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If our DNA is damaged or copied
incorrectly during replication, then
mutations result. Both damage and
mistakes in copying do occur and cells
have in place an ‘emergency response’.
This article explains how the damage is
detected and put right.

n 1953 James Watson and Francis Crick deduced

that our genetic information is encoded in the DNA

double helix. This discovery catalysed a revolu-

tion in molecular biology, which now impacts on
many areas — from genetics to GM crops, medicine to
bioethics, forensic science to archaeology.

The three-dimensional organisation of DNA imme-

diately suggested to Watson and Crick how DNA might
be replicated so that every organism could deliver its
genetic material, intact and unchanged, to the next
generation. Every time one of our cells prepares to
undergo mitosis, it first duplicates its DNA and then
divides to make two identical daughter cells. There are
3 billion nucleotide base-pairs in the human genome
and the precision with which copying of the DNA is
achieved before mitosis is quite remarkable. This fact
is especially impressive when you think that in our
lifetime, we experience up to 10'® mitoses.
Each mitosis is an invitation to genetic disaster.
This is because all the cells in our body are subject to
constant assaults on our DNA by external and internal
agents. These assaults cause mistakes in copying the
DNA, breakage of chromosomes, and mishaps in
1romosomal segregation at mitosis or meiosis — they
can all have devastating consequences (see BIOLOGICAL
SCIENCES REVIEW, Vol. 22, No. 1, pp. 14-18). To combat
these threats, cells have evolved mechanisms to detect
DNA damage and repair it. These important mecha-
nisms are referred to as the DNA-damage response.
They represent anticancer defence mechanisms that
have co-evolved with the increasing complexity of
multicellular organisms like humans.
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The human body-comprises approximately 10'> cells and
there is evidence that the DNA of each cell is subjected
to tens of thousands of insults each day. Ultraviolet
light in strong sunlight is perhaps the commonest DNA
damaging agent (see Box 1). Other ionising radiation

BIOLOGICAL SCIENCES REVIEW





[image: image2.jpg]arising from radioactive decay of naturally occurring
radioactive compounds also causes DNA damage. An @I} SR 4 ¥:\][3)]
example is the radioactive radon gas, which accumu-
lates in homes in some parts of the world. Radon arises ~ Endonuclease An enzyme that will cut the DNA strand somewhere along
from uranium decay in the underlying rock — espe- the length of the molecule.
cially granite. This is the second most frequent cause of  Genome The full complement of genetic information that an organism
lung cancer in the USA. Further evidence for exposure inherits from its parents.
to radiation causing DNA damage and serious health Insult In a biological context this means some sort of threat that has the
problems was found in studies related to the nuclear potential to cause damage to the organism or its cells. Insults can be
reactor accident at Chernobyl in the Ukraine in 1986. caused by a variety of chemical or physical factors.

Every day we are exposed to thousands of different  Malignant Tumours are the result of uncontrolled cell growth. But there
chemicals, many of which are man-made, but in are two types — benign and malignant. Benign tumours simply grow

general they pose a minor risk. The major environ- in one place and although they can get large they are often removed
mental chemicals causing DNA damage are the toxic relatively easily by surgery. Malignant tumours, however, not only grow
products in tobacco smoke that give rise to cancers in one place but cells move out of the original site (metastise) into the

bloodstream and can lodge in various parts of the body. Malignant

especially those of the lung and mouth. DNA-damaging tumours are much more aggressive than benign tumours and this is how

chemicals such as mustard gas have been used in
warfare- as weapons of mass destruction — such as
occurred in the First World War and more recently
in Iraq in 1988 when chemical warfare was used
against the minority Kurdish population in Halabja. If
the individuals are not killed by the mustard gas itself
then DNA damage is likely to occur in body cells, and
cancers may result. If the damage occurs to the cells of
the testes or ovaries then the mutations are transmitted
to future generations of children, who may suffer from
a variety of congenital defects and/or cancers.

Physiological causes of DNA damage

Before a human cell divides, the enzyme DNA
polymerase replicates the sequence of nucleotide bases
in our DNA. This is how every chromosome retains
an exact copy of the DNA in the chromosomes of the
parent cell (see BIOLOGICAL SCIENCES REVIEW, Vol. 22,

secondary cancers are formed.

Metastases The medical term used to describe the secondary tumours

formed by the spread of a malignant tumour.

No. 4, pp. 38—41). Any mismatch in the complemen-
tary base pairing in the DNA double helix introduces
a mutation, which can have potentially serious conse-
quences. Occasionally mismatches and even breaks in
the DNA strands happen when the enzymes involved
in replication fail to function with complete accuracy.
DNA in the cell nucleus is also constantly exposed to
reactive oxygen species, also known as free radicals (see
BIOLOGICAL SCIENCES REVIEW, Vol. 14, No. 3, pp. 33-37).
Free radicals are highly reactive and react immediately
with other molecules that they come in contact with.
These naturally occurring compounds, which include
the superoxide radical (¢0?7) and the highly reactive

m Defective DNA repair in xeroderma pigmentosum

When DNA is exposed to ultraviolet light, adjacent thymine bases in the DNA sequence
can become covalently linked. A dimer of thymine residues is formed, which distorts the
DNA double helix, blocking DNA replication and mRNA transcription. One of the best
understood DNA repair mechanisms involves the cutting out of this mutant dimer (see
Figure 2 on page 32). Several proteins, including at least three enzymes, are needed to
repair the damage. First an ultraviolet-specific endonuclease senses the damage and makes
a nick near the dimer. DNA polymerase uses the intact DNA chain as the template to define
he correct base pairing and carries out the repair. The DNA polymerase then chops out the
short stretch, including the thymine dimer. Finally the gap is closed by DNA ligase joining
he new stretch of DNA with the original DNA strand.

