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Abstract

Purpose of review—This review highlights recent findings about the known DNA repair

machinery, its impact on chromosomal translocation mechanisms and their relevance to leukemia

in the clinic.

Recent findings—Chromosomal translocations regulate the behavior of leukemia. They not

only predict outcome but they define therapy. There is a great deal of knowledge on the products

of leukemic translocations, yet little is known about the mechanism by which those translocations

occur. Given the large number of DNA double-strand breaks that occur during normal progression

through the cell cycle, especially from V(D)J recombination, stalled replication forks or failed

decatenation, it is surprising that leukemogenic translocations do not occur more frequently.

Fortunately, hematopoietic cells have sophisticated repair mechanisms to suppress such

translocations. When these defenses fail leukemia becomes far more common, as seen in inherited

deficiencies of DNA repair. Analyzing translocation sequences in cellular and animal models, and

in human leukemias, has yielded new insights into the mechanisms of leukemogenic

translocations.

Summary—New data from animal models suggest a two hit origin of leukemic translocations,

where there must be both a defect in DNA double-strand break repair and a subsequent failure of

cell cycle arrest for leukemogenesis.
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Introduction

The recognition that specific balanced chromosomal translocations not only were diagnostic

of acute leukemia but also defined the future behavior of the disease was a seminal advance.

Understanding how these translocations generated acute leukemias consumed much of the

attention of those working in this area. The paradigm has been that acute leukemia required

two genetic lesions, one which blocks differentiation of hematopoietic progenitors, usually a

translocation that predates the formation of leukemia, and one that occurs later and
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stimulates proliferation, usually a point mutation [1]. However, the question of how such

translocations are generated in the first place has received less attention. The mechanisms by

which translocations originally occur are just beginning to be understood, as the pathways

that repair DNA double-strand breaks (DSBs) are defined.

Requirements for chromosomal translocations

Chromosomal translocations require at least two simultaneous DSBs in separate

chromosomes. A reciprocal translocation occurs when the free double-strand ends (DSEs)

from one chromosome are ligated to the DSEs from the other. Thus, chromosomal

translocations result from misrepair of DSBs. DSBs can be repaired through two major

pathways, homologous recombination and nonhomologous end joining (NHEJ), both

described below.

Chromosomal translocations reflect exchanges of chromosome arms and can theoretically

occur between any loci on any two chromosomes. However, half of random exchanges

produce unbalanced translocations that result in dicentric and acentric chromosomes (Fig.

1). Dicentric chromosomes typically cause lethal DSBs during mitosis, and acentric

fragments are mitotically unstable and usually lost. Cells that manage to survive after

forming a dicentric chromosome will usually show dramatic chromosomal instability as a

result of breakage–bridge–fusion cycles, which are also a common outcome of telomere loss

[2,3]. Translocations can also be reciprocal, with arms from different chromosomes

switching places, or nonreciprocal if only one arm transfers to the broken end of another

chromosome. Most leukemia translocations are reciprocal translocations. Although

reciprocal translocations can arise by crossing over during homologous recombination, most

translocations appear to arise by NHEJ [4,5].

Because translocation involves joining fragments from different chromosomes, the basic

requirements are two simultaneous DSBs, juxtaposition of the involved chromosomes, and

abnormal DSB repair. There has been some debate about whether chromosomal

translocations that are commonly seen in cancer reflect biases in DSB formation and

chromosome juxtaposition or tumorigenic selection pressure. Even when it is clear that

translocations result from defined DSBs, the requirement for rapid and uncontrolled growth

imposes a strong selection for oncogene activation or tumor suppressor inactivation, and this

selection pressure adequately explains translocation patterns in many cancers.

Translocations are greatly enhanced when DSBs occur simultaneously in two chromosomes

[5]. For translocations to occur, the two broken ends at a DSB must first dissociate from

each other and associate with broken ends from a different chromosome. Chromosomes

occupy territories within the nucleus [6], suggesting another reason why DSBs at a certain

locus may lead to a limited set of translocation products. For example, three-dimensional

fluorescent in-situ hybridization (3D-FISH) analysis showed that mixed lineage leukemia

(MLL) and its translocation partners, Eleven–nineteen leukaemia protein (ENL) and AML

fused gene from chromosome 4 (AF4) are adjacently located in interphase nuclei [7]. Two

factors that may regulate chromosome DSB end-coordination during NHEJ and homologous

recombination are the Ku70/Ku80 heterodimer, which has end-binding, end-protection, and
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self-association activities, and the RAD50 subunit of the MRE11/RAD50/NBS1 (MRN)

complex.

