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Abstract

Nijmegen breakage syndrome is a rare autosomal recessive genetic disease belonging to a group of disorders often called chromosome
instability syndromes. In addition to a characteristic facial appearance and microcephaly, patients suffering from Nijmegen breakage syndrome
have a range of symptoms including radiosensitivity, immunodeficiency, increased cancer risk and growth retardation. The underlying gene,
NBSL, is located on human chromosome 8g21 and codes for a protein product termed nibrin, Nbs1 or p95. Over 90% of patients are homozygous
for afounder mutation: a deletion of five base pairs which leads to a framehift and protein truncation. The protein nibrin/Nbs1 is suspected to be
involved in the cellular response to DNA damage caused by ionising irradiation, thus accounting for the radiosensitivity of Nijmegen breakage
syndrome. We review here some of the more recent findings ddBS# gene and discuss how they impinge on the clinical manifestation of
the disease.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction also shows the body-length charts for two boys with NBS;
growth retardation seen in all patients with the majority

Nijmegen breakage syndrome (NBS) was first described in the 10th percentile, even though birth weight and size

in 1981 in Dutch patients, however, the majority of NBS are usually normal. Short stature is apparent by 2 years of

patients live in Poland and the Czech republic and the Dutch age, and is due to trunk shortening rather than lower ex-

patients may have had Bohemian ancesters who emigratedremity shortening. Body weight is proportional to body

to Holland in the first half of the 17th century after the 30 height.

Years War. The identification of the gene underlying NBS in 1998 as
Patients with NBS have a characteristic facial appearancea gene involved in the repair of DNA double-strand breaks

with a combination of receding forehead, receding mandible (DSBs) [1-3] seemed to offer an explanation for many of

and prominent midfaca={g. 13. In addition, most patients  the clinical featuresKig. 2). Now 5 years later it is perhaps

have epicanthal folds, large ears, and sparse hair. The fa-appropriate in this review to examine how well these ex-

cial features are perhaps even more striking since patientsplanations have been substantiated by further experimental

with NBS are also microcephalic, as illustrated by the head findings.

circumference growth chart shown kig. 1a Mental re-

tardation is generally mild, with most patients having an

IQ within the normal range during early childhood, but 2. Radiosensitvity, chromosomal breakage and DNA

with progressive retardation as they grow older. Most pa- double-strand break repair

tients are born with microcephaly, but in 25% of patients, _ . o
this becomes apparent only after a few monthig. 1b NBS patients are sensitive to ionising irradiation (IR) and
its therapeutic use in undiagnosed patients can be[ftal

This radiosensitivity is, of course, reflected by an at least

* Corresponding author. Tek:49-30-4505-66016; two-fold increase in cell death qfter an IR treatment of pri-
fax: +49-30-4505-66904. mary or immortalised NBS patient cel[S]. IR produces

E-mail address: martin.digweed@charite.de (M. Digweed). DNA DSBs as its most serious lesion and NBS cells are

1568-7864/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Clinical manifestation of Nijmegen breakage syndrome. (a) Two brothers aged 1 and 7 with the characteristic facial features of thebjlisorder. (
Head circumference and body length growth-charts for two further male NBS patients. The photograph and charts were kindly provided by Professor
Eva Seemanova.

