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■  GENERAL OVERVIEW OF DNA 
STRAND BREAKS

There is strong evidence that DNA is the princi-
pal target for the biologic effects of radiation, in-
cluding cell killing, carcinogenesis, and mutation. 
A consideration of the biologic effects of radia-
tion, therefore, begins logically with a description 
of the breaks in DNA caused by charged-particle 
tracks and by the chemical species produced.

Deoxyribonucleic acid (DNA) is a large mol-
ecule with a well-known double helical structure. 
It consists of two strands held together by hydro-
gen bonds between the bases. The “backbone” of 
each strand consists of alternating sugar and phos-
phate groups. The sugar involved is deoxyribose. 
Attached to this backbone are four bases, the se-
quence of which specifi es the genetic code. Two 
of the bases are single-ring groups (pyrimidines); 
these are thymine and cytosine. Two of the bases 
are double-ring groups (purines); these are ade-
nine and guanine. The structure of a single strand 
of DNA is illustrated in Figure 2.1. The bases on 
opposite strands must be complementary; adenine 
pairs with thymine, and guanine pairs with cyto-
sine. This is illustrated in the simplifi ed model of 
DNA in Figure 2.2A.

Radiation induces a large number of lesions 
in DNA, most of which are repaired success-
fully by the cell and are discussed in the follow-
ing sections of this chapter. A dose of radiation 

that induces an average of one lethal event per 
cell leaves 37% still viable; this is called the D0

dose and is discussed further in Chapter 3. For 
mammalian cells, the x-ray D0 usually lies be-
tween 1 and 2 Gy. The number of DNA lesions 
per cell detected immediately after such a dose 
is approximately:

Base damage, �1,000
Single-strand breaks (SSBs), 1,000
Double-strand breaks (DSBs), 40

If cells are irradiated with a modest dose of 
x-rays, many breaks of a single strand occur. These 
can be observed and scored as a function of dose if 
the DNA is denatured and the supporting struc-
ture is stripped away. In intact DNA, however, 
SSBs are of little biologic  consequence as far as 
cell killing is concerned because they are  repaired 
readily using the opposite strand as a template 
(Fig. 2.2B). If the repair is incorrect (misrepair), 
it may result in a mutation. If both strands of the 
DNA are broken and the breaks are well sepa-
rated (Fig. 2.2C), repair again occurs readily be-
cause the two breaks are handled separately.

By contrast, if the breaks in the two strands 
are opposite one another or separated by only 
a few base pairs (Fig. 2.2D), this may lead to a 
DSB (double-strand break), resulting in the 
cleavage of chromatin into two pieces. DSBs are 
believed to be the most important lesions pro-
duced in chromosomes by radiation; as described 
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in the next section, the interaction of two DSBs 
may result in cell killing, carcinogenesis, or mu-
tation. There are many kinds of DSBs, varying in 
the distance between the breaks on the two DNA 
strands and the kinds of end groups formed. 
Their yield in irradiated cells is about 0.04 times 
that of SSBs, and they are induced linearly with 
dose, indicating that they are formed by single 
tracks of ionizing radiation.

Both free radicals and direct ionizations may 
be involved in the formation of the type of strand 
break illustrated in Figure 2.2D. As described in 

Chapter 1, the energy from ionizing  radiations is 
not deposited uniformly in the absorbing medium 
but is located along the tracks of the charged par-
ticles set in motion—electrons in the case of x- 
or �-rays, protons and �-particles in the case of 
neutrons. Radiation chemists speak in terms of 
“spurs,” “blobs,” and “short tracks.” There is, 
of course, a full spectrum of energy event sizes, 
and it is quite arbitrary to divide them into just 
three categories, but it turns out to be instruc-
tive. A spur contains up to 100 eV of energy and 
involves, on average, three ion pairs. In the case 

FIGURE 2.1  The structure of a single strand 

of DNA.

FIGURE 2.2  Diagrams of single- and double-strand 

DNA breaks caused by radiation. A: Two-dimensional 

representation of the normal DNA helix. The base pairs 

carrying the genetic code are complementary (i.e., ad-

enine pairs with thymine, guanine pairs with cytosine). 

B: A break in one strand is of little signifi cance because 

it is repaired readily using the opposite strand as a tem-

plate. C: Breaks in both strands, if well separated, are 

repaired as independent breaks. D: If breaks occur in 

both strands and are directly opposite or separated by 

only a few base pairs, this may lead to a double-strand 

break in which the chromatin snaps into two pieces. 

(Courtesy of Dr. John Ward.)
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 electrophoresis are still used to measure DNA 
strand breaks. In addition to these past techniques, 
radiation-induced nuclear foci has become a pop-
ular approach to visualize DNA damage through 
the recruitment of DNA repair proteins to sites of 
DNA damage.

PFGE is the method most widely used to de-
tect the induction and repair of DNA DSBs. It 
is based on the electrophoretic elution of DNA 
from agarose plugs within which irradiated cells 
have been embedded and lysed. PFGE allows 
separation of DNA fragments according to size 
in the megabase-pair range, with the assump-
tion that DNA DSBs are induced randomly. The 
fraction of DNA released from the agarose plug 
is directly proportional to dose (Fig. 2.4A). The 
kinetics of DNA DSB rejoining exhibit a fast ini-
tial rate, which then decreases with repair time. 
The most widely accepted description of this ki-
netic behavior uses two fi rst-order components 
(fast and slow) plus some fraction of residual 
DSBs. Studies have supported the fi nding that 
rejoining of incorrect DNA ends originates solely 
from slowly rejoining DSBs, and this subset of 
radiation-induced DSBs is what is manifested as 
chromosomal damage (i.e., chromosome translo-
cations and exchanges).

Single-cell electrophoresis (comet assay) 
has the advantage of detecting differences in 
DNA damage and repair at the single-cell level. 
This is particularly advantageous for biopsy 
specimens from tumors in which a relatively 
small number of cells can be assayed to deter-
mine DNA damage and repair. Similar to PFGE 
(described earlier), cells are exposed to ionizing 
radiation, embedded in agarose, and lysed under 
neutral buffer conditions to quantify induction 

of x- or �-rays, 95% of the energy  deposition 
events are spurs, which have a diameter of about 
4 nm, which is about twice the diameter of the 
DNA double helix (Fig. 2.3). Blobs are much 
less frequent for x- or �-rays; they have a diam-
eter of about 7 nm and contain on average about 
12 ion pairs with an energy range of 100–500 eV 
(Fig. 2.3). Because spurs and blobs have dimen-
sions similar to the DNA double helix, multiple 
radical attacks occurs if they overlap the DNA 
helix. There is likely to be a wide variety of com-
plex lesions, including base damage as well as 
DSBs. The term locally multiply damaged site 
was initially coined by John Ward to describe this 
phenomenon, but it has been replaced with the 
term clustered lesion. Given the size of a spur and 
the diffusion distance of hydroxyl free radicals, 
the clustered lesion could be spread out up to 
20 base pairs. This is illustrated in Figure 2.3, in 
which a DSB is accompanied by base damage and 
the loss of genetic information.