RAD50 is a member of the structural maintenance of chromosomes (SMC) protein family

that may prevent translocations and other types of aberrant DSB repair by tethering broken

ends [8]. Because translocations predominantly arise via NHEJ, it was surprising that the

Ku70/Ku80 complex suppressed translocations. By monitoring broken ends cytologically, it

was shown that in the presence of Ku70/Ku80, broken ends remain near each other for long

periods of time, thus promoting their rejoining, whereas in cells lacking Ku70, ends migrate

to different positions in the nuclease and repair is thus more likely to produce a translocation

[9••,10••]. This result also indicates that these translocations are mediated by an alternative

NHEJ pathway, independent of Ku70/Ku80.

Sources of endogenous double-strand breaks

DSBs arise spontaneously during normal DNA metabolism, including DNA replication and

repair, and during programmed genome rearrangements, such as V(D)J recombination.

Many DNA lesions block DNA polymerase, causing replication fork stalling. Stalled forks

are stabilized by many factors including the checkpoint kinases ataxia telangiectasia mutated

(ATM) and ataxia-telangiectasia and Rad3-related protein kinase (ATR), the DNA repair

protein BLM, and the multifunctional single-strand DNA (ssDNA) binding protein

replication protein A (RPA) [11]. However, if a stalled fork does not restart in timely

manner, it may collapse, producing a DSE. Because a DSE has no second end with which to

rejoin, conservative repair of collapsed replication forks is thought to involve homologous

recombination-mediated strand invasion to reform the replication fork [12]. Alternatively, if

multiple forks collapse, DSEs from different chromosomes may join and produce

translocations.

In addition, topoisomerase IIα (TopoIIα) creates DSBs and passes double-stranded DNA

through the break, decatenating tangled chromosomes before mitosis. If decatenation fails,

DSBs may form when catenated chromosomes are pulled toward opposite spindle poles

[13•].

Endogenous DSBs are also normally formed during lymphoid development. In B cells for

example, V(D)J recombination is initiated by specific DSBs introduced into recombination

signal sequences by the RAG1/2 endonuclease. These DSBs are repaired by an error-prone,

NHEJ-mediated deletion mechanism that creates novel V(D)J junctions in antibody coding

sequences, a process that is instrumental in generating antibody diversity in mammals [14].

After B cells undergo the V(D)J maturation process, these antibody-producing cells can

undergo a second round of genome rearrangement that switches a Cµ constant heavy chain

region for a different region (Cα, Cγ, or Cε) that converts an immunoglobulin M(IgM)

producing cell to one that produces immunoglobulin A (IgA), immunoglobulin G (IgG), or

immunoglobulin E (IgE). This process is called class switch recombination (CSR), which is

also stimulated by DSBs, but unlike V(D)J recombination, DSBs that catalyze CSR are not

produced by direct nuclease cleavage. Rather, they arise indirectly following the

deamination of cytidine residues in transcriptionally active, repetitive heavy chain switch
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regions by activation-induced cytidine deaminase. Deaminated cytidine residues are then

processed by base excision repair enzymes to yield DSBs. These DSBs are repaired by a

deletional NHEJ-mediated mechanism [15••].

During meiosis, endogenous DSBs are created at many loci by SPO11 endonuclease.

Although SPO11 does not appear to recognize specific DNA sequences, most DSBs are

created in gene promoter regions, although even within these hotspots, DSBs occur at varied

locations. Meiotic DSBs are repaired by homologous recombination and typically involve

interactions between homologous chromosomes [16]. As with other programmed DSBs,

improper processing of meiotic DSBs can result in translocations [17].

Sources of exogenous DNA double-strand breaks

DSBs are produced by a wide variety of exogenous DNA damaging agents. Ionizing

radiation, including X-rays, γ-rays, β-particles, and α-particles, can cause many types of

DNA damage (Fig. 2). These include base damage (e.g. broken rings), single-strand breaks,

DSBs, and inter and intra-strand crosslinks. Of these lesions, the vast majority of the

cytotoxicity associated with ionizing radiation is due to DSBs. DSBs are also caused by

radiomimetic drugs such as bleomycin, and by topoisomerase inhibitors.

