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The broken genome: Genetic and pharmacologic approaches to
breaking DNA
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Abstract

The RecQ family of DNA helicases consists of specialized DNA unwinding enzymes that promote genomic stability through
their participation in a number of cellular processes, including DNA replication, recombination, DNA damage signaling,
and DNA repair pathways. Mutations resulting in the inactivation of some but not all members of the RecQ helicase family
can lead to human syndromes which are characterized by marked chromosomal instability and an increased predisposition
to cancer. An evolutionarily conserved interaction between RecQ helicases and topoisomerase 3s has been established, and
this interaction is important in the regulation of recombination and genomic stability. Topoisomerases are critical in the cell
because they relieve helical stress that arises when DNA is unwound. Topoisomerases function by breaking and rejoining
DNA. By inhibition of the rejoining function, topoisomerase inhibitors are potent chemotherapeutic agents that have been
used successfully in the treatment of hematologic malignancies and other cancers. This review discusses the roles of RecQ
helicases in genomic stability, the interplay between RecQ helicases and topoisomerase 3s, and current and future prospects
for targeting these interactions to develop novel anticancer therapies.

Key words: Anticancer therapies, Bloom syndrome (BS), cancer, DNA repair, genomic instability, recombination, RecQ
helicases, topoisomerase 3s, topoisomerase inhibitors

a number of cellular processes, including DNA
replication, recombination, and repair. There are
five distinct RecQ helicase genes in mammalian
genomes, referred to as RECQLI, BLM, WRN,
RECQL4, and RECQLS5. Mutations in three of the
five human RecQ helicases, BLM, WRN, and
RECQL4, result in the rare, autosomal recessive

Introduction

Genomic instability is a cellular condition in which
mutations accumulate at higher rares than normal.
Genomic instability is the central feature of a
sizeable group of human syndromes in which a
defect results in one of the various processes that

respond to DNA damage. Although the clinical
manifestations of the genomic instability syndromes
vary widely, cancer predisposition is a common
diathesis. An acquired genomic instability is also a
common feature of sporadic cancers, under-
scoring the importance of genomic instability in
carcinogenesis.

The RecQ family of DNA helicases is highly
conserved from bacteria to man. These enzymes
harness the energy from the hydrolysis of adenosine
triphosphate (ATP) to separate complementary
strands of DNA. This is a necessary component of

disorders Bloom syndrome (BS), Werner syndrome
(WS), and Rothmund-Thomson syndrome (RTS),
respectively (1). These disorders feature distinct
forms of genomic instability that shed light on a
group of important functions at the interface of
DNA replication and recombination. While these
genetic diseases are uncommon and affect only a
small proportion of the population, they offer an
excellent model in which to study the link between
genomic stability and cancer. In this article, we
focus on the role of the RecQ helicases in protection
from cancer development and explore how RecQ
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Abbreviations

ATM ataxia-telangiectasia mutated
ATP adenosine triphosphate

ATR ataxia-telangiectasia related
BLM Bloom syndrome gene product
BRCAl breast cancer gene product 1

FANCD2 Fanconi anemia gene product D2
MRN Mrel1/Rad50/Nbs1 complex
PML promyelocytic leukemia protein

RecQ recombination gene product Q in
Escherichia coli
UV ultraviolet

helicase functions can be targeted in anticancer
therapy.

RecQ helicases are specialized DNA unwinding
enzymes that bind to recombination
intermediates

All RecQ helicases are defined by a helicase region
that consists of seven highly conserved amino acid
sequence motifs (I, Ia, II-VI) (Figure 1). Helicase
motifs I and II are homologous to the Walker boxes
A and B that are common to many ATP-binding
proteins. Two additional regions are also found in
most RecQ family members—the RecQ C-terminal
(RQCQC) region, which is required for DNA helicase
activity and which also mediates specific protein-
protein interactions, and the Helicase and RNaseD
C-terminal (HRDC) domain, which participates in
modulating specific protein-nucleic acid interac-
tions. Aside from these regions, RecQ helicases
share little sequence homology. The highly variable
N-terminal regions present in many RecQ helicases
mediate specific protein-protein interactions that
dictate unique functions of the respective family
member. Most RecQ family members possess DNA-
dependent ATPase and ATP- and Mg**-dependent
DNA unwinding activities. They unwind DNA in a
3'— 5’ direction with respect to the strand on which
the enzyme is bound. Their preferred substrates
resemble DNA replication and recombination inter-
mediates, including forked DNA structures,
Holliday junctions, G-quadruplex DNA (G4-
DNA) and D-loops, suggesting that RecQ helicases
play important roles in recombination.