In the case of densely ionizing radiations, 
such as neutrons or �-particles, a greater pro-
portion of blobs are produced. The damage pro-
duced, therefore, is qualitatively different from 
that produced by x- or �-rays and it is much 
more diffi cult for the cell to repair.

■ MEASURING DNA STRAND BREAKS

Over the years, various techniques have been used 
to measure DNA strand breaks, including sucrose 
gradient sedimentation, alkaline and neutral fi l-
ter elution, nucleoid sedimentation, pulsed-fi eld 
gel electrophoresis (PFGE), and single-cell gel 
electrophoresis (also known as the comet assay). 
Of these techniques, PFGE and single-cell gel 

FIGURE 2.3  Illustration of a locally multiply 

damaged site. Energy from x-rays is not absorbed 

uniformly but tends to be localized along the 

tracks of charged particles. Radiation chemists 

speak in terms of spurs and blobs, which contain 

several ion pairs and have dimensions comparable 

to the DNA double helix. A double-strand break is 

likely to be accompanied by extensive base dam-

age. John Ward coined the term locally multiply 

damaged site to describe this phenomenon.



 | Chapter 2 • Molecular Mechanisms of DNA and Chromosome Damage and Repair | 15

afforded the DNA by packaging with proteins 
such as histones. Certain regions of DNA, particu-
larly actively transcribing genes, appear to be more 
sensitive to radiation, and there is some evidence 
also of sequence-specifi c sensitivity.

DNA damage-induced nuclear foci (radi-
ation-induced foci assay) in response to ioniz-
ing radiation represents complexes of signaling 
and repair proteins that localize to sites of DNA 
strand breaks in the nucleus of a cell. There are 
several advantages of assaying for foci formation 
over other techniques to measure DNA strand 
breaks, which include the ease of the protocol 
and that it can be carried out on both tissue sec-
tions and individual cell preparations. Techni-
cally, cells/tissues are incubated with a specifi c 
antibody raised to the signaling/repair protein 
of interest, and binding of the antibody is then 
detected with a secondary antibody, which also 
carries a fl uorescent tag. Fluorescence micros-
copy detects the location and intensity of the 
tag, which can then be quantifi ed.

and repair of DNA DSBs. To assess DNA SSBs 
and alkaline-sensitive sites, lysis is performed 
with an alkaline buffer. If the cells are undam-
aged, the DNA remains compact and does not 
migrate. If the cell has incurred DNA DSBs, the 
amount of damage is directly proportional to the 
migration of DNA in the agarose. As a result of 
the lysis and electrophoresis conditions, the frag-
mented DNA that migrates takes the appearance 
of a comet’s tail (Fig. 2.4B). This assay has high 
sensitivity and specifi city for SSBs and alkaline 
sensitive sites and to a lesser degree DNA DSBs. 
By changing the lysis conditions from an alkaline 
to a neutral pH, the comet technique can be used 
to measure DNA DSB repair.

Both of these assays are cell based, where DNA 
in cells is much more resistant to damage by radia-
tion than would be expected from studies on free 
DNA. There are two reasons for this: (1) the pres-
ence in cells of low-molecular-weight scavengers 
that mop up some of the free radicals produced by 
ionizing radiation, and (2) the physical  protection 

FIGURE 2.4  A: The effect of ionizing radiation on DNA strand break induc-

tion as measured by pulsed-fi eld gel electrophoresis. As the dose of ionizing ra-

diation increases from 5 to 100 Gy, the size of the DNA fragments as detected 

by ethidium bromide staining decreases. Thus, more DNA enters the gel with 

increasing dose of ionizing radiation. In these experiments, cells were embedded 

in agarose and irradiated on ice to eliminate the effects of repair. The number 

above each lane refers to the dose in Gy to which each group of cells was ex-

posed. (Courtesy of Dr. Nicholas Denko.) B: Photomicrograph of control and 8-Gy 

irradiated cells as detected by the comet assay. Unirradiated cells possess a near-

spherical appearance, whereas the fragmented DNA in irradiated cells gives 

the appearance of a comet when stained with ethidium bromide.  (Courtesy of 

Drs. Ester Hammond and Mary Jo Dorie.)
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two proteins involved in the repair of DNA 
damage by homologous  recombination, have 
been used as biomarkers in a small pilot study 
by Willers et al. to detect repair defects in breast 
cancer biopsies.

■ DNA REPAIR PATHWAYS

Mammalian cells have developed specialized path-
ways to sense, respond to, and repair base dam-
age, SSBs, DSBs, sugar damage, and DNA–DNA 
crosslinks. Research from yeast to mammalian 
cells has demonstrated that the mechanisms used 
to repair ionizing radiation-induced base damage 
are different from the mechanisms used to repair 
DNA DSBs. In addition, different repair path-
ways are used to repair DNA damage, depending 
on the stage of the cell cycle.

Much of our knowledge of DNA repair is 
the result of studying how mutations in indi-
vidual genes result in radiation  hypersensitivity. 
Radiation-sensitive mutants identifi ed from 
yeast and mammalian cells appear either to be 
directly involved in the repair process or to 
function as molecular checkpoint–controlling 
elements. The pathways involved in the repair 
of base damage, SSBs, DSBs, sugar damage, 
and DNA–DNA crosslinks are discussed in the 
next sections and represent a simplifi ed repre-
sentation of our current state of understanding. 

The most commonly assayed proteins 
for foci formation are �H2AX and 53BP1 
(Fig. 2.5). H2AX is a histone protein, which 
is rapidly phosphorylated in response to dam-
age to form �H2AX. Staining for the unmodi-
fi ed histone (H2AX) gives a pan nuclear stain 
or unchanging band on a western blot while 
�H2AX is rapidly induced on a western blot in 
response to stress and can be seen to form dis-
creet nuclear foci in damaged cells (Fig. 2.5). 
53BP1 also becomes phosphorylated in re-
sponse to stress and forms nuclear foci at the 
sites of DNA DSBs. In this case, antibodies to 
either the phosphorylated or unmodifi ed form 
can be used to detect DSBs as the protein re-
localizes to the damaged chromatin (i.e., it is 
not already part of the chromatin as is the case 
for H2AX). DNA damage-induced increases 
in �H2AX or phosphorylated-53BP1 can also 
be quantifi ed by fl ow cytometry. Other pro-
teins also form foci in response to damage 
such as ataxia-telangiectasia mutated (ATM), 
replication protein A (RPA), RAD51, BRCA1 
 (discussed in subsequent sections).