Topoisomerase I (TopoI) is inhibited by the camptothecins, and TopoIIα is inhibited by the

anthracyclines and etoposide, all of which are used in chemotherapy [18]. TopoI and TopoII

inhibitors induce ATM Ser-1981 phosphorylation and phosphorylation of histone H2AX

(γH2AX), both hallmarks of DSB damage [19]. Translocation breakpoints cluster in regions

that are enriched in TopoIIα cleavage sites, matrix attachment regions, and nuclease

hypersensitivity sites [20]. Importantly, TopoIIα inhibitors have been implicated in therapy-

induced leukemias carrying translocations with breakpoints that map to TopoII cleavage

sites, and display NHEJ-type junctions [20–22].

Finally, tobacco smoke is a known carcinogen that induces mutations and DSBs [23]. This

DSB damage is mediated through free radicals and is dose dependent [24].

Mechanisms of double-strand break repair

In mammalian cells, DSBs are repaired by NHEJ and homologous recombination.

Homologous recombination can occur by conservative or nonconservative pathways.

Conservative homologous recombination occurs in a stepwise manner that begins with 5′–

3′ end resection regulated by the MRN complex, producing 3′ ssDNA tails of a kb or

longer. ssDNA is coated with RPA, which is subsequently replaced by RAD51 in a reaction

promoted by mediator proteins including five RAD51 paralogs (XRCC2, XRCC3,

RAD51B, RAD51C, and RAD51D), RAD52, and breast cancer type 2 susceptibility protein

(BRCA2). The RAD51–ssDNA filament searches for, and invades homologous sequences.

The 3′-end of the invading strand is then extended by DNA polymerase past the original site

of the DSB, and may then dissociate and anneal with the other resected end. Alternatively,

the second can invade producing a double Holliday junction intermediate that can be

resolved in two ways to produce crossover or noncrossover products.
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One nonconservative form of homologous recombination is called single-strand annealing

(SSA). SSA can repair a DSB present between or within linked repeats, or between repeats

on different chromosomes if DSBs occur within or near each repeat. With linked repeats,

end-resection uncovers complementary single strands in the two repeats that anneal to form

a single repeat. This deletes one repeat and sequences between the repeats. Translocations

result when SSA occurs between unlinked repeats, but this is rare because of the

requirement for DSBs to occur essentially contemporaneously in or near both repeats [25].

In the absence of BRCA2, DSBs are repaired by nonconservative (SSA) homologous

recombination subpathways that presumably lead to chromosomal instability [26].

There are two NHEJ pathways, including an efficient and well defined classical pathway

and a less efficient alternative pathway (Fig. 3). Classical NHEJ is mediated by Ku complex

(Ku70/Ku80), the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs),

XRCC4, and LigIV. The first step in NHEJ is the signaling of a DSB by the MRN complex,

and then binding of Ku to broken ends, and recruitment of DNA-PKcs to form the active

DNA-PK complex. DNA-PK is a member of the PI3 kinase family that is activated upon

binding to DNA ends. In-vivo substrates of DNA-PK are unclear; however, there are several

clusters of phosphorylation sites that are either autophosphorylated, or phosphorylated by

ATM, or both. DNA-PK probably recruits the LigIV/XRCC4 complex to the break site,

which catalyzes the rejoining step [27]. Depending on the particular type of DSB, other

NHEJ accessory factors may be involved, including MRN (important for processing the

dirty ends created by ionizing radiation) and the Artemis nuclease which is important for

processing hairpins formed during V(D)J recombination [28]. Cernunos (also called XLF) is

another accessory protein that interacts with the LigIV/XRCC4 complex, promotes classical

NHEJ [29], and has been shown to be mutated in human immunodeficiency [30]. We

recently described another accessory NHEJ component termed Metnase that methylates

histones to open chromatin and processes DNA ends [31]. The suppressor of variegation-

enhancer of zeste-trithorax (SET) domain protein Metnase promotes foreign DNA

integration and links integration to NHEJ repair [31,32•].