The importance of this repair mechanism is dramatically illustrated in the rare skin disease
called xeroderma pigmentosum (XP). This is a hereditary condition in which mutations in
at least eight different genes, including the ultraviolet-specific endonuclease, are known
o play a role. XP follows an autosomal recessive inheritance pattern, which means that
both parents must pass on a copy of the same mutated gene for a child to be affected.

People with XP are extremely sensitive to sunlight and ultraviolet light, including that given
off by halogen bulbs and some fluorescent bulbs. In infancy, exposure to even a small
amount of ultraviolet radiation leads to severe sunburn and blistering. Such individuals
develop severe eye problems, and skin cancer usually develops at several sites at a fairly
young age. Many patients have a difficult life protecting themselves from ultraviolet light and
hey frequently die before age 30 from metastases of the malignant tumours.

Ultraviolet protection suits help people
suffering from xeroderma pigmentosum
by filtering out ultraviolet light.
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born in 1987, 65km
from the Chernobyl
nuclear power
station disaster.
Many children in the
area were also born
with deformities.

32

Cell processes activated

DNA repair 4// \\ Cell death

Transcriptional
activation

Cell cycle
transitions

Figure 1 The DNA-damage response.

hydroxyl radical (¢OH), are inevitable by-products
of using oxygen in respiration. Free radicals are also
produced by white blood cells at sites of inflammation
and infection. These toxic molecules can attack DNA,
causing breaks in the DNA strands and changes in the
base pairing, which can block DNA replication and
mRNA transcription.

The brain must be furnished with a rich supply of
oxygen for its neurones to respire and release the large
amounts of energy that an active brain requires. But
this means that the neurones also produce reactive
oxygen species. This may explain the accumulation of
DNA damage in brain cells of patients with neurodegen-
erative disorders such as Alzheimer’s and Parkinson’s
diseases (see BIOLOGICAL SCIENCES ReVIEW, Vol. 22, No. 4,
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Figure 2 DNA repair of a thymine dimer (shown in blue). The
repaired sequence of DNA is in red.

pp- 34-37). Why some people seem not to be affected
is unclear, but the general trend is that the older you
are the more likely you are to have neurodegenerative
symptoms.

The DNA-damage response
Fortunately, multicellular organisms have developed
several systems to detect DNA damage, signal its
presence and bring about its repair. Consequently the
daily threats to our DNA are combated by a variety of
repair mechanisms. Our cells can put right mismatched
base-pairings, remove abnormal DNA bases, repair
breaks to either one or both the DNA strands, and
even remove inter-strand DNA cross-links. In cases
where the DNA damage cannot be repaired, cells adopt
mechanisms that trigger cell death, thereby avoiding
potential tumour formation.
At least ten different DNA repair mechanisms
have been identified. Virtually all depend on nuclear
proteins that sense the DNA damage (sensor proteins,
see Figure 1). This information is then signalled to
other proteins which, depending on the exact nature of
the DNA damage, result in a particular cellular process
being activated to effect a repair. Around 100 different
proteins are known to play a role in the various repair
mechanisms. As well as DNA polymerase playing a
key role in DNA repair, proteins involved in regulating
the cell cycle and RNA transcription have a role in the
DNA-damage response.
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Not everyone is fortunate enough to inherit fully oper-
ational DNA-damage response mechanisms. If just one
of the hundred or so genes coding for proteins involved
in the response pathways mutates, serious health
problems can arise. Several genetic diseases are known
to be linked to defects in repair proteins and frequently
predispose to a susceptibility to cancer. For example,
the genes known as BRCA1 and BRCA2 — implicated
in hereditary breast and ovarian cancer — play key
roles in the repair of DNA damage. Mutations in these
two genes result in a loss of control of cell division,
resulting in proliferation of cells and the development
of malignant tumours.

The majority of cancers are not inherited but arise
spontaneously as a result of damage to the DNA
in cells at a specific location in the body. We have
around 200 different cell types which can give rise
to over 200 different types of cancer. Most cancer
cells have acquired defects in one or more of their
DNA-damage response pathways and as a result,
proliferate more rapidly than most normal cells. These
properties of cancer cells provide a basis for cancer
treatments using radiotherapy and chemotherapies,
especially as rapidly dividing cells are more susceptible
to agents that damage DNA. DNA-damaging radiation
and DNA-damaging drugs are given at doses that are
of limited toxicity to normal cells because of their
capacity to repair DNA. In contrast, the cancer cells

fail to repair DNA and undergo cell death, and the
tumour regresses.

Much remains to be learned about the molecular
mechanisms responsible for DNA-damage responses.
Drugs that inhibit the response mechanisms are under
development in the hope that they will increase the
effectiveness of radiotherapy and chemotherapy treat-
ments for cancer.

Mike Grant is an emeritus professor of medical
biochemistry at the University of Manchester and a former
editor of BIOLOGICAL SCIENCES REVIEW.

This article is based on a detailed review in: Jackson, S. P.
and Bartek, J. (2009) Nature, Vol. 461, pp. 1071-77
(2009).

KEY POINTS

® Damage to the DNA in our cells occurs every day and is normally repaired
by several cellular systems.

® The major agents causing DNA damage are ultraviolet light, toxic chemi-
cals, particularly in tobacco smoke, and naturally occurring free radicals.

® Systems that detect DNA damage, signal its presence and bring about
DNA repair are critical in preventing a range of human diseases.

o Cells defective in the repair mechanisms are sensitive to DNA-damaging
agents leading to cancer and many heritable human diseases.
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