Several �H2AX or 53BP1 foci that form in 
a damaged cell directly correlate with several 
DSBs present. If this value is measured over 
time, then it also refl ects the kinetics of repair 
(i.e., as the DSBs are repaired, the number of 
foci decreases). Recently, BRCA1 and RAD51, 

FIGURE 2.5  Photomicrograph of nuclear foci in control and 2-Gy irradiated cells as de-

tected by staining with antibodies to 53BP1 (green) and �H2AX (red). Cells were also stained 

with the nuclear stain 4�,6-diamidino-2-phenylindole (DAPI) to show the location of nuclei. 

Without DNA strand breaks, there is little staining with �H2AX and 53BP1 in foci. In contrast, 

staining for both proteins increases signifi cantly after 2 Gy. (Courtesy of Dr. Ester Hammond.)
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fl ap endonuclease 1 (FEN1), and DNA strands 
are sealed by ligase I (Fig. 2.6B). Although 
ionizing radiation–induced base damage is ef-
fi ciently repaired, defects in BER may lead to 
an increased mutation rate, but usually do not 
result in cellular radiosensitivity. One excep-
tion to this is the mutation of the x-ray cross 
complementing factor 1 (XRCC1) gene, which 
confers about a 1.7-fold increase in radiation 
sensitivity. However, the radiation sensitivity of 
XRCC1-defi cient cells may come from XRCC1’s 
potential involvement in other repair processes 
such as SSBs.

Nucleotide Excision Repair

Nucleotide excision repair (NER) removes 
bulky adducts in the DNA such as pyrimidine 
dimers. The process of NER can be subdi-
vided into two pathways: global genome repair 
(GGR or GG-NER) and transcription-coupled 
repair (TCR or TC-NER). The process of 
GG-NER is genome-wide (i.e., lesions can be 
removed from DNA that encodes or does not 
encode for genes). In contrast, TC-NER only 
removes lesions in the DNA strands of actively 

In Chapter 18, the syndromes associated with 
mutations in genes involved in sensing DNA 
damage or repairing DNA damage are dis-
cussed in more detail.

Base Excision Repair

Base damage is repaired through the base exci-
sion repair (BER) pathway illustrated in Figure 
2.6. Bases on opposite strands of DNA must be 
complementary; adenine (A) pairs with thymine 
(T), and guanine (G) pairs with cytosine (C). 
U therefore represents a putative single-base 
mutation that is fi rst removed by a glycosylase/
DNA lyase (Fig. 2.6A). Removal of the base is 
followed by the removal of the sugar residue by 
an apurinic endonuclease 1 (APE1), then re-
placement with the correct nucleotide by DNA 
polymerase �, and completed by DNA ligase 
III–XRCC1– mediated ligation. If more than 
one nucleotide is to be replaced (illustrated by 
the putative mutation UU in Fig. 2.6B), then 
the complex of replication factor C (RFC)/  
proli ferating cell nuclear antigen (PCNA)/DNA 
polymerase �/� performs the repair  synthesis, 
the overhanging fl ap structure is  removed by the 

FIGURE 2.6  Base excision repair 

pathways. A: Base excision repair of a 

single nucleotide. Bases on opposite 

strands must be complementary; 

adenine (A) pairs with thymine (T), 

and guanine (G) pairs with cytosine 

(C). U represents a putative mutation 

that is fi rst removed through a DNA 

glycosylase–mediated incision step. 

B: Base excision repair of multiple 

nucleotides. In this case, the double 

UU represents a putative mutation 

that is fi rst removed through apu-

rinic endonuclease 1 (APE1). See text 

for details.
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increases sensitivity to UV-induced DNA dam-
age and anticancer agents such as alky lating 
agents that induce bulky adducts. Germline 
mutations in NER genes lead to human DNA 
repair defi ciency disorders such as xeroderma 
pigmentosum in which patients are hypersensi-
tive to ultraviolet light.

DNA Double-Strand Break Repair

In eukaryotic cells, DNA DSBs can be re-
paired by two basic processes: homologous 
recombination repair (HRR), which requires 
an undamaged DNA strand as a participant in 
the repair as a template, and nonhomologous 
end-joining (NHEJ), which mediates end-
to-end joining. In lower eukaryotes such as 
yeast, HRR is the predominant pathway used 
for repairing DNA DSBs. Homologous re-
combination is an error-free process because 

transcribed genes. When a DNA strand that is 
being actively transcribed becomes damaged, 
the RNA polymerase can block access to the 
site of damage and hence prevents DNA repair. 
TC-NER has evolved to prevent this blockade 
by RNA polymerase by effectively removing 
it from the site of damage to allow the repair 
proteins access. The mechanism of GG-NER 
and TC-NER differs only in the detection of 
the lesion; the remainder of the pathway used 
to repair the damage is the same for both. The 
essential steps in this pathway are (1) damage 
recognition; (2) DNA incisions that bracket the 
lesion, usually between 24 and 32 nucleotides 
in length; (3) removal of the region containing 
the adducts; (4) repair synthesis to fi ll in the gap 
region; and (5) DNA ligation (Fig. 2.7). Muta-
tion in NER genes does not lead to ionizing 
 radiation sensitivity. However, defective NER 

FIGURE 2.7  Nucleotide exci-

sion repair pathways. The two sub- 

pathways of NER, GG-NER/GGR (global 

genome repair) and TC-NER/TCR (tran-

scription-coupled repair), differ at the 

initial damage recognition step. GGR 

uses the XPC-XPE protein complexes, 

whereas in TCR, the NER proteins are re-

cruited by the stalled RNA polymerase 

in cooperation with CSB and CSA. 