Alternative NHEJ (also called backup or nonclassical NHEJ) is defined as NHEJ occurring

in the absence of one or more classical NHEJ factors [14,15••,33]. Alternative NHEJ is less

efficient than classical NHEJ, in part because of competition from the classical NHEJ factor

DNA-PK [34]. At least in some contexts alternative NHEJ appears to be mediated by LigIII,

and also involves poly(ADP)ribose polymerase-1 (PARP-1), a factor with roles in single-

strand break repair [35]. In addition to its low efficiency, alternative NHEJ is characterized

by a strong dependence on microhomology, and thus is more error prone than classical

NHEJ. Both classical and nonclassical NHEJ are thought to mediate misrepair of DSBs

leading to chromosomal translocations [15••,36].

Inherited diseases related to double-strand break repair and associated

malignancies

Inherited mutations in DSB repair components in humans generate a predisposition to

leukemia and other cancers. These include Bloom’s syndrome, Werner’s syndrome, ataxia

telangiectasia, Nijmegen breakage syndrome, and Fanconi’s anemia (Table 1).
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Bloom’s and Werner’s syndromes result from mutations in genes that code for proteins

related to the E. coli 3′–5′ RecQ helicase [37]. Bloom’s syndrome cells in culture are

markedly sensitive to hydroxyurea and ultraviolet light, but not ionizing radiation [38,39].

These studies firmly implicate the Bloom’s syndrome protein BLM in replication-based

DSB repair. BLM has recently been demonstrated to play a role in the processing of

Holliday junctions resulting from stalled and collapsed replication forks. In this model,

BLM associates with topoisomerase III (TopoIII) and functions as a Holliday junction

resolvase [40,41••].

Mutations that cause Werner’s syndrome affect the WRN protein, another RecQ family

helicase that also possesses an ATP dependent 3′–5′ exonuclease motif [42–46].

Constantinou et al. [47] showed that WRN has the ability to branch migrate Holliday

junctions during homologous recombination. WRN has also been shown to be important in

telomere maintenance and cellular senescence [48•].

Ataxia telangiectasia has been shown to be the result of mutations in a specific gene named

ATM. ATM is a serine/threonine kinase activated by DNA DSBs [49•]. It is a homodimer in

undamaged cells and undergoes autophosphorylation in the presence of DNA DSBs [50].

Once phosphorylated on serine 1981, ATM is activated and it phosphorylates a number of

important DNA repair factors including p53, CHK2, BRCA1, RPAp34, H2AX, SMC1,

Fanconi anemia-complementation group D2 (FANCD2), RAD17, Artemis and NBS1 [49•].

ATM functions as an upstream regulator of both NHEJ and homologous recombination.

Nijmegen breakage syndrome is an autosomal recessive disorder shown to be the result of

mutations in the NBS1 protein. It is part of the MRN complex that is conserved from yeast

to mammals and functions in the identification and signaling of DNA DSBs [51]. The MRN

complex is important in the activation of ATM and the initiation of a proper DNA damage

response.

Fanconi’s anemia is an inherited syndrome that presents as bone marrow failure,

developmental abnormalities, and a severe cancer predisposition. Fanconi’s anemia consists

of 13 complementation groups [Fanconi anemia-complementation group A (FANCA), B, C,

D1, D2, E, F, G, I, J, L, and M], each of which represent a specific gene that has been

mutated or deleted [52•]. Fanconi’s anemia can be autosomal recessive or sex-linked in

inheritance, depending on the gene mutated. Fanconi’s anemia cells are extremely sensitive

to DNA crosslinking drugs such as mitomycin C and show phenotypes consisting of

abnormal cell cycle regulation (extended G2), hypersensitivity to oxygen, increased

apoptosis and accelerated telomere shortening [53].

All known Fanconi’s anemia proteins function in a DNA repair pathway that is involved in

the re-start of stalled replication forks. The majority of these protein products have been

shown to form a complex that functions as theE3 specificity enzyme inmonoubiquitination

of FANCD2 after recognition of specific DNA structures. Ubiquitinated FANCD2 performs

multiple tasks including the recruitment of BRCA2, enhancement of homologous

recombination, and possibly the promotion of translesion DNA synthesis [52•].
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Lessons learned from models of translocation

Franco et al. [54] have generated a number of animal models that examine the role of NHEJ

components in translocations and oncogenesis, and the role of DNA breaks in genomic

instability and tumorigenesis [55,56]. Mice deficient for NHEJ components develop either

embryonic lethality (seen in LigIV and XRCC4 deficiency) or severe combined

immunodeficiency (seen with Ku70, Ku80, DNA-PK and Artemis deficiency). Occasionally

these immunodeficient mice develop lymphoid neoplasia as they age. Interestingly, the

embryonic lethality can be rescued by deleting p53, indicating that apoptosis after decreased

repair of endogenous DSBs is the culprit for the lethality. When cells lacking both LigIV

and p53 were exposed to radiation, large numbers of translocations were seen, and these

mice developed lymphoma at a high rate. In contrast, wild-type or p53-deficient cells had

few genomic abnormalities and a low incidence of lymphoma (LigIV-deficient but p53 +/+

cells arrested after radiation and could not be tested). These studies revealed several

important concepts. First, the relative lack of translocations after the same radiation dose in

wild-type cells compared with the LigIV−/− and p53 −/− cells indicates that the NHEJ

pathway is less promiscuous than once thought. Second, translocations occur when a

damaged cell with deficient NHEJ is forced to progress through the cell cycle, such as when

p53 is deleted. This same phenomenon has been seen in p53 −/− mice also deficient

inKu80,DNA-PKcs, orXRCC4.These mice also develop lymphomas at a high rate.

Specific mechanisms of translocation in human leukemia

Etoposide has been associated with chromosomal translocations that result in acute

leukemia, most commonly through translocations involving the MLL gene [57,58], or the

runt-related transcription factor 1 (RUNX1) gene [59]. Balanced translocations involving

chromosome bands 11q23 and 21q22 are highly characteristic of myelodysplasia and

leukemia following therapy with etoposide [60–62]. The MLL translocations occur in a

defined breakpoint cluster region (BCR) that spans 8.5 kbp between exons 5 and 11. This

MLL BCR contains known nuclear matrix attachment regions, DNase hypersensitive sites,

and TopoIIα cleavage sites. Treatment of cells with etoposide results in DSBs within this

BCR [63–65].

Many breakpoints from both MLL and RUNX1 translocations have been sequenced.

Virtually none of these breakpoint junctions have any sequence homology between the

partner genes, indicating that it is unlikely that homologus recombination played any role in

the aberrant ligation of the translocation partners [20]. The junction sequences, however, do

reveal classic signatures of NHEJ repair, such as microdeletions, duplications,

microhomologies, and nontemplate insertions [20].

Leukemic rearrangements of MLL after DNA damage can also take the form of partial

tandem duplications (PTDs) as opposed to reciprocal translocations. PTDs at the MLL locus

are probably mediated by inter or intra-chromosomal SSA between Alu sequences within

the MLL locus [66]. In seven of nine MLL PTD junction sequences analyzed, recombination

took place between Alu elements within the MLL gene locus [67]. This is consistent with

SSA repair. Although most breakpoint junction sequences do not show evidence for such
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Alu-mediated recombination [20], as described above, when DSBs occur in Alu sequences,

translocations can be generated by the SSA pathway [68].

In lymphoid cells endogenous DSBs are generated during V(D)J recombination or CSR.

There are sequences elsewhere in the genome that resemble the heptamer and nonamer

V(D)J recombination signal sequences [69]. These sites can become targets of RAG-

mediated DSB generation and subsequent leukemogenic translocations [70] and can mediate

LMO2, Ttg1, SCL/TAL1, and SIL translocations in acute T-cell leukemia [70].

Class switching from the µ heavy chain locus to the α, β, δ, or ε loci in the maturation of the

immunoglobulin response can also generate DSBs that can be targets of translocations. For

example, in the t(8;14) seen in Burkitt’s lymphoma and some B-cell acute lymphoblastic

leukemia (ALL), c-myc can be translocated to the switch region of the µ heavy chain gene

[71].

Conclusion

It is clear that NHEJDNA repair components are critical for preventing leukemogenic

translocations. The finding that leukemia is a well described complication of inherited

disorders of NHEJ repair as opposed to inherited disorders of homologus recombination

such as BRCA1/2 deficiency is clinical evidence for this postulate. The role of subtle

decreases in NHEJ activity in genomic instability in leukemia is not well explored. The most

fascinating question is whether such subtle genomic instability predates the leukemogenic

translocation, or whether it is a result of the leukemogenic transformation. There are several

important clinical implications of defects in DNA repair predating the original translocation.

First, such defects could be used to screen for patients at risk for leukemia. Second,

reversing such defects would be an important therapeutic target. Such therapy could be used

especially in environmental situations where exposure to DNA damaging agents could lead

to leukemia, such as an accidental or purposeful radiation exposure.

There has been considerable discussion about leukemia being the result of two genetic

lesions, one that stimulates proliferation, usually a point mutation, and one that blocks

differentiation, usually a translocation. However, these genetic lesions are probably the

result of a preexisting genomic instability. This preexisting genomic instability may be the

result of small defects in NHEJ repair and a coincidental defect in DNA damage cell cycle

arrest. The coincidental existence of these two defects could underlie much of leukemia, and

produce the translocations that have defined our efforts in this disease thus far. It is possible

that these defects become obscured by the resultant transformation of the hematopoietic

progenitor after translocation. Perhaps we should be focusing on the conditions that predate

the translocation, as this may be an easier place to intervene. One could envision the time

when our efforts in leukemia prevention exceed those in leukemia therapy.
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Figure 1. Types of chromosomal translocations
Nonhomologous chromosomes are diagrammed in gray or black, and circles indicate centromeres. Translocation junctions are

often imperfect with small deletions or insertions created during NHEJ. Perfect junctions may be present in rare translocations

that result from crossovers during homologous recombination. NHEJ, nonhomologous end joining.
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Figure 2. Genotoxic agents produce DNA lesions that are converted to double-strand breaks and processed by several repair
pathways, most of which carry a risk of inducing chromosomal translocations

DSB, double-strand break; NHEJ, nonhomologous end joining.
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Figure 3. Double-strand breaks can be repaired by two NHEJ pathways
The classical pathway may be activated via the MRN complex, followed by end resection and binding of the Ku complex.

DNA-PKcs is recruited next, along with other proteins. Finally, the ends are re-ligated by XRCC4/LigIV. In the nonclassical

pathway, there is more extensive resection of the DNA ends and more frequent end alignment through microhomology. DNA

flaps are trimmed and LigIII/XRCC1 ligate the ends. In the nonclassical pathway there is a greater chance of errors, such as

large deletions, due to the extensive DNA end resection, microhomology alignment, and flap trimming. The second pathway is

more likely to lead to translocations. DNA-PKcs, DNA-dependent protein kinase; DSB, double-strand break; MRN, MRE11/

RAD50/NBS1; NHEJ, nonhomologous end joining; PARP-1, poly ADP ribose polymerase-1; XRCC1, X-ray repair
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complementing defective repair in Chinese hamster cells 1; XRCC4, X-ray repair complementing defective repair in Chinese

hamster cells 4.
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Table 1

Syndromes associated with DNA repair deficiencies, increased incidence of translocations, leukemia and other

cancers

DNA repair disorder Affected protein(s) Clinical manifestations Cellular function

Bloom’s syndrome BLM Narrowing of the face, prominent nose, a
butterfly shaped rash from sun exposure, a
high-pitched voice, abnormal skin
pigmentation, learning disabilities, mental
retardation, immune deficiency, diabetes,
anemia, male infertility, irregular female
menstruation and cancer predisposition

Sensitive to replication fork challenges
[hydroxyurea, ultraviolet (UV)],
involved in S-phase checkpoint control,
TopoIII interaction and Holliday
junction resolvase activity

Werner’s syndrome WRN Extreme early aging including a severe
early onset cancer predisposition

3′–5′ Exonuclease activity, Holliday
junction migration activity, telomere
maintenance

Ataxia telangiectasia ATM (AT-mutated) Neurodegeneration, radiosensitivity,
sterility, immunodeficiency and a
predisposition to lymphomas and
leukemias

Kinase involved in the G1/S, S, and
G2/M checkpoints and DNA repair
through both homologous
recombination and NHEJ

Nijmegen break syndrome NBS-1 Radiosensitivity, immunodeficiency,
cancer predisposition, microcephaly and
nuerodegeneration

Identification and signalling of DNA
DSBs and the ensuing repair

Fanconi’s anemia FANCA, B, C, D1, D2,
E, F, G, I, J, L, or M

Bone marrow failure, developmental
abnormalities, and severe cancer
predisposition

Replication fork re-start

ATM, ataxia telangiactasia mutated; DSBs, double-strand breaks; FANCA, Fanconi anemia-complementation group A; NHEJ, nonhomologous
end joining.
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