders, and aging. The cell has evolved a sophisticated network of DNA repair mechanisms to
maintain genomic integrity and prevent the accumulation of mutations. This article explores the causes of DNA damage,
its consequences on cellular function, and the various repair pathways that help mitigate damage. Understanding
DNA damage and repair is essential for developing therapeutic strategies aimed at preventing disease and promoting
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Introduction

DNA, the genetic material that stores the instructions for life, is
constantly subjected to various forms of damage. This damage can result
in mutations [1], chromosomal aberrations, and even cell death if not
properly repaired. Although cells have evolved efficient mechanisms
to repair damaged DNA, the accumulation of unrepaired damage can
lead to severe consequences, including cancer, neurodegeneration,
and premature aging. Understanding DNA damage and the cellular
responses to it is crucial for advancing our knowledge of genetic
diseases and for developing therapies that could prevent or reverse the
effects of DNA damage [2].

DNA damage is an intrinsic feature of living organisms. It occurs
as a result of natural metabolic processes, environmental exposures,
and lifestyle choices. Despite the presence of effective repair systems,
the continuous damage to DNA makes it a major factor in disease
progression and aging [3].

Causes of DNA Damage

DNA damage can occur from both endogenous and exogenous
sources. These include:

Endogenous Sources of DNA Damage:

Oxidative stress: Reactive oxygen species (ROS), which are
byproducts of cellular metabolism, can attack DNA. ROS can oxidize
nucleotides and cause strand breaks [4], base modifications, and
crosslinking of DNA. Over time, oxidative DNA damage accumulates
and contributes to diseases like cancer and neurodegenerative disorders

(5].

Replication errors: DNA replication is an error-prone process,
and mistakes can occur during the synthesis of new strands. DNA
polymerases sometimes insert incorrect nucleotides, which, if not
corrected, can result in mutations. Additionally, replication stress due
to issues like the presence of secondary DNA structures can further
contribute to DNA damage [6].

Spontaneous chemical modifications: Cytosine deamination and
the formation of abasic sites are examples of spontaneous chemical
changes that can damage DNA. These changes can alter the structure
of DNA and lead to mutations if not repaired.

Exogenous Sources of DNA Damage:

Ultraviolet (UV) radiation: UV radiation from the sun causes the
formation of thymine dimers, which are covalent linkages between
adjacent thymine bases. These dimers distort the DNA structure and
block replication, leading to mutations if not repaired [7].

Ionizing radiation: X-rays and gamma rays can cause double-
strand breaks in the DNA molecule, which are particularly harmful.
Double-strand breaks can lead to chromosomal rearrangements,
deletions, or loss of entire chromosomes if not repaired correctly.

Chemical carcinogens: Environmental toxins such as cigarette
smoke, pesticides, and industrial chemicals can cause direct DNA
damage. Many of these chemicals form bulky adducts with DNA bases,
preventing normal DNA replication and transcription.

Consequences of DNA Damage

DNA damage, if left unrepaired, can have several serious
consequences for cellular function and organismal health:

Mutations: The most direct consequence of DNA damage is the
formation of mutations, which are changes in the DNA sequence.
Mutations can occur in critical genes, including those involved in
cell cycle regulation, DNA repair, and apoptosis. Mutations in tumor
suppressor genes (like TP53) or oncogenes (such as KRAS) are key
drivers of cancer development.

Genomic instability: Unrepaired DNA damage can lead to
genomic instability, characterized by chromosomal abnormalities like
aneuploidy (abnormal chromosome number), translocations, and
deletions. Genomic instability is a hallmark of cancer and contributes
to tumor progression.
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Cell death: If DNA damage is severe and cannot be repaired,
cells may undergo apoptosis (programmed cell death). This process
is crucial for preventing the propagation of damaged cells. However,
excessive cell death can lead to tissue degeneration and contribute to
diseases such as neurodegeneration.

Aging: Accumulation of DNA damage is a significant factor in
aging. As cells age, their DNA repair mechanisms become less efficient,
leading to the accumulation of mutations and cellular dysfunction.
This contributes to age-related diseases and the overall aging process.

Cancer: DNA damage is one of the primary causes of cancer.
Mutations in genes regulating cell division, apoptosis, and DNA repair
can lead to uncontrolled cell proliferation and tumor formation. For
example, mutations in the TP53 gene prevent cells from undergoing
apoptosis, allowing damaged cells to survive and proliferate.

DNA Repair Mechanisms

Cells have evolved a variety of repair mechanisms to detect and
repair DNA damage. These pathways can repair single-strand breaks,
double-strand breaks, base modifications, and other forms of damage:

Base excision repair (BER): BER is responsible for repairing small,
non-helix-distorting base lesions such as those caused by oxidative
damage, deamination, or alkylation. In this process, DNA glycosylases
remove damaged bases, and the resulting abasic sites are repaired by
endonucleases, DNA polymerases, and ligases.

Nucleotide excision repair (NER): NER is responsible for
removing bulky DNA lesions, such as thymine dimers caused by UV
radiation. The damaged region is excised, and the gap is filled by DNA
polymerase. NER is essential for maintaining genomic stability in skin
cells, which are exposed to UV radiation.

Mismatch repair (MMR): MMR corrects errors that occur
during DNA replication, such as mispaired bases and small insertions
or deletions. The MMR system identifies and repairs mismatches
by recognizing newly synthesized DNA strands and removing the
erroneous section before resynthesis.

Double-strand break repair: Double-strand breaks (DSBs)
are particularly dangerous because they can result in large-scale
chromosomal rearrangements. DSBs are repaired through two primary
mechanisms:

Non-homologous end joining (NHE]): This repair mechanism
directly joins the broken DNA ends together. While fast, NHEJ can
lead to errors such as insertions or deletions.

Homologous recombination (HR): This more accurate mechanism
uses a sister chromatid or homologous chromosome as a template for
repair, ensuring the correct sequence is restored.

Translesion synthesis (TLS): TLS is a DNA repair mechanism that
allows the DNA replication machinery to bypass lesions in the template

DNA. While TLS can prevent stalling of replication, it is error-prone
and can introduce mutations if the bypassed lesion is not properly
repaired afterward.

Impairment of DNA Repair and Disease

When DNA repair mechanisms fail, or when they are overwhelmed
by excessive damage, the consequences can be severe. Some genetic
disorders, such as xeroderma pigmentosum (a condition where
NER is defective) and ataxia-telangiectasia (where DSB repair is
compromised), are associated with increased sensitivity to DNA
damage and an elevated risk of cancer.

Moreover, the accumulation of unrepaired DNA damage
contributes to aging and age-related diseases. As cells divide and
accumulate mutations over time, tissues may become functionally
impaired, leading to diseases like Alzheimer's, cardiovascular disease,
and diabetes.

Conclusion

DNA damage is a natural consequence of cellular metabolism and
external exposures. While the body has evolved sophisticated repair
mechanisms to maintain genomic integrity, persistent or excessive
damage can lead to mutations, genomic instability, and the onset of
diseases like cancer and neurodegenerative disorders. Understanding
the sources, consequences, and repair pathways of DNA damage is
essential for developing therapies aimed at preventing or mitigating
disease. As research in DNA repair continues to advance, new
treatments and interventions may be discovered to enhance DNA
repair capacity and improve health outcomes.
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