Following recognition, the lesion is 

demarked by binding of the transcrip-

tion factor IIH (TFIIH) complex, XPA and 

RPA. The TFIIH complex helicase func-

tion unwinds the DNA and generates 

an open stretch around the lesion, at 

which point the XPG and XPF-ERCC1 

endonucleases make incisions at the 

3� and 5� ends, respectively, releasing 

a 24–32 oligomer. The resulting gap is 

fi lled by the polymerases �/� aided by 

RFC and PCNA and the strand is fi nally 

ligated. (XPC, xeroderma pigmento-

sum, complementation group C; XPE, 

xeroderma pigmentosum, comple-

mentation group E; CSB, cockayne 

Syndrome B gene; CSA, cockayne Syn-

drome A gene; XPG, xeroderma pig-

mentosum, complementation group 

G; XPF, xeroderma pigmentosum, com-

plementation group F; ERCC1, excision 

repair cross-complementation group 

1 gene; RFC, replication factor C; PCNA, 

proliferating cell nuclear antigen.)
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The ligation of DNA DSBs by NHEJ does 
not require sequence homology. However, the 
damaged ends of DNA DSBs cannot simply 
be ligated together; they must fi rst be modi-
fi ed before they can be rejoined by a ligation 
reaction. NHEJ can be divided into fi ve steps: 
(1) end recognition by Ku binding, (2) recruit-
ment of DNA-dependent protein kinase cata-
lytic subunit (DNA-PKcs), (3) end processing, 
(4) fi ll-in synthesis or end bridging, and (5) li-
gation (Fig. 2.9).

End recognition occurs when the Ku het-
erodimer, composed of 70-kDa and 83-kDa 
subunits, and the DNA-PKcs bind to the ends 
of the DNA DSB. Although the Ku/DNA-PKcs 
complex is thought to bind ends fi rst, it is still 
unknown what holds the two DNA DSB ends 
together. Although microhomology between 
one to four nucleotides can aid in end alignment, 
there is no absolute requirement for micro-
homology for NHEJ. In fact, Ku does not only 
recruit DNA-PKcs to the DNA ends, but an ad-
ditional protein, Artemis, which possesses endo-
nuclease activity, forms a physical complex with 
DNA-PKcs. The Ku/DNA-PKcs complex that 
is bound to the DNA ends can phosphorylate 
Artemis and activate its endonuclease activity to 
deal with 5� and 3� overhangs as well as hairpins. 
End processing is followed by fi ll-in synthesis 
of gaps formed by the Artemis endonuclease 
activity. This aspect of NHEJ may not neces-
sarily be essential; for example, in the ligation 
of blunt ends or ends with compatible termini. 
At present, it is unclear what the signal is for 
a fi ll-in reaction to proceed after endo nuclease 
processing. However, DNA polymerase � or � 
has been found to be associated with the Ku/
DNA/XRCC4/DNA ligase IV complex and 
serves as the polymerase for the fi ll-in reaction. 
In the fi nal step of NHEJ, ligation of nicked 

repair is performed by copying information 
from the undamaged homologous chromatid/ 
chromosome. In mammalian cells, the choice 
of repair is biased by the phase of the cell cycle 
and by the abundance of repetitive DNA. HRR 
occurs primarily in the late S/G2 phase of the 
cell cycle, when an undamaged sister chromatid 
is available to act as a template, whereas NHEJ 
occurs in the G1 phase of the cell cycle, when 
no such template exists (Fig. 2.8). NHEJ is 
error prone and probably accounts for many of 
the premutagenic lesions induced in the DNA 
of human cells by ionizing radiation. However, 
it is important to keep in mind that NHEJ and 
HRR are not mutually exclusive, and both have 
been found to be active in the late S/G2 phase 
of the cell cycle, indicating that other as-yet-
unidentifi ed factors, in addition to cell cycle 
phase, are important in determining what re-
pair program is used.

Nonhomologous End-Joining

The immediate response of a cell to a DNA 
DSB is the activation of a group of sen-
sors that serve both to promote DNA repair 
and to prevent the cell from proceeding in 
the cell cycle until the break is faithfully re-
paired. These sensors, ATM and Rad3-related 
(ATR), are protein kinases that belong to the 
phosphatidylinositol-3-kinase-related kinase 
(PIKK) family and are recruited to the sites 
of DNA strand breaks induced by ionizing ra-
diation. The competition for repair by HRR 
versus NHEJ is in part regulated by the pro-
tein 53BP-1. Functionally, ATM promotes the 
processing of broken DNA ends to generate 
recombinogenic single-strand DNA by regu-
lating the activity of the NBS/MRE11/Rad50s 
protein complex (Fig. 2.9), and this resection 
activity of ATM is diminished by 53BP-1.

FIGURE 2.8  Illustration showing that nonho-

mologous recombination occurs in the G1 phase 

of the cell cycle, at which stage, there is no sister 

chromatid to use as a template for repair. In con-

trast, homologous recombination occurs in the S 

and G2 phases of the cell cycle, when there is a 

sister chromatid to use as a template in repair.
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sister chromatid
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FIGURE 2.9  Nonhomologous end-

 joining. DNA strand breaks are rec-

ognized by the ATM and the MRN 

 (Mre11-Rad50-Nbs1) complex, resulting 

in resection of the DNA ends. Homolo-

gous recombination is inhibited by the 

activity of 53BP1. The initial step of the 

core NHEJ pathway starts with the bind-

ing of the ends at the DSB by the Ku70/

Ku80 heterodimer. This complex then 

 recruits and activates the catalytic sub-

unit of DNA-PK (DNA-PKcs), whose role is 

the juxtaposition of the two DNA ends. 

The DNA-PK complex then recruits the 

ligase complex (XRCC4/XLF-LIGIV/PNK) 

that promotes the fi nal ligation step.

DNA ends that have been  processed is medi-
ated by a PNK/XRCC4/DNA ligase IV/XLF 
complex that is probably recruited by the Ku 
heterodimer. Polynucleotide kinase (PNK) is a 
protein that has both 3�-DNA phosphatase and 
5�-DNA kinase activities and serves to remove 
end groups that are not ligatable to allow end-
joining. XRCC4-like factor (XLF) is a protein 
that has a similar protein structure as x-ray re-
pair complementing defective repair in  Chinese 
hamster cells 4 (XRCC4) and stimulates the ac-
tivity of DNA ligase IV. NHEJ is error prone 
and plays an important physiologic role in gen-
erating antibodies through V(D)J rejoining. 
The error-prone nature of NHEJ is essential 
for generating antibody diversity and often goes 
undetected in mammalian cells, as errors in the 

noncoding DNA that composes most human 
genome has little consequence. NHEJ is pri-
marily found in the G1 phase of the cell cycle, 
where there is no sister chromatid.