In addition to heterogeneity in protein-protein
interactions, there is catalytic heterogeneity, as
WRN possesses an exonuclease activity in its N-
terminal region, whereas RECQL4 lacks detectable
DNA unwinding ability but possesses ATPase and
ssDNA annealing activities (2).

Key messages

® RecQ  helicases are specialized DNA
unwinding enzymes that play critical roles
in maintaining the integrity of the genome
through their participation in DNA
replication, recombination, and repair
pathways, and by responding to DNA
damage.

® Mutations in three human RecQ helicases,
BLM, WRN, and RECQL4, result in
Bloom syndrome, Werner syndrome, and
Rothmund-Thomson syndrome, respec-
tively. All three syndromes feature striking
genomic instability and cancer predisposition.

® RecQ helicases and topoisomerase 3s
physically and functionally interact.
Topoisomerases control DNA topology in
the cell, and inhibition of their functions
causes DNA breaks; therefore these enzymes
are useful targets for anticancer therapies.

Functional homology between the microbial
RecQ helicases and BLM

The RecQ family is named after the single
Escherichia coli recQ gene, originally isolated in a
screen for mutants resistant to thymineless death
(3). RecQ is a component of the RecF recombina-
tion pathway, which was initially characterized in
plasmid recombination assays (4). However, its
main function is in DNA replication where recom-
bination can be used to restore damaged replication
forks. For example, RecQ acts to ameliorate
replication fork stalling at sites of ultraviolet (UV)
damage (5). Certain DNA substrates generated
during replication can promote inappropriate
recombination, and RecQ suppresses inappropriate
replication-associated recombination (6,7).

In yeast, there are single RecQ homologues—
SGS1 in Saccharomyces cerevisiae (budding yeast)
and rqhl+ in Schizosaccharomyces pombe (fission
yeast). sgsI and rghl null mutants exhibit an
increased rate of illegitimate, homologous, and
homeologous recombination (8,9), retarded prolif-
eration rates, chromosome instability, and hyper-
sensitivity to a number of DNA damaging agents,
including hydroxyurea (HU), methyl methanesulfo-
nate (MMS), UV irradiation, and the topoisomerase
I inhibitor, camptothecin. This group of phenotypes
closely resembles the cellular phenotypes of cells
deficient for the RecQ helicase BLM (see below).
Indeed, expression of the human BLM gene in a
yeast sgs1 null cell can substitute for the mutant gene
and suppress some of the sgs! hyper-recombination
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Figure 1. Structural features of the RecQ helicase catalytic core. The BLM helicase was modeled using the crystal structure of the catalytic
core from E. Coli RecQ (49-51) which only includes the helicase (yellow) and RQC (light blue) regions. Additionally, the seven helicase
motifs and RQC domain are each displayed in a different color which corresponds to the schematic diagram (top): motif I (red), Ia
(orange), II (dark blue), III (green), IV (purple), V (cyan), VI (fuchsia). The N and C termini and conserved HRDC domain (all shown in
black) are not included in the structural representation of BLM. Diagram consisting of a-helices (cylinders), fi-sheets (arrows), and variable
regions (ribbons). The ATP binding site is indicated with an arrow (red). The E. coli RecQ structure was used to map 10 corresponding
positions of 12 characterized BS missense mutations, shown with their original amino acid side chains. The mutations are indicated with an
arrow (black) and listed as follows with the corresponding E. coli RecQ residue in parentheses. Helicase region: Gln672Arg (Gln30),
Gly891Glu (Gly239), Cys901Tyr (Val249), Gly952Val (Gly299), His963Tyr (His310), Cys878Arg (LLeu227); RQC region: Cys1036Phe
(Cys380), Cys1055Ser (Gly392), Cys1055Gly (Gly392), 1055Arg (Gly392), Asp1064Val (Asp401), Cys1066Tyr (Cys402).

phenotypes (10). Hence, we will focus on the BLM
helicase as the paradigmatic RecQ helicase in the
remainder of this review.