sensitive to many other mutagens which produce DSBs orcells, the damage being generally of the chromatid-type
which make lesions repaired via DSBs as an intermediate:[9,11,12] In contrast to this clear evidence for a DNA re-
bleomycin, streptonigrin, etoposide, camptothecin, and the pair deficiency in NBS, attempts to define this deficiency
cross-linking agent mitomycin {8, 7]. In addition to clinical by quantification of DNA repair by biochemical techniques
and cellular hypersensitivity to DSB-inducing agents, NBS have been unable to demonstrate a significant deficiency in
is characterised by increased spontaneous and IR-inducedSB repair[7,13,14] This may be due to technical limita-
chromosome breakage. tions to the detection of DSBs, especially considering that
Chromosome instability is evident in stimulated T lym- even one unrepaired DSB can be lethal for an individual
phocytes from patients with NBS, in addition to random cell [15]. In addition, there are clearly multiple pathways
breaks, specific translocations are frequently observed be-for DSB repair and the use of alternative pathways may
tween the loci of the immunoglobulin and T-cell receptor leave the NBS cell with ostensibly repaired DNA damage
genes on chromosomes 7 and [B48]. In cultured NBS at the cost of an increased mutation rate.
fibroblast cell lines, there is an elevated frequency of chro- The gene mutated in NBS was localised to chromosome
matid breaks occurring at arbitrary sit¢3,10]. Finally, 80921 by linkage analysis in NBS familigd6] and then
telomere fusions leading to dicentric chromosomes are moreidentified by positional cloning1,3]. Concurrently, the
frequent in NBS cells than controls. Following irradiation functional human orthologue of the yeast geKes2, was
the frequency of chromosome aberrations is drastically identified as the very samdBSL gene[2]. In yeast cells
increased in cultured NBS cells compared with normal the product of thexrs2 gene is part of a trimeric complex
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Fig. 2. The clinical characteristics of Nijmegen breakage syndrome and their potential relationship to double-strand break recognition. arrdsrepair
graphic from 1998 shows how the clinical features of NBS could be explained by the function(s) of nibrin/Nbs1. The current evidence for ea@nassociati
is discussed in the text.

together with Mrell and Rad50, involved in DSB repair. two DNA ends together as part of a DSB repair process
In mammalian cells too, MRE11, RAD50 and tiNBSL and/or for marking and signalling the presence of a DSB.
gene product, nibrin, also known as Nbsl or p95, interact Over 90% of all patients analysed to date are homozygous
to form a complex. Experimental data from the ye&st for a 5bp truncating mutation, 635 [1]. Seven further
cerevisiae implicate the Mrell complex in DSB repair by truncating mutations have been identified in other patients
both non-homologous end joining (NHEJ) and homologous (Fig. 2). These rarer mutations are located between nu-
recombination (HR), the two major repair pathways (see cleotides 657 and 1142 and are also predicted to truncate the
the reviews by Frederick Alt, Michael Lieber, and Roland nibrin/Nbsl1 protein downstream of the N-terminal BRCT
Kanaar in this issue). Much research has been aimed at eluand FHA domains. The amino-terminal truncated protein of