Homologous Recombination Repair

HRR provides the mammalian genome a high-
fi delity mechanism of repairing DNA DSBs 
(Fig. 2.10). In particular, the increased activity 
of this recombination pathway in late S/G2 sug-
gests that its primary function is to repair and 
restore the functionality of replication forks with 
DNA DSBs. Compared to NHEJ, which re-
quires no sequence homology to rejoin broken 
ends, HRR requires physical contact with an un-
damaged chromatid or chromosome (to serve as 
a  template) for repair to occur.
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FIGURE 2.10  Homologous re-

combinational repair. The initial step 

in HR is the recognition of the lesion 

and processing of the double-strand 

DNA ends into 3� DNA single strand 

tails by the MRN (Mre11-Rad50-Nbs1) 

complex, which are then coated by 

RPA forming a nucleoprotein fi la-

ment. Then, specifi c HR proteins are 

recruited to the nucleoprotein fi la-

ments, such as RAD51, RAD52, and 

BRCA1/2. RAD51 is a key protein in 

homologous recombination as it 

mediates the invasion of the homolo-

gous strand of the sister chromatid, 

leading to formation of Holliday 

junctions. The Holliday junctions are 

fi nally resolved into two DNA du-

plexes. See text for details.

During recombination, evidence exists that 
ATM phosphorylates the breast cancer tumor 
suppressor protein BRCA1, which is then re-
cruited to the site of the DSB that has been 
bound by the NBS/MRE11/Rad50s protein 
complex (Fig. 2.10). MRE11 and perhaps 
other yet unidentifi ed endonucleases resect 
the DNA, resulting in a 3� single-strand DNA 
that serves as a binding site for Rad51. BRCA2, 
which is attracted to the DSB by BRCA1, fa-
cilitates the loading of Rad51 onto RPA-coated 
single-strand overhangs produced by endonu-
clease resection. Rad51 protein is a homologue 
of the Escherichia coli recombinase RecA and 
possesses the ability to form nucleofi laments 
and catalyze strand exchange with the comple-
mentary strand in the undamaged chromo-
some. Five additional paralogues of Rad51 also 
bind to the RPA-coated single-stranded region 

and recruit Rad52, which protects against exo-
nucleolytic degradation. To facilitate repair, 
Rad54 uses its ATPase activity to unwind the 
double-stranded molecule. The two invading 
ends serve as primers for DNA synthesis, and 
the so-called Holliday junctions are resolved 
by MMS4 and MUS81 by noncrossing over, 
in which case, the Holliday junctions disen-
gage and DNA strand pairing is followed by 
gap fi lling, or by crossing over of the Holli-
day junctions, which is  followed by gap fi lling. 
The identities of the polymerase and ligase 
involved in these latter steps are unknown. 
Because inactivation of HRR genes results in 
radiosensitivity and genomic instability, these 
genes provide a critical link between HRR and 
chromosome stability. Dysregulated homolo-
gous recombination can also lead to cancer by 
loss of heterozygosity (LOH).
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agents. In contrast, individuals affl icted with the 
syndrome Fanconi anemia are hypersensitive to 
crosslinking agents. Chromatin that contains 
actively transcribed genes is more susceptible 
to DNA–protein crosslinks, and the crosslinked 
proteins are usually nuclear matrix proteins.

Mismatch Repair

The mismatch repair (MMR) pathway removes 
base–base and small insertion mismatches 
that occur during replication. In addition, the 
MMR pathway removes base–base mismatches 
in  homologous recombination intermediates. 
See Fig ure 2.12 for schematic representation 
and an indication of the critical gene products. 
The process of MMR can be subdivided into 
four components: fi rst, the mismatch must be 
 identifi ed by sensors that transduce the signal 
of a mismatched base pair; second, MMR fac-
tors are recruited; third, the newly synthesized 
strand harboring the mismatch is identifi ed and 
the incorrect/altered nucleotides are excised; 
and in the fourth stage, resynthesis and ligation 

Crosslink Repair

Several DNA–DNA and DNA–protein cross-
links induced by ionizing radiation have not 
been extensively studied to arrive at a quantita-
tive estimate. Furthermore, the genes and path-
ways used for DNA–DNA or DNA– protein 
crosslink repair are still under investigation. 
The current thinking is that a  combination 
of NER and recombinational repair path-
ways is needed to repair DNA crosslinks 
(Fig. 2.11). The predominant signal from a 
DNA- interstrand crosslink that signals for re-
pair is stalling of the DNA replication fork. 
The crosslink is removed in a multistep pro-
cess, fi rst from one strand by a second round 
of NER, resulting in a strand break and a DNA 
adduct. DNA synthesis can proceed past the 
lesion, resulting in a point mutation opposite 
the lesion. However, the SSB will become a 
DSB, and seems to require HRR for restitution. 
 Finally, the adduct that remains is removed by 
NER. Cells with mutations in NER and HRR 
pathways are modestly sensitive to crosslinking 

FIGURE 2.11  DNA–DNA cross-

link repair. The initial signal for 

DNA–DNA crosslinks is stalling of 

the replication fork (A). The cross-

link is removed from one strand 

by nucleotide excision repair (B), 
followed by translesion synthesis, 

resulting in a mutation opposite 

the adduct (C). The resulting DNA 

double-strand break is repaired by 

homologous recombination (D) and 

the crosslink is removed from the 

DNA by another round of nucleotide 

excision repair (E–F). This schema 

for crosslink repair is still a work in 

progress.
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numbers of chromosome aberrations. On the 
basis of evidence such as this, it is concluded 
that DSBs are the most relevant lesions leading 
to most biologic insults from radiation includ-
ing cell killing. The reason for this is that DSBs 
can lead to chromosomal aberrations that pres-
ent problems at cell division.

■ CHROMOSOMES AND CELL DIVISION

The backbone of DNA is made of molecules of 
sugar and phosphates, which serve as a framework 
to hold the bases that carry the genetic code. At-
tached to each sugar molecule is a base: thymine, 
adenine, guanine, or cytosine. This whole con-
fi guration is coiled tightly in a double helix.

Figure 2.13 is a highly schematized illustra-
tion of the way an organized folding of the long 
DNA helix might be achieved as a closely packed 
series of looped domains wound in a tight helix. 
The degree of packing also is illustrated by the 

of the excised DNA tract is completed. MMR 
was fi rst characterized in E. coli by the character-
ization of the Mut genes, of which homologues 
of these gene products have been identifi ed and 
extensively characterized in both yeast and hu-
mans. Mutations in any of the mismatch MSH, 
MLH, and PSM families of repair genes leads to 
microsatellite instability (small base insertions 
or deletions) and cancer, especially hereditary 
nonpolyposis colon cancer (HNPCC).

■  RELATIONSHIP BETWEEN 
DNA DAMAGE AND 
CHROMOSOME ABERRATIONS

Cell killing does not correlate with SSBs, but re-
lates better to DSBs. Agents (such as hydrogen 
peroxide) produce SSBs effi ciently, but very few 
DSBs, and also kill very few cells. Cells defec-
tive in DNA DSB repair exhibit hypersensitiv-
ity to killing by ionizing radiation and increased 

FIGURE 2.12  Mismatch repair. 