BLM helicase deficiency results in genomic
instability and cancer

Homozygous or compound heterozygous mutations
in the BLM gene are associated with BS. BS is
characterized by small but proportional size, a sun-
sensitive facial erythema, hypo- and hyperpig-
mented skin lesions, immune deficiency, infertility
in males and sub-fertility in females, a paucity of
subcutaneous fat and defects in sugar metabolism,
susceptibility to type 2 diabetes, and, most promi-
nently, a predisposition to cancers (11). The cancer
predisposition in BS is notable for its high incidence,
broad spectrum (including leukemia, lymphoma and
carcinomas), early diagnosis relative to the same

cancer in the general population, and the develop-
ment of multiple cancers in single individuals
Table 1.

At the cellular level, BS somatic cells exhibit
striking chromosome instability. The most charac-
teristic chromosomal abnormalities of BS cells are
the quadriradial (a symmetrical, four-armed config-
uration, composed of a pair of homologous chromo-
somes that apparently have undergone somatic
crossing-over) and the sister-chromatid exchange
(SCE)—an exchange event between the sister
chromatids (12). In metaphases prepared from
normal fibroblasts, the average number of SCEs is
approximately 8; in metaphases from BS fibroblasts,
the average is approximately 55 SCEs, which is a 7-
fold difference. Accordingly, high levels of SCEs
are diagnostic of BS. In addition to this evidence of
excessive recombination, BS cells display excesses
of chromatid breaks and gaps, dicentric and
ring chromosomes, acentric fragments, pulverized
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Table I. The first 100 cancers documented in the Bloom’s Syndrome Registry.

Type Site/Organ Number of cases Average age at diagnosis
Carcinoma Breast 7 37
Large intestine 13 33
Esophagus 4 42
Pharynx 5 40
Skin 10 30
Larynx 3 30
Lung 1 39
Stomach 2 29
Uterus 5 26
Lymphoma Hodgkin’s disease 2 18
Non-Hodgkin’s disease 20 19
Leukemia Lymphocytic 7 18
Non-lymphocytic 15 19
Rare cancers Osteogenic sarcoma 2 16
Wilm’s tumor 2 4
Medulloblastoma 1 1
Metastatic to liver Primary site unknown 1 30

*Data represents 100 cancers diagnosed in 71 persons in the Registry which at the time included 168 individuals (12). Notably, 29/168
persons in the registry were diagnosed with two or more (up to five) primary cancers.

metaphases, telomere associations, and anaphase
bridges. All of these abnormalities can be detected in
cells from normal individuals, but the abnormalities
are present at much higher levels in BS.

BS cells are also hypersensitive to certain geno-
toxic agents (e.g. ultraviolet light, mitomycin C, and
topoisomerase inhibitors) (13). At the molecular
level, BS somatic cells accumulate locus-specific
mutations at elevated rates (14). The increased rate
of somatic mutations in concert with the increased
rate of recombination between homologs in BS
cells provides an explanation for the high incidence
of cancers in persons with the syndrome. Con-
sequently, BS is an important model for under-
standing how molecular mechanisms that suppress
excessive recombination maintain genome integrity
and how failure to suppress excessive recombination
promotes carcinogenesis.

Of the 64 unique mutations in the BLM gene that
have been characterized in persons with BS in the
Bloom’s Syndrome Registry, 54 cause premature
termination of translation (nonsense, frameshift,
exon-deletion, and splice-site mutations), and 10
are missense mutations (15). Northern and Western
analyses indicate that the premature translation-
termination mutations are null mutations because
the BLM mRNA and BLM protein products are
missing in cells that harbor this type of mutation.
However, BLM mRNA and protein are present in
cells that harbor missense mutations. The ten
missense mutations localize to highly conserved
residues of the helicase and RQC regions of
BLM (Figure 1). Purification of recombinant BLM
proteins that contain the specific BS missense

mutations Gly672Arg and Cys1055Ser demon-
strated that they result in catalytically inactive
helicases. Moreover, expression of the Gly672Arg
and Cys1055Ser mutant proteins in BLM-deficient
BS cells does not correct their high SCE phenotype,
indicating that BLM helicase activity is required for
its function in the maintenance of genome integrity
(16).