cidating the roles of the MRE11/RAD50/nibrin complex, approximately 26 kDa is actually observed in cells from pa-
hereafter, MRN complex, in DSB repair in humans and the tients and heterozygotes with the @55 mutation as is, at
particular functions of nibrin/Nbs1 within the complex, this much lower abundance, and so far only in EBV-transformed
is dealt with in detail in the reviews by Kenshi Komatsu and lymphoblastoid cells, a 70kDa amino-terminal truncated
John Petrini in this issue. Generally speaking, examination fragment[25]. This fragment is produced by alternative
of NHEJ in NBS patient fibroblas{d 7], and NHEJ and HR initiation of translation at a start codon upstream of the dele-
in chicken DT40 cells with disrupteNBS1 [18] or MRE11 tion which brings it into frame. Similarly truncated proteins
[19] genes is more supportive for a role of the human com- have been observed for the 88% and 9025 mutations
plex in homologous recombination rather than simple end [25,26] These proteins are shown schematicallyFig. 3
joining. and arise presumably from downstream internal methionine
Considerable attention has been paid to the enzymatic ac-codons in an acceptable context for ribosome entry. The first
tivities of the MRN complex, especially to the MRE11 pro- possible codons after the mutations are indicatefign 3.
tein, a 3-5 dsDNA exonuclease, an ssDNA endonuclease The significance of these nibrin/Nbs1 truncated products
and dsDNA endonuclease. However, the relevance of thesds that they may have partial activity and thus ameliorate
activitiesin vivo is uncertain even is. cerevisiae [20]. Ir- the effects of an otherwise lethal mutation. The evidence
respective of its possible enzymatic properties, MRE11 is a for this comes from two knock-out mice which produce
DNA end-binding protein, and this activity is stimulated by no truncated nibrin/Nbsl and die early in embryonic de-
RADS50 and nibrin/Nbs]21]. The molecular architecture of  velopmeni27,28] as do mice with targeted inactivation of
the RAD50/MRE11 complex bound to DNA has been ex- MRE11 [29] and RAD50 [30]. In contrast, two knock-out
amined by electron microscopy and X-ray crystallography mice which do produce truncated nibrin/Nbsl fragments
[22—24]and indicates a bridge-like structure that could hold (Fig. 3) are viable, albeit with symptoms of the human
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Fig. 3. TheNBSL gene and its protein, nibrin/Nbs1. The exons of NiSL gene are shown together with the sites of mutations found in NBS patients.
Below the gene, the protein product nibrin/Nbs1, or p95, is drawn with the known domains and sites of serine phosphorylation by ATM. Nibrin/Nbs1
protein fragments can be detected in some patient cells and in the two viable mouse models of NBS. These truncated proteins are probably essential f
viability. The amino acid numbering refers to regular nibrin/Nbs1 residues only, some novel amino acids may also be present due to frame shifts. Where
unknown, the amino terminal end of a fragment is given as the first possible start codon in brackets. Only those nibrin/Nbs1 fragments are shown which
have been actually observed by immunoprecipitation experiments, references to the literature are given in brackets below the gene mutation.

disease[31,32] Examination of the sequence in the vi- at serines located downstream. These domains are also re-
able targeted mice indicates that, unlike 8%/in the hu- quired for interaction of nibrin/Nbs1 with the histone H2AX,
man MRNA, no upstream cryptic start codons are brought which is phosphorylated within minutes after IR at the sites
into the correct reading frame. Thus the observed truncatedof DSBs and can be visualised in the same sub-nuclear foci
proteins presumably arise by initiation downstream of the as nibrin by immunostaining6]. It has recently been shown

mutation(s). that the MRN complex is required for the activation of ATM
Although mice carrying hypomorphidbn mutations do and its own phosphorylatig87]. The same amino acid sub-
survive, they are nevertheless radiation sensife, 32] stitutions which prevent phosphorylation of nibrin/Nbs1 by

and this may be related to the requirement for nibrin/Nbs1l ATM also prevent accumulation of the MRN complex in nu-
phosphorylation by ATM as an early cellular response to clear foci[35]. Thus the ability to associate with H2AX, via
IR [33,34] ATM is the kinase deficient in patients with the FHA and BRCT domains, seems to be the prerequisite
the chromosomal instability disorder, Ataxia telangiectasia for efficient phosphorylation by ATM and thus the reason
(A-T), and it phosphorylates nibrin on serine 343 and at for failed phosphorylation of the p70 nibrin/Nbs1 fragment
least three further serineBi@. 3). Amino acid substitutions  in NBS patient cells.
in the FHA and/or BRCT domains in nibrin result in failure In conclusion, the radiosensitivity of NBS patients can be
of this phosphorylatiorj35]. Perhaps not surprisingly, the clearly attributed to the role of nibrin/Nbs1 in the cellular
p70 nibrin/Nbs1 fragment which altogether lacks the BRCT response to IR. Whilst details of the repair pathway in which
and FHA domains is not phosphorylated after IR. nibrin/Nbs1 functions remain to be fully clarified, its role as
The FHA and BRCT domains of nibrin/Nbsl may not an early signalling response to IR is undisputed. This will
be interacting directly with ATM to initiate phosphorylation be discussed further below in terms of the cell cycle. More
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pertinent to the role of nibrin/Nbs1 in DSB repair may be from NBS lymphoblastoid DNA has indicated normal im-
the immunodeficiency of NBS patients. munoglobulin heavy chain rearrangemgaR]. Similarly,
the CD3 sequences of endogenousilig and«L chain gene
loci cloned from NBS lymphocytes were not different to
3. Infections and immunodeficiency controls. Finally, plasmid reporter substrates have been used
to examine V(D)J recombination frequencies and the quality
NBS patients are prone to various infections, respiratory of DNA-joins in NBS cells, both were found to be normal
tract infections are particularly frequent with, in some cases, [13,17]
a fatal outcome. Agammaglobulinaemia has been reported The deficiency of serum IgG and IgA characteristic for
for about one third of NBS patients whilst in others the hu- NBS together with essentially unaltered IgM levels suggest
moral immune deficiency is more variable, deficiencies of that the process of class switching in B-lymphocytes might
IgA or IgG4, alone or in combination are, however, common. be particularly affected by the lack of nibrin/Nbg3]. In-
A minority of patients, about 10%, have normal Ig status deed, analysis of class switching in patient cells by Pan
[38,39] Cellular immunity is more consistently deficient in et al.[44] has supported this concept. The numberofSx
NBS patients. T-lymphocyte proliferation in response to mi- switch regions amplified from NBS patient B cells was con-
togenic stimuli is reduced in more than 90% of patid8€]. siderably lower than that of controls, indicating a generally
Whilst CD8+ cells are generally within the normal range, reduced level of switching. In addition, the sequences of
reduced proportions of CD3and CD4+ T cells are found  the switch regions showed differences to controls and also
in most patients. Consequently, the CEED8+ ratio is to those of A-T patients in terms of sequence homology.
reduced. Mild to moderate lymphopenia has also been re-The data on A-T indicated that when the normally predom-
ported and in a study of such patients a failure of T cell re- inant error-prone NHEJ system is not available, a process
generation in the thymus was postulated to be compensatediependent on microhomology of 1-3 bp takes over. In NBS
for by non-thymic pathwayg40]. B cells the relatively long stretches of homology (10 bp) in
The chromosome translocations frequently observed in amplified switch regions suggest that yet another pathway
isolated lymphocytes involve particularly the IgG and T-cell is possible and imply that the MRN complex is involved in
receptor genes on chromosomes 7 and 14. Since thesehe short-stretch microhomology pathwjay]. Finally, nib-
chromosome translocations could be interpreted as the con+in/Nbsl and the phosphorylated histone, H2AX, have been
sequences of inaccurate V(D)J recombination events, thisfound localised to the sites of class switch recombination in
process has been examined by several reports. FurthermoreB lymphocyteqg45] just as described above for nibrin/Nbs1
evidence from the yea$§ cerevisiae suggests a role forthe and H2AX in V(D)J.
trimeric complex, Mrell, Rad50, and Xrs2 in nonhomolo-  That nibrin/Nbs1 indeed functions in immunoglobulin
gous end joining (NHEJ) and the DNA repair components class switching has been substantiated by experiments using
that are required for NHEJ are the same as required fora conditional mouse model with in which a null mutation
V(D)J recombination. can be generated by Cre recombinase-induced disruption of
Since nibrin/Nbs1 is the human orthologue of yeast the Nbn locus. WherNbn*/~ isolated mouse B-cells were
Xrs2, the invoviment of the latter in NHEJ suggests that converted in vitro toNbn=/~ before stimulation to switch
the immunodeficiency of NBS patients could potentially antibody expression, less than 50% were able to switch
be ascribed to a disturbance of V(D)J recombination. Two from IgM to 1gG1 or IgG3 in comparison to untreated
findings support this suggestion. Firstly, V(D)J recombi- Nbnt/~ cells[46].
nation is initiated by the RAG1 and RAG2 proteins which
introduce double-strand breaks into Ig coding segments
and produce DNA hairpin structures as an intermediate. In 4. Lymphoma in NBS patients and cancer risk in
vitro, the Mre11/Rad50 complex has been shown to cleave heterozygous carriers
DNA hairpins in an ATP-dependent fashion. This enzy-
matic activity is strongly promoted by the addition of nib- NBS patients have a high risk for developing cancer
rin/Nbs1 [21]. Secondly, immunofluorescence analysis of [47]. In the Polish NBS registry, 18 of 48 patients had
immature CD4CD8+ double-positive thymocytes has in- developed lymphoma by the age of 15. Generally speak-
dicated that nibrin/Nbs1 is found at the sites of active V(D)J ing, children with NBS suffer from malignancies otherwise
recombination in theTCRagene as a single fluorescent rarely observed in childhood, The majority of lymphomas
focus together with the histone H2AM1]. This fluores- are non-Hodgkin’s lymphomas (NHL), mainly diffuse large
cence pattern is distinct from the IR-induced foci discussed B-cell lymphomas (DLBL), which are unusual for child-
above. hood malignancy{48]. Peripheral T-cell ymphoma has been
Although these data can be assembled into an attrac-described in NBS and, again, is a malignancy of adulthood.
tive hypothesis for the immunodeficiency of NBS patients, Only four patients have been reported with typical child-
analyses of V(D)J in NBS patient cells has not been sup- hood malignancies, 3 patients with lymphoblastic precursor
portive. Sequencing of the appropriate segments amplified T-cell ymphoma and 1 patient with a medulloblastoma.
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Considering the chromosome instability of NBS, lym- Direct proof of an increased cancer risk NBSL het-
phomas in NBS probably originate from cells with chro- erozygotes was obtained from a cohort study (“index-test-
mosome translocations and so it might be expected thatmethod”) based on the histories of about 250 persons from
they would frequently show the chromosome 7/14 rearrange-21 Czech pedigrees. Each individual was personally inter-
ments often seen in peripheral blood cells. Although this viewed and detailed information was collected. The items
analysis has yet to be conducted, rearrangements involv-of relevance comprised: reproductive history; X-ray history;
ing breakpoints in chromosome 14932 have indeed been re-working place history; former and current health status and
ported in A-T patients suffering from T-cell prolymphocytic possible confounding factors. The “index cases” were the ho-
leukaemia[49]. Reunions between chromosomes 14 and 7 mozygous patients. With few exceptions (obligate heterozy-
are also characteristic for A-T. gotes), the blood relatives did not know their carrier status

Finally, the immunodeficiency of NBS patients itself may because they were interviewed before genotyping. Thus, the
influence the characteristic spectrum of malignancies ob- cancer incidence rates of carriers and non-carriers in the
served. Immunosuppresive therapy has been associated witlsame families were compared. This is a statistically pow-
an increased risk for NHI[50] and studies in mice have erful bias-resistant approach, with the best possible com-
shown that age related changes in immune response angbarison group in terms of matching for confounders. There
clonal B-cell expansions can be linked to B-cell neoplasia were 13 cases of cancer among the heterozygous subgroup,
[51]. as opposed to three cancer cases found among the normal

Whilst the increased cancer risk in NBS homozygotes homozygotes P < 0.01). There was no difference in the
is undisputed, the risk associated with heterozygosity is age distribution and the socioeconomical status between the
less clear. The original findings of Seemanova et{4if] two groups. These studies confirm the earlier suggestion that
indicated a high frequency of neoplasia amongst relatives NBSL gene carriers have an elevated cancer [dSk62].
of NBS patients. Furthermore, molecular cytogenetic tech- Based on these data, heterozygous carriers should occur
nigues have indicated that spontaneous chromosomal instamore frequently among cancer patients than in the general
bility is increased in NBS heterozygotes, a finding that was population. This hypothesis was tested in more than 1600
not previously possible with conventional cytogenef&3). patients with malignant tumours from Poland. Among the
Since the cloning of thé\BSL gene, several laboratories patients screened, 16 carriers of the 857mutation and
have examined the frequency BSL mutations in cancer 10 of the R215W variant were found while only 9 and 4
patients: non-Hodgkin lymphom&3-55] malignant lym- cases, respectively, were expected. The average age of car-
phomal[56,57] acute lymphoblastic leukaem{a8g], col- riers did not differ from that of non-carriers with the same
orectal cancef59] and breast cancg60]. Generally these  tumours. Malignant tumours were reported in about 18%
studies have been unable to prove a roleNBSL mutation of close relatives (parents and siblings) of 14 A5/mu-
in the pathogenesis of the particular cancers examined. In thetation carriers interviewed, versus 8% in a large, approx-
case of acute lymphoblastic leukaemia, however, four amino imately age-matched control group. These results confirm
acid substitutions, S93L, D95N, 1171V and R215W, were that heterozygous carriers dIBSL mutations indeed have
found particularly in patientgs8]. Three of these mutations an enhanced risk to develop malignant tumours, in partic-
are located in the FHA or BRCT domains. Inactivating mu- ular melanoma, breast cancer, and colorectal cancers and,
tations were not found on the second allele in these cells, perhaps, also lymphoni&3].
suggesting that the amino acid substitutions have a dominant
negative effect. In a further study of 20 breast cancer, ovar-
ian cancer and adenocarcinoma cell-lines, several mutationss. Growth retardation and the cell cyclein NBS
and truncated nibrin/Nbs1 proteins were identifiéd].

Further support for an increased cancer riskiBSL het- Growth retardation is a cardinal symptom of NBS. Al-
erozygotes has come from a study using gene targeting inthough birth weight and size are typically within the normal
the mousg27]. The disruption of exon 6 of the mousion range, short stature is usually apparent by 2 years of age.

gene by insertion of a neomycin resistance cassette leads t@Body weight remains proportional to body lend&}. A re-
embryonic lethality, suggesting that in contrast to hypomor- duced proliferative capacity of patient cells could be inferred
phic mutations, this mutation leads to a null-mutant. Het- from this symptom and is supported by several studies. Mice
erozygous carriers of the insertion mutation showed a sig- with targeted hypomorphic mutationsidbn are also growth
nificantly increased occurrence of solid tumours in a range retarded and fibroblasts isolated from these animals have a
of tissues in addition to lymphoma. Examination of the tu- two to five-fold slower proliferation than contrdi81]. Sim-
mours gave no evidence for loss or mutation of the wild type ilarly, targeted mutation of the chicken gene in DT40 cells
allele so that haploinsuficiency is the presumed pathogeniclead to a prolonged cell cycle and slow cell grojiid].
mechanism. In contrast, for human heterozygotes, the possi- Disturbances of the cell cycle in NBS patient cells have
ble existence of a truncated protein produced by alternative been repeatedly reported although there is some controversy
translation[25] and capable of interaction mith MRE11 about the proficiency of cell cycle checkpoints in NBS.
would be compatible with a dominant negative mechanism. Several studies have examined the accumulation of p53 in
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response to IR, most have found, as in A-T cells, delayed cyclinE/Cdk2 and thus for loading of Cdc45 onto DNA repli-
accumulation of p53 and subsequently reduced activation ofcation origins. However, the MRN complex is not believed
p21 and other p53-dependent gef@$4,65] This finding to be involved in this particular CHK2 functioit1,72] A
would be expected to lead to a deficiency in the G1/S-Phasesecond pathway for inhibition of DNA synthesis after IR
checkpoint, however, normal G1 arrest has been found inseems to involve SMC1, a cohesin protein. Efficient phos-

NBS fibroblast lineg66]. In lymphoblastoid NBS B-cells,
G1 arrest was defectivil4] or attenuated9]. The data
from mice carrying hypomorphic mutations Mbn are par-

phorylation of SMC1 by ATM requires nibrin/Nbs[B5].
When a dominant-negative mutant of SMC1, which can-
not be phosphorylated, was over-expressed in normal cells,

ticularly interesting in this respect. In one report, the p21 an RDS-phenotype was producptB]. Apparently inhibi-
response to IR in mouse fibroblasts was indistinguishable tion of DNA replication after IR is effected by independent
from controls indicating that the G1/S checkpoint is normal pathways involving SMC1 or CHK2, the more severe RDS
[32]. In fibroblasts from other mice, entry into S-phase from phenotype in A-T cells is explained by the dependence of
G1 in un-irradiated cells was clearly reduced and this corre- both pathways on ATM, while nibrin/Nbs1 promotes only
lated, as expected, with a high basal level of p21 expressionthe SMC1 pathway71].

[31]. This was interpreted as a defect in the G1/S transition, There is evidence that the pathway disturbed in NBS in-
leading albeit to a stronger rather than weaker checkpointteracts with the pathway affected in patients with the au-
function [31]. A difference in G1 arrest was observed by tosomal recessive chromosome instability disorder, Fanconi
Girard et al. depending on IR dose. At low doses, primary anaemia (FA). The Fanconi anaemia protein, FANCD2, is
NBS fibroblasts showed a defective G1/S checkpoint which monoubiquitinated by a complex of proteins in response to

was not observed at higher dog63].
Cells which enter G2 with damaged DNA remain in G2

DNA damage, mutations in these genes all lead to Fanconi
anaemia. In addition, FANCD2 is phosphorylated by ATM

until the damage has been repaired before entering mitosisin a nibrin/Nbs1-dependent fashipid,75] FANCD2 phos-

Thus a prolonged G2 phase is an indication of a functioning

phorylation is related to the RDS phenotype of cells with

G2/M checkpoint. If the G2 phase accumulation persists thenbiallelic mutations inFANCDZ2, a phenotype which is not

this is an indication that DNA damage has not been repaired.

If cells do not remain in G2 but proceed to mitosis then this
is an indication that the G2/M checkpoint is defective. The

found in cells mutated in the other FA genes. Phosphory-
lation of nibrin/Nbs1 by ATM is independent of FANCD2,
placing this event upstream of FANCD2 phosphorylation.

data for NBS cells are here, again, discrepant. MeasuringWhilst formation of subnuclear MRE11-foci after IR is nor-

the proportion of cells in mitosis after an IR treatment indi-
cated a non functioning G2/M checkpoint in mouse fibrob-
lasts with hypomorphic mutations bn [32] whilst in EBV
transformed B-lymphocytes from NBS patients the G2/M
checkpoint was found to operate normdgg]. Accumula-
tion in G2 in primary patient fibroblasts has been found to
be comparable to contro[§7] whilst in SV40 transformed
fibroblasts[69] and in mouse fibroblas{81] the mutation

of Nbn has led to a longer G2 accumulation than in control
cells. Clearly these differing results can in part be attributed
to the use of different cell types and the difference in muta-
tion between the human cells and the mouse cells.

One further analysis of lymphoblastoid NBS cells has in-
dicated a striking defect in the G2/M checkpoint with NBS
cells still entering mitosis one hour after a 1.5Gy irradiation
[70]. In the same cells, the phosphorylation of CHK2 was
found to be delayed. CHK2 is involved in the G2/M check-
point through its inactivating phosphorylation of Cdc25c,
which is required for formation of maturation promoting
factor (MPF) and entry into mitosis. Attenuated phosphory-
lation of CHK2 after IR could, therefore, explain why NBS

cells enter mitosis unchecked. CHK2 is phosphorylated by

ATM, as is nibrin/Nbs1 itself. Phosphorylated nibrin/Nbs1,

mal in primary fibroblasts witHFANCD2 mutations, it is
completely abrogated after immortalisation with SV40 large
T-antigen [76]. Other viral oncoproteins have also been
shown to interact with the MRE11-pathwg7], however,
the additive effect of the viral oncogene large T-antigen and
mutations iNFANCD2 suggests a specific interaction be-
tween FANCD2 and MRE11. The convergence of the FA
and ATM/NBS pathways is discussed in greater detail in the
review by Alan D’Andrea in this issue.

In summary, the role of nibrin/Nbs1 in the checkpoints of
cell growth and division has been the subject of intensive
research and has established nibrin/Nbs1 as a major player
in the control of the cell cycle, whether independently of
RAD50 and MRE11 remains to be demonstrated. Similarly,
the implicit expectation that the nibrin/Nbsl1 fragments of
hypomorphic mutations can at least partially, and at least in
some cells, uphold these checkpoint functions has not yet
been proved.

6. Meiosis and infertility

Ovarian dysgenesis with primary amenorrhea and ele-

although not a kinase, promotes the phosphorylation of manyvated gonadotrophin levels, has been described in several

target molecules by ATM, so also, CHK25,70]
CHK2 may also be involved in a further major hallmark of
NBS cells: radioresistant DNA synthesis (RDS). CHK2 in-

NBS patients[78,79] Homologous recombination during
meiosis is initiated by DSBs and yeast strains with mutations
in Mrell or Xrs2 are defective in meiotic recombination

activates the phosphatase, Cdc25A, required for activation of[80,81]. Thus ovarian dysgenesis in NBS could be the result



1214 M. Digweed, K. Sperling/ DNA Repair 3 (2004) 1207-1217

of meiotic failure. Nibrin/Nbs1 colocalises with MRE11 at References
the telomeres of meiotic chromosomg2]. Nibrin/Nbs1
has previously been found associated with telomeres in [1] R. Varon, C. Vissinga, M. Platzer, K.M. Cerosaletti, K.H.
cells[83,84] and the complementation of NBS patient cells Chrzanowska, K. Saar, G. Beckmann, E. Seemanova, P.R. Cooper,
with nibrin/Nbs1 is sufficient to correct their characteris- N.J. Nowak, M. Stumm, C.M. Weemaes, R.A. Gatti, R.K. Wilson,
tically shortened telomerd85]. What the specific role of M. Digweed, A. Rosenthal, K. Sperling, P. Concannon, A. Reis,
i, ’ = . Nibrin, a novel DNA double-strand break repair protein, is mutated
nibrin/Nbs1 in meiotic chromosomes could be and how its in Nijmegen breakage syndrome, Cell 93 (1998) 467—476.
failure leads to ovarian dysgenesis is still unclear. [2] J.P. Carney, R.S. Maser, H. Olivares, E.M. Davis, M. Le Beau, J.R.
With respect to ovarian dysgenesis the two mouse mod- Yates |ll, L. Hays, W.F. Morgan, J.H. Petrini, The hMrel1/hRad50
els are discrepant. Whilst one nibrin/Nbs1 knock-out has ~ Protein complex and Nijmegen breakage syndrome: linkage of
no negative effect on gonad function and fertil[82], in goelflblgzs(tlrggg) T??'_(‘l;%pa" to the cellular DNA damage response,
the other knock-out oogenesis is completely abolished in [3] S. Matsuura, H. Tauchi, A. Nakamura, N. Kondo, S. Sakamoto, S.
degenerated ovaries lacking oocytes and follis. In Endo, D. Smeets, B. Solder, B.H. Belohradsky, V.M. Der Kaloustian,
the latter case, male mice were normally fertile, this mouse M. Oshimura, M. Isomura, Y. Nakamura, K. Komatsu, Positional

seems to reflect more exactly the human phenotype in this ~ cloning of the gene for Nijmegen breakage syndrome, Nat. Genet.
respect 19 (1998) 179-181.

[4] L. Distel, S. Neubauer, R. Varon, W. Holter, G. Grabenbauer, Fatal
toxicity following radio and chemotherapy of medulloblastoma in a