The initial step in the mismatch repair 

pathway is the recognition of mis-

matched bases through either  Msh2-

Msh6 or Msh2-Msh3 complexes. These 

recognition complexes recruit MLH1-

PMS2, MLH1-PMS1, and MLH1-MLH3, 

alongside the exonu clease EXO1 that 

catalyzes the excision step that fol-

lows. A gap-fi lling step by polymer-

ases �/�, RCF, and PCNA is  followed by 

a fi nal ligation step.
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With the disappearance of the nuclear mem-
brane, the nuclear plasm and the cytoplasm mix. 
Metaphase then follows, in which two events 
occur simultaneously. The chromosomes move 
to the center of the cell (i.e., to the cell’s equa-
tor), and the spindle forms. The spindle is com-
posed of fi bers that cross the cell, linking its 
poles. Once the chromosomes are stabilized at 
the equator of the cell, their centromeres divide, 
and metaphase is complete.

The phase that follows, anaphase, is char-
acterized by a movement of the chromosomes 
on the spindle to the poles. The chromosomes 
appear to be pulled toward the poles of the cell 
by fi bers attached to the centromeres. The arms, 
particularly the long arms, tend to trail behind.

Anaphase is followed by the last phase of 
mitosis, telophase. In this phase, the chromo-
somes, congregated at the poles of the cell, begin 
to uncoil. The nuclear membrane reappears, as 
do the nucleoli; and as the phase progresses, the 
chromosome coils unwind until the nucleus re-
gains the appearance characteristic of interphase.

■ THE ROLE OF TELOMERES

Telomeres cap and protect the terminal ends 
of chromosomes. The name telomere literally 
means “end part.” Mammalian telomeres consist 
of long arrays of TTAGGG repeats that range 
in total length anywhere from 1.5 to 150 kilo-
bases. Each time a normal somatic cell divides, 
telomeric DNA is lost from the lagging strand 
because DNA polymerase cannot synthesize 

relative dimensions of the DNA helix and the 
condensed metaphase chromosome.

The largest part of the life of any somatic 
cell is spent in interphase, during which the 
nucleus, in a stained preparation, appears as a 
lacework of fi ne and lightly stained material in 
a translucent and colorless material surrounded 
by a membrane. In the interphase nucleus in 
most cells, one or more bodies of various sizes 
and shapes, called nucleoli, are seen. In most 
cells, little more than this can be identifi ed 
with a conventional light microscope. In fact, 
a great deal is happening during this time: The 
quantity of DNA in the nucleus doubles as each 
chromosome lays down an exact replica of itself 
next to itself. When the chromosomes become 
visible at mitosis, they are each present in du-
plicate. Even during interphase, there is good 
evidence that the chromosomes are not free 
to move about within the nucleus but are re-
stricted to “domains.”

The various events that occur during mi-
tosis are divided into several phases. The fi rst 
phase of division is called prophase. The begin-
ning of this phase is marked by a thickening of 
the chromatin and an increase in its stainability 
as the chromosomes condense into light coils. 
By the end of prophase, each chromosome has a 
lightly staining constriction known as a centro-
mere; extending from the centromere are the 
arms of the chromosome. Prophase ends when 
the chromosomes reach maximal condensation 
and the nuclear membrane disappears, as do 
any nucleoli.

FIGURE 2.13  Illustration of the 

relative sizes of the DNA helix, the vari-

ous stages of folding and packing of the 

DNA, and an entire chromosome con-

densed at metaphase.
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and generally much larger chromosomes; conse-
quently, until recently, information on chromo-
somal radiation damage accrued principally from 
studies with plant cells.

If cells are irradiated with x-rays, DSBs are 
produced in the chromosomes. The broken ends 
appear to be “sticky” because of unpaired bases 
and can rejoin with any other sticky end. It would 
appear, however, that a broken end cannot join 
with a normal, unbroken chromosome, although 
this is controversial. Once breaks are produced, 
different fragments may behave in various ways:

 1. The breaks may restitute, that is, rejoin in their 
original confi guration. In this case, of course, 
nothing amiss is visible at the next mitosis.

 2. The breaks may fail to rejoin and give rise to 
an aberration, which is scored as a deletion at 
the next mitosis.

 3. Broken ends may reassort and rejoin other 
broken ends to give rise to chromosomes that 
appear to be grossly distorted if viewed at the 
following mitosis.

The aberrations seen at metaphase are of two 
classes: chromosome aberrations and chromatid 
aberrations. Chromosome aberrations result 
if a cell is irradiated early in interphase, before 
the chromosome material has been duplicated. 
In this case, the radiation-induced break is in 
a single strand of chromatin; during the DNA 
synthetic phase that follows, this strand of chro-
matin lays down an identical strand next to itself 
and replicates the break that has been produced 
by the radiation. This leads to a chromosome ab-
erration visible at the next mitosis because there 
is an identical break in the corresponding points 
of a pair of chromatin strands. If, on the other 
hand, the dose of radiation is given later in in-
terphase, after the DNA material has doubled 
and the chromosomes consist of two strands of 
chromatin, then the aberrations produced are 
called chromatid aberrations. In regions re-
moved from the centromere, chromatid arms 
may be fairly well separated, and it is reasonable 
to suppose that the radiation might break one 
chromatid without breaking its sister chromatid, 
or at least not in the same place. A break that 
occurs in a single chromatid arm after chromo-
some replication and leaves the opposite arm of 
the same chromosome undamaged leads to chro-
matid aberrations.

new DNA in the absence of an RNA primer. 
Successive divisions lead to progressive shorten-
ing, and after 40 to 60 divisions, the telomeres 
in human cells are shortened dramatically, so 
that vital DNA sequences begin to be lost. At 
this point, the cell cannot divide further and 
undergoes senescence. Telomere length has 
been described as the “molecular clock” or gen-
erational clock because it shortens with age in 
somatic tissue cells during adult life. Stem cells 
in self- renewing tissues, and cancer cells in par-
ticular, avoid this problem of aging by activating 
the enzyme telomerase. Telomerase is a reverse 
transcriptase that includes the complementary 
sequence to the TTAGGG repeats and so con-
tinually rebuilds the chromosome ends to offset 
the degradation that occurs with each division. 

In tissue culture, immortalization of cells—
that is, the process whereby cells pass through a 
“crisis” and continue to be able to divide beyond 
the normal limit—is associated with telomere 
stabilization and telomerase activity.