Nuclear preparedness: BLM, PML nuclear
bodies, and control of access to substrates

BLM is a nuclear protein the levels of which are
regulated during the cell cycle, being expressed at its
highest levels in the DNA synthesis phase (S phase)
(17). BLM also adopts a characteristic protein
distribution in the nucleus. In normal, undamaged
cells, BLM is distributed throughout the nucleo-
plasm in fine granules and in focal concentrations
recognized as the promyelocytic leukemia (PML)
nuclear bodies (PML-NBs, which are also known as
nuclear domains 10 and PML oncogenic domains)
(18). The PML-NBs number from 10 to 30 per
nucleus, and they range in size from 0.2 to 1 micron.
The PML-NBs contain a wide variety of proteins.
Besides BLM, the PML-NBs contain other DNA
repair proteins, including topoisomerase IIlx, p53,
and the MRN complex (MRE11/RAD50/NBS1).
Mutations in the p53, MRE11, and NBS1 genes are
associated with human syndromes that feature
genomic instability and cancer predisposition. The
PML-NBs also contain proteins involved in RNA
transcription, apoptosis, antiviral defense, and tumor
suppression. It is thought that the PMIL-NBs control
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the availability of protein components for various
nuclear processes by regulating the dynamic shut-
tling of proteins from the PML-NBs to the
nucleoplasm and back again (19).

The PML protein is one of the major structural
components of the PML-NBs. Although PML
knockout mice (PML™~'") are viable, they are highly
susceptible to developing tumors after treatment
with carcinogens (20). Proteins that are normally
focally concentrated in the PMIL-NBs, including
BLM, are not concentrated in foci in PML ™'~ mice;
however, ectopic expression of PML causes the re-
formation of PML-NBs. Mouse embryonic fibro-
blasts (MEFs) from PML ™'~ mice exhibit a two-fold
higher frequency of SCEs than PML'" mice,
consistent with a role for the PML-NBs in main-
tenance of genome integrity. The two-fold increase
in SCEs compares to the > six-fold increase detected
in BS cells. Thus, although the increase in genomic
instability in the PML knockout mouse is modest, it
could explain the cancer susceptibility seen in this
animal. Because BLM is mislocalized in PML ™'~
mice, the data also suggest that localization of BLM
to the PML-NBs is important in BLM’s ability to
properly regulate excessive recombination (21).
Consistent with this observation, expression in
BLM-deficient BS cells of a deleted form of human
BLM that is unable to concentrate focally in the
PML-NBs only reduces the frequency of SCEs by
half (22), supporting the hypothesis that the PML-
NBs play a key role in BLM’s access to SCE-
producing DNA substrates.

DNA repair proteins gather in DNA damage
foci to effect damage signaling and repair

In cells treated with DNA-damaging agents (e.g. y
irradiation, DNA cross-linking agents, and ultra-
violet irradiation) BLM migrates out of the PML-
NBs and focally concentrates with other proteins,
including phosphorylated histone H2AX (yH2AX),
and the tumor suppressor proteins BRCAI,
FAND2, and the MRN complex at sites of DNA
damage—forming DNA damage-inducible (DDI)
foci. The recruitment and accumulation of DNA
repair proteins at the DDI foci are important steps
in DNA repair and DNA damage signaling. YH2AX
(23,24) is the prototypic DDI focus protein. Phos-
phorylation of H2AX occurs in a large chromatin
domain adjacent to the site of DNA damage (25);
the antibody that recognizes YH2AX is widely used
to mark DNA lesions. Intriguingly, mouse H2AX
knockouts have defects in recombinational repair of
DNA double strand breaks and elevated SCEs
(26).

Another protein that is important in the formation
of DDI foci is the Fanconi anemia (FA) protein
FANCD?2. FA is an autosomal recessive, chromo-
some instability syndrome that features develop-
mental defects, sensitivity to DNA cross-linking
agents, and cancer predisposition. There are at least
ten genes that when mutated result in FA. Most of
the FA gene products are components of a multi-
protein complex that controls the localization and
function of the FANCD?2 protein in response to
DNA damage. One of the gene products in the
complex, FANCL, modifies FANCD2 with a single
moiety of ubiquitin. Ubiquitin modification of
FANCD?2 is an important step in the formation of
DDI foci (27). FANCD?2 is also a key player in the
recruitment of the breast cancer gene products
BRCA1 and BRCA2 to chromatin (27,28).
Persons who are born with single BRCAZ2 null
mutations have a high risk of breast cancer develop-
ment, whereas persons who are born with two
BRCAZ2 mutations—one null and the other a C-
terminal BRCAZ2 truncation mutation—develop
Fanconi anemia. Thus, BRCA2 is not only a breast
cancer susceptibility gene, but also the FA gene
FANCDI. Conversely, the FA genes are implicated
in breast cancer predisposition.

Taken together, the observation that mutations in
many of the genes encoding proteins involved in the
maintenance of genomic stability in association with
BLM are linked to cancer or cancer predisposing
syndromes underscores the direct link between
genomic instability and cancer.

BLM and DNA damage signaling during the S
phase of the cell cycle

DDI foci can also be induced by treatment of cells
with inhibitors of DNA replication such as hydro-
xyurea (HU), a ribonucleotide reductase inhibitor
that stalls DNA polymerase on the DNA template by
limiting it for nucleotides. After treatment of cells
synchronized in S phase with DNA-damaging agents
or HU, BLM associates with sites of stalled or
stressed replication forks within minutes of drug
treatment (23). In normal cells, stalling replication
forks with DNA damage or by HU treatment causes
increased SCEs. Therefore, it is tempting to spec-
ulate that BLM normally regulates recombination
events that are induced by stalling or stressing
replication forks.

Damage recognition and signaling during S phase
is clearly a highly regulated process, as many normal
DNA substrates that are generated during DNA
replication could be recognized as DNA damage.
DDI foci that arise during replication stress contain



many of the proteins that are components of the
classic y irradiation-induced foci. Several lines of
evidence indicate that BLM has important roles in
regulating the assembly of S phase DDI foci.
Accumulation of BRCAI1 protein and the MRN
complex in S phase DDI foci is partially dependent
on BLM, because the recruitment of these proteins
occurs with slower kinetics in BLM-deficient BS
cells (23,29). BLM also regulates the recruitment of
p53 to the DDI foci (30). If p53 is degraded in BS
cells, the kinetic defect in the accumulation of
BRCA1 and the MRN complex at DDI foci is
alleviated (23). Because BLM is one of the earliest
components to associate with S phase DDI foci, and
because it is interacts with the major signaling
factors known to be involved in DDI focus for-
mation (FANCD2, BRCA1, p53, and the MRN
complex), it is possible that BLM is involved both in
sensing DNA damage and in the process of signal-
ing the presence of DNA damage, specifically in S
phase.

Over the years, a large number of proteins have
been shown to interact physically with BLM. BLM
interacts directly with the DNA damage response
kinases ATM (ataxia-telangiectasia mutated) and
ATR (ataxia-telangiectasia related) and the p53
gene. Some of these proteins with which BLM
interacts can be isolated in large soluble complexes
with BLM. One of these complexes is called BRAFT
for the components BLLM, the single stranded DNA
binding protein RPA (p70, p32, and pl14) (31), the
FA gene product FANCA, and topoisomerase IIlo.
BRAFT also includes the novel protein referred to as
BLAP75 (32). BLM also interacts with the mis-
match repair protein MLLH1 (33), and the entire FA
complex can be immunoprecipitated with BLM
(31). The immunoprecipitation data suggest that
BLM is associated with different groups of proteins
at different times or under different cellular condi-
tions. How these proteins and their activities are
integrated into the biochemical pathways that
regulate recombination is still unclear. It has been
hypothesized that the BLM complex functions to
disentangle interlinked DNA strands that are gener-
ated normally during DNA replication (34), but
clearly BLM has additional roles in DNA damage
response and signaling, and its part in the tangled
network of protein interactions requires further
study.

BLM gene dosage and mouse models of Bloom
syndrome

Mouse models of BLM helicase deficiency have
recapitulated the human disease phenotypes and
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provided novel insights into disease mechanisms.
Several different mutated BLAM alleles have been
produced, and their effects on mouse development
and the development of disease have been char-
acterized. Phenotypic variation between mouse
mutants is related to the type of mutation that was
experimentally generated and the dosage of BLM
protein. The null mutations that have been pro-
duced all result in the complete loss of normal BLM
protein. A ‘hypomorphic’ mutation was produced
that results in a quantitative reduction in the
expression of normal protein.

Three groups have produced multiple null alleles
of the mouse BLM gene (a BLM  allele) and one of
these groups also produced a hypomorphic BLM
mutation (the BLM™? allele). The phenotype of the
homozygous null (BLM ’~) mouse is embryonic
lethal with developmental delay, attributed to
increased apoptosis in the epiblast, and anemia that
leads to death by embryonic day 13.5 (Figure 2).
Similar to the human BS cells, homozygous null
mouse cells exhibit a five-fold increase in SCEs and
chromosome breakage. The BLM™? allele pro-
duces approximately 25% of normal BLM protein.
BLM™""™? or BLM™?'~ mice are viable and devel-
opmentally normal but have levels of SCE and chro-
mosome breakage that are slightly lower than those
in BLM ™'~ mice. A similar observation was made in
BS cells, in which varying amounts of SCE reduc-
tion correlate with the amount of ectopic expression
of BLM introduced experimentally on an expres-
sion vector. Cancer incidence in BLM™?"? and
BLM™”'~ mice is dramatically increased, with 40%
and 76% of mice, respectively, developing a cancer
by 2 years (35). A wide range of cancer types and
sites were recorded, with diffuse lymphomas and
adenomacarcinomas being the most common types.
These observations confirm the classical connection
made between excessive recombination and cancer
predisposition in BS.

Heterozygous BLM"~ mouse cells have a small
increase in SCEs and micronuclei formation (micro-
nuclei formation is one indicator of DNA breakage).
Increased cancer susceptibility in this mouse was
demonstrated by crossing in a mutation in the APC
gene (the so-called min mouse); the resulting
BLM""APC"~ mice develop adenomas at an
increased rate. In addition, the time to death after
infection with murine leukemia virus is faster in
BLM"~ mice compared to the wild-type mice.
Human BLM heterozygotes do not exhibit increased
SCEs, but heterozygotes have an increased sus-
ceptibility to colorectal cancer, suggesting that
the dosage levels of BLM are also important in
human cells. Thus, although the null mutation in
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Figure 2. Distinct phenotypes observed in mice that express varying levels of Bloom protein: graphical depiction of the relationship between

the level of normal BLM expression on the one hand and genomic instability and cancer susceptibility on the other. The null BLM™

/—

mutation which results in the complete absence of BLM protein causes embryonic lethality. Hypomorphic BLM"™?"” mice produce 25% of
the normal Bloom protein level and exhibit increased SCEs (3-fold higher than normal) and chromosome breakage (3.4-fold higher),
accompanied by spontaneous cancer development. Heterozygous BLM"' ™ mice produce 50% of the normal BLM protein levels and also
exhibit increased SCEs (1.5-fold higher than normal), chromosome breakage (1.3-fold higher), and cancer susceptibility in the Apc min

mouse.

mouse is more severe than the BS null mutations in
humans, varying levels of BLM expression produce
a gradient of effects on SCE levels and genomic
instability, resulting in cancer susceptibility in
both humans and mice. These data emphasize the
importance of gene dosage in maintaining genome
integrity for BLM, and similar observations have
now been made for many other DNA repair proteins
as well.

Break and rejoin: topoisomerases and
topoisomerase inhibitors in cancer

Topoisomerases are ubiquitous enzymes that are
also conserved from bacteria to man. They function
to maintain normal DNA topology, a critical
requirement in any cellular pathway that involves
separating the DNA strands, including DNA repli-
cation, recombination, and RNA transcription, and
they are involved in chromosome mechanics (i.e.
condensation and decondensation of the chromo-
somes, a process that takes place before and after
both meiosis and mitosis) (36). The catalytic
function of these enzymes is to relax positive or
negative DNA supercoiling. There are three classes

of topoisomerases: types IA, IB, and II. Type I
topoisomerases include the bacterial and eukaryotic
topoisomerases I and III. These enzymes possess a
monomeric structure and are ATP-independent in
their ability to relax DNA by introducing a single-
strand break, passing a single DNA strand through
the break, and subsequently rejoining the DNA.
Type I topoisomerases have been further subdi-
vided, based upon which side of the DNA break the
enzyme binds as it forms its catalytic intermediate,
referred to as the cleavage complex (37). The
designation of type IA indicates that the enzyme is
covalently bound to the 5’ end of the cleaved DNA,
whereas type IB denotes that the enzyme is
covalently bound to the 3’ end of cleaved DNA.
Type II topoisomerases include bacterial DNA
gyrase and topoisomerase IV and eukaryotic topoi-
somerase II. They are homodimeric proteins and
function similarly to type I class except they
introduce a double strand break in an ATP-
dependent manner (37). Moreover, this class of
enzymes can catenate/decatenate, knot/unknot, and
introduce supercoils into DNA. To date, seven
topoisomerase genes have been identified in eukar-
yotes: the type I topoisomerases TOPI, TOPImt,



TOP3A, and TOP3B, and the type II topoisomerases
TOP2A, TOP2B, and SPO11 (38). These enzymes
can have specialized functions. For instance, relaxa-
tion of DNA supercoiling that arises during RNA
transcription in catalyzed by topoisomerase I,
and DNA double strand breaks that initiate recom-
bination during meiosis are catalyzed by SPOI11.
In mammals, the TOPI! and TOP3A genes are
essential.

Given that the normal function of topoisomerases
is to introduce breaks in DNA, an attractive
hypothesis is that drugs that interfere with the
normal function of topoisomerases by stabilizing
the DNA damage introduced by the transient
cleavage complexes should be potent anticancer
agents. Indeed, it has been recently shown that this
is the mechanism of action of agents long used as
chemotherapeutics, such as camptothecin and the
anthracyclines. Topoisomerase inhibitors are
divided into two classes. Class I drugs are referred
to as topoisomerase poisons, because, by trapping
the enzyme as it cleaves DNA, they transform it into
a potent apoptosis-inducing cellular toxin. In con-
trast, class II drugs interfere with the normal
enzymatic function of type II topoisomerases, but
do not stabilize the enzyme-DNA complex.

The prototypical inhibitor of type I topoisome-
rases is camptothecin (38). It and its related water-
soluble derivatives topotecan and irinotecan are
unique in that their only known target is topoisome-
rase I. They rapidly permeate cells, and bind to the
topoisomerase I cleavage complex. Because of the
reversible nature of this interaction, however, pro-
longed infusions are required for them to maintain
persistently the topoisomerase I cleavage complexes.
These transient complexes are converted into
irreversible topoisomerase I-DNA covalent com-
plexes and then into double strand breaks by
replication that interact with the cleavage complexes
when migrating replication forks collide with them.
Hence, cells are only sensitive to camptothecin-
family-mediated cytotoxicity during S phase (39).
Clinically, irinotecan has been shown to be active in
colon cancer, as well as breast, gastric, and small cell
lung cancers, whereas topotecan is used primarily in
the treatment of ovarian cancer, head and neck
cancer, and malignant gliomas. The clinical use of
the parental compound, camptothecin, has been
limited by significant toxicities, primarily hemor-
rhagic cystitis and profound myelosuppression.
These are significantly improved in its derivatives,
whose primary toxicities are bone marrow suppres-
sion and diarrhea.

Drugs that inhibit type II topoisomerases by
stabilizing the cleavage complex are divided into
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two categories: DNA intercalating agents and non-
intercalating agents (37). Intercalators include acri-
dine compounds, anthracyclines, actinomycin
antibiotics, and ellipticines. They are used in the
treatment of a variety of cancers and are thought to
act by inducing the unwinding of the DNA helix and
concomitant generation of DNA strand breaks.
Nonintercalators include the epipodophyllotoxins
(etoposide) and the isoflavodins. While the mechan-
ism by which the isoflavodins act remains contro-
versial, the epipodophyllotoxins are comprised of
two domains, one of which binds to type II
topoisomerases, and the other of which binds
DNA. Together, they act to inhibit the resealing of
the type II topoisomerase-induced double strand
break. Class 2 drugs that inhibit the catalytic activity
of type II topoisomerases but do not stabilize the
enzyme-DNA complex are also used as anticancer
agents. These include the coumarins, fostriecin
analogues, and other agents. Because the expression
of type II topoisomerases is cell-cycle-dependent, it
is expressed at higher levels in proliferating cells than
in quiescent cells. Consequently, proliferating cells
are more sensitive to these drugs than are quiescent
cells.

A devastating complication of treatment with type
II topoisomerase inhibitors, in particular the epipo-
dophyllotoxins and anthracyclines, is therapy-
induced acute myelogenous leukemia (t-AML)
(40). Although t-AML is induced by other agents
as well, topoisomerase type II inhibitor-induced t-
AML is characterized by chromosomal rearrange-
ments involving the MLL or AMLI genes, a latency
period of less than 2 years, and a dismal prognosis.
Given that these drugs act reversibly to stabilize the
cleavage complex, it is not surprising that, for
etoposide, the risk is associated primarily with
dosing schedule rather than cumulative dose.

Progress in the use of topoisomerase inhibitors to
treat cancer will very likely proceed on several fronts.
First, new topoisomerase I inhibitors unrelated to
camptothecin are being developed, with a wider
range of activity, a better pharmacokinetic profile,
and fewer toxicities. Second, genetic biomarkers are
being employed to identify patients at risk for the
toxic side effects of these drugs, such as polymorphic
variants in genes encoding UDP-glucuronosyl trans-
ferase 1A1 isozymes that catalyze the inactivation of
irinotecan (41). Third, rational drug combinations
will be explored that maximize the synergistic effects
of topoisomerase inhibitors with other DNA-dama-
ging agents. Finally, agents to overcome resistance to
these drugs will be developed, one recent example of
which is the use of imatinib mesylate to reverse
irinotecan insensitivity (42).
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DNA topology and genomic integrity:
topoisomerase IIla and BLM

Yeast cells that harbor a null mutation in their
topoisomerase 3 gene (top3) grow slowly (due to
partial lethality) and exhibit excessive recombination
and chromosome loss (43,44). The sole recQ gene in
budding yeast SGS1 was first identified as a
suppressor of the slow growth phenotype character-
istic of zop3A cells (45), that is, cells that are double
mutant sgsIA/top3A grow better than rop3A cells.
Although the phenotypes are not as extreme as in
top3A cells, sgs1A cells also exhibit elevated levels of
recombination and hypersensitivity to the DNA-
damaging agent MMS. These observations led to the
discovery that the Sgs1 and Top3 proteins physically
interact (45).

The importance of the RecQ and topoisomerase
interaction is evidenced by its conservation in many
species. In E. coli, RecQ functionally interacts with
topoisomerase 3 to catenate and decatenate cova-
lently closed plasmid DNA molecules, going
through a hemicatenated DNA intermediate (46).
In fission yeast, its sole RecQ helicase Rghl also
interacts with Top3, and mutation of rghl sup-
presses the lethal phenotype of the rp3 null
mutation. How the RecQ mutation suppresses the
top3 mutation is unclear, but hypothetically Top3
depends on the RecQ helicase for substrate, and
generation of the substrate without resolution by
Top3 produces an unresolvable DNA intermediate.
Finally, human BLM interacts with topoisomerase
Ilo (47).

In addition, there is conservation in sequences
that mediate the interaction. In budding yeast, the
region of Sgsl that mediates the interaction with
Top3 is in the N-terminal 45 amino acids. In
humans, it is in the N-terminal 133 amino acids of
BLM, and in fission yeast in the N-terminal 322
amino acids of Rgh1l. Amino acid homologies within
these regions are observed. In yeasts, suppression of
the zop3 phenotypes occurs in the presence of an
SGS1 gene that is deleted or mutated in its Top3-
interaction region.

As mentioned above, in human cells, both BLM
and topoisomerase IIlo are focally concentrated in
the PML-NBs. However, in BLM-deficient BS cells,
topoisomerase IIlx is not in PML-NBs. Ectopic
expression in BS cells of BLM causes topoisomerase
IIIo to relocalize to the PML-NBs, but expression of
an interaction incompetent form of BLM fails to
cause relocalization, indicating that BLM recruits
topoisomerase IIlx to the PML-NBs. Furthermore,
expression of the interaction incompetent BLM is
unable to restore fully the number of SCEs to
normal levels, suggesting that the interaction

between the two proteins is important for efficient
maintenance of genome integrity.

The BLM/topoisomerase IIlx complex has the
ability to resolve substrates that resemble double
Holliday junctions—an activity that neither protein
has on its own (48). The double Holliday junction is
an intermediate that is thought to arise during the
recombinational repair of double strand breaks.
Thus, one interpretation of the genetic and biochem-
ical data is that the RecQ helicase-topoisomerase 3
complex specifically processes the Holliday junctions
that arise during the repair of stressed replication
forks. In the absence of the RecQ helicase, as in BS or
sgsl cells, this substrate can be resolved by other
proteins but it leads to crossing-over (e.g., SCEs).
Thus, based on the sensitivity of BS cells to damag-
ing agents and the efficacy of topoisomerase inhibi-
tors as anticancer therapeutic agents, we suggest that
targeting the BLM-topoisomerase IIlx interaction for
pharmaceutical inhibition could enhance the efficacy
of topoisomerase inhibitors in cancer treatment.

Concluding remarks

The association between genomic instability and
cancer susceptibility has been amply established by
the study of RecQ DNA helicases in human genetic
syndromes in which these proteins are absent. RecQ
helicases interact physically and functionally with
many other DNA repair proteins at the sites of DNA
damage, and they are important in DNA damage
signaling. Reduced RecQ protein levels (for exam-
ple, in heterozygotes) partially compromises repair
functions and increases cancer susceptibility. One of
RecQ’s important functions in repair is in DNA
replication-associated recombination, which is a
mechanism that can repair DNA double strand
breaks and can restart stalled replication forks.
RecQ’s interactions with topoisomerase 3s, which
are important in these repair functions, provide
novel targets for chemotherapy.
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