Virtually all human tumor cell lines and ap-
proximately 90% of human cancer biopsy speci-
mens exhibit telomerase activity. By contrast, 
normal human somatic tissues, other than stem 
cells, do not possess detectable levels of this en-
zyme. It is an attractive hypothesis that both im-
mortalization and carcinogenesis are associated 
with telomerase expression.

■  RADIATION-INDUCED 
 CHROMOSOME ABERRATIONS

In the traditional study of chromosome aber-
rations, the effects of ionizing radiations are 
described in terms of their appearance when a 
preparation is made at the fi rst metaphase after 
exposure to radiation. This is the time when the 
structure of the chromosomes can be discerned.

The study of radiation damage in mammalian 
cell chromosomes is hampered by the large num-
ber of mammalian chromosomes per cell and by 
their small size. Most mammalian cells currently 
available for experimental purposes have a diploid 
complement of 40 or more chromosomes. There 
are exceptions, such as the Chinese hamster, with 
22 chromosomes, and various marsupials, such as 
the rat kangaroo and woolly opossum, which have 
chromosome complements of 12 and 14, respec-
tively. Many plant cells, however, contain fewer 
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chromatids of the same chromosome, and the 
sticky ends may rejoin incorrectly to form a sister 
union. At anaphase, when the two sets of chro-
mosomes move to opposite poles, the section 
of chromatin between the two centromeres is 
stretched across the cell between the poles, hin-
dering the separation into two new progeny cells, 
as illustrated in Figure 2.14C and Figure 2.16B. 
The two fragments may join as shown, but be-
cause there is no centromere, the joined frag-
ments will probably be lost at the fi rst mitosis. 
This type of aberration occurs in human cells and 
is essentially always lethal. It is hard to demon-
strate because preparations of human chromo-
somes usually are made by accumulating cells at 
metaphase, and the bridge is only evident at ana-
phase. Figure 2.16 is an anaphase preparation of 
Tradescantia paludosa, a plant used extensively for 
cytogenetic studies because of the small number 
of large chromosomes. The anaphase bridge is 
seen clearly as the replicate sets of chromosomes 
move to opposite poles of the cell.

Gross chromosome changes of the types 
 discussed previously inevitably lead to the repro-
ductive death of the cell.

Two important types of chromosomal 
changes that are not lethal to the cell are sym-
metric translocations and small deletions. The 
formation of a symmetric translocation is 
 illustrated in Figure 2.17A. It involves a break in 
two prereplication (G1) chromosomes, with the 
broken ends being exchanged between the two 
chromosomes as  illustrated. An aberration of this 
type is diffi cult to see in a conventional prepara-
tion but is easy to observe with the technique of 
fl uorescent in situ hybridization (FISH), or chro-
mosome painting, as it commonly is called. Probes 
are available for every human chromosome that 
makes them fl uorescent in a different color. Ex-
change of material between two different chro-
mosomes then is readily observable (Fig. 2.18). 
Translocations are associated with several human 
malignancies caused by the activation of an on-
cogene; Burkitt lymphoma and certain types of 
leukemia are  examples.

The other type of nonlethal chromosomal 
change is a small interstitial deletion. This is 
illustrated in Figure 2.17B and may result from 
two breaks in the same arm of the same chromo-
some, leading to the loss of the genetic informa-
tion between the two breaks. The actual sequence 
of events in the formation of a deletion is easier 

■  EXAMPLES OF RADIATION-INDUCED 
ABERRATIONS

Many types of chromosomal aberrations and 
rearrangements are possible, but an exhaustive 
analysis is beyond the scope of this book. Three 
types of aberrations that are lethal to the cell are 
described, followed by two common rearrange-
ments that are consistent with cell viability but 
are frequently involved in carcinogenesis. The 
three lethal aberrations are the dicentric; the 
ring, which are chromosome aberrations; and 
the anaphase bridge, which is a chromatid aber-
ration. All three represent gross distortions and 
are clearly visible. Many other aberrations are 
possible but are not described here.

The formation of a dicentric is illustrated in 
diagrammatic form in Figure 2.14A. This aber-
ration involves an interchange between two sepa-
rate chromosomes. If a break is produced in each 
one early in interphase and the sticky ends are 
close to one another, they may rejoin as shown. 
This bizarre interchange is replicated during the 
DNA synthetic phase, and the result is a grossly 
distorted chromosome with two centromeres 
(hence, dicentric). There also are two fragments 
that have no centromere (acentric fragment), 
which will therefore be lost at a subsequent mi-
tosis. The appearance at metaphase is shown in 
the bottom panel of Figure 2.14A. An example of 
a dicentric and fragment in a metaphase human 
cell is shown in Figure 2.15B; Figure 2.15A 
shows a normal metaphase for comparison.

The formation of a ring is illustrated in 
diagrammatic form in Figure 2.14B. A break 
is  induced by radiation in each arm of a single 
chromatid early in the cell cycle. The sticky 
ends may rejoin to form a ring and a fragment. 
Later in the cycle, during the DNA synthetic 
phase, the chromosome replicates. The ulti-
mate appearance at metaphase is shown in the 
lower panel of Figure 2.14B. The fragments 
have no centromere and probably will be lost at 
mitosis because they will not be pulled to either 
pole of the cell. An example of a ring chromo-
some in a human cell at metaphase is illustrated 
in Figure 2.15C.

An anaphase bridge may be produced in 
various ways. As illustrated in Figure 2.14C and 
 Figure 2.16, it results from breaks that occur 
late in the cell cycle (in G2) after the chromo-
somes have replicated. Breaks may occur in both 
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C

A B

FIGURE 2.14  A: The steps in the formation of a dicentric by irradiation of prereplication (i.e., G1) chromosomes. A 

break is produced in each of two separate chromosomes. The “sticky” ends may join incorrectly to form an interchange 

between the two chromosomes. Replication then occurs in the DNA synthetic period. One chromosome has two cen-

tromeres: a dicentric. The acentric fragment will also replicate and both will be lost at a subsequent mitosis because, 

lacking a centromere, they will not go to either pole at anaphase. B: The steps in the formation of a ring by irradiation of 

a prereplication (i.e., G1) chromosome. A break occurs in each arm of the same chromosome. The sticky ends rejoin in-

correctly to form a ring and an acentric fragment. Replication then occurs. C: The steps in the formation of an anaphase 

bridge by irradiation of a postreplication (i.e., G2) chromosome. Breaks occur in each chromatid of the same chromo-

some. Incorrect rejoining of the sticky ends then occurs in a sister union. At the next anaphase, the acentric fragment 

will be lost, one centromere of the dicentric will go to each pole, and the chromatid will be stretched between the 

poles. Separation of the progeny cells is not possible; this aberration is likely to be lethal. (Courtesy of Dr. Charles Geard.)
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A

B

FIGURE 2.15  Radiation-induced 

chromosome aberrations in human 

leukocytes viewed at metaphase. 

A: Normal metaphase. B: Dicentric 

and fragment (arrows). (Continued)
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weeks after total body irradiation, the frequency 
of asymmetric aberrations (dicentrics and rings) in 
the lymphocytes refl ects the dose received. Lym-
phocytes in the blood sample are stimulated to 
 divide with a mitogen such as phytohemagglutinin 
and are arrested at metaphase, and the incidence 
of rings and dicentrics is scored. The dose can be 
estimated by comparison with in vitro cultures 
 exposed to known doses. Figure 2.20 shows a dose-
response curve for aberrations in human lympho-
cytes produced by �-rays. The data are fi tted by a 
linear- quadratic  relationship, as would be expected, 
because rings and dicentrics result from the interac-
tion of two chromosome breaks, as previously de-
scribed. The linear component is a consequence of 
the two breaks resulting from a single charged par-
ticle. If the two breaks result from different charged 
particles, the probability of an interaction is a qua-
dratic function of dose. This also is illustrated for 
the formation of a dicentric in Figure 2.20.

If a suffi cient number of metaphases are 
scored, cytogenetic evaluations in cultured lym-
phocytes readily can detect a recent total body ex-
posure of as low as 0.25 Gy in the exposed person. 
Such studies are useful in distinguishing between 
“real” and “suspected” exposures, particularly in 
those instances involving “black fi lm badges” or 

to understand from Figure 2.19, which shows an 
interphase chromosome. It is a simple matter to 
imagine how two breaks may isolate a loop of 
DNA—an acentric ring—which is lost at a sub-
sequent mitosis. Deletions may be associated with 
carcinogenesis if the lost genetic material includes 
a tumor suppressor gene. This is discussed further 
in Chapter 10 on radiation carcinogenesis.

The interaction between breaks in different 
chromosomes is by no means random. There is 
great heterogeneity in the sites at which deletions 
and exchanges between different chromosomes 
occur; for example, chromosome 8 is particularly 
sensitive to exchanges. As mentioned previously, 
each chromosome is restricted to a domain, and 
most interactions occur at the edges of domains, 
which probably involves the nuclear matrix. Ac-
tive chromosomes are therefore those with the 
biggest surface area to their domains.

■  CHROMOSOME ABERRATIONS IN 
HUMAN LYMPHOCYTES

Chromosomal aberrations in peripheral lym-
phocytes have been used widely as biomarkers of 
 radiation exposure. In blood samples obtained for 
cytogenetic evaluation within a few days to a few 

FIGURE 2.15  (Continued) C: Ring (arrow). (Courtesy of Drs. Brewen, Luip-

pold, and Preston.)

C
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FIGURE 2.16  Anaphase chromosome preparation of Tradescantia paludosa. A: Nor-

mal anaphase. B: Bridge and fragment resulting from radiation (arrow). (Courtesy of 

Drs. Brewen, Luippold, and Preston.)

A

B

in  potential accidents in which it is not certain 
whether individuals who were at risk for exposure 
actually received radiation doses.

Mature T lymphocytes have a fi nite life span 
of about 1,500 days and are eliminated slowly 
from the peripheral lymphocyte pool. Con-
sequently, the yield of dicentrics observed in 

 peripheral lymphocytes declines in the months 
and years after a radiation exposure.

During in vivo exposures to ionizing radiation, 
chromosome aberrations are induced not only 
in mature lymphocytes but also in lymphocyte 
 progenitors in marrow, nodes, or other organs. 
The stem cells that sustain asymmetric aberrations 
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FIGURE 2.17  A: Formation of a symmetric  translocation. 

 Radiation produces breaks in two different prereplication 

chromosomes. The broken pieces are exchanged between 

the two chromosomes, and the “sticky” ends rejoin. This aber-

ration is not necessarily lethal to the cell. There are examples 

in which an exchange aberration of this type leads to the 

activation of an oncogene. See Chapter 10 on radiation carci-

nogenesis. B: Diagram of a deletion.  Radiation produces two 

breaks in the same arm of the same chromosome. What actu-

ally happens is illustrated more clearly in Figure 2.18.

A B

FIGURE 2.18  Fluorescence in situ hybridization of a metaphase spread from a cell that received 4 Gy. The 

hybridization was performed with a cocktail of DNA probes that specifi cally recognize each chromosome pair. 

Chromosome aberrations are demarcated by the arrows. (Courtesy of Dr. Michael Cornforth.)
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dicentrics  underestimates the dose and only stable 
aberrations such as translocations give an accurate 
picture. Until recently, translocations were much 
more diffi cult to observe than dicentrics, but now 
the technique of FISH makes the scoring of such 
symmetric aberrations a relatively simple matter. 
The frequency of translocations assessed in this 
way correlates with total body dose in exposed 
individuals even after more than 50 years, as was 
shown in a study of the survivors of the atomic 
bomb attacks on Hiroshima and Nagasaki.

(such as dicentrics) die in attempting a subsequent 
mitosis, but those that sustain a symmetric non-
lethal aberration (such as a translocation) survive 
and pass on the aberration to their progeny. Con-
sequently, dicentrics are referred to as “unstable” 
aberrations because their number declines with 
time after irradiation. Symmetric translocations, 
by contrast, are referred to as “stable” aberrations 
because they persist for many years. Either type of 
aberration can be used to estimate dose soon after 
irradiation, but if many years have elapsed, scoring 

FIGURE 2.19  Formation of a dele-

tion by ionizing radiation in an interphase 

chromosome. It is easy to imagine how 

two breaks may occur (by a single or two 

different charged particles) in such a way 

as to isolate a loop of DNA. The “sticky” 

ends rejoin, and the deletion is lost at a 

subsequent mitosis because it has no 

centromere. This loss of DNA may include 

the loss of a suppressor gene and lead to 

a malignant change. See Chapter 10 on 

radiation carcinogenesis.
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FIGURE 2.20  The frequency of chromosomal 

aberrations (dicentrics and rings) is a linear- 

quadratic function of dose because the aberra-

tions are the consequence of the interaction of 

two separate breaks. At low doses, both breaks 

may be caused by the same electron; the prob-

ability of an exchange aberration is proportional 

to dose (D). At higher doses, the two breaks are 

more likely to be caused by separate electrons. The 

probability of an exchange aberration is propor-

tional to the square of the dose (D2).
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■ Translocations are “stable” aberrations; 
they persist for many years because they 
are not lethal to the cell and are passed on 
to the progeny.
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SUMMARY OF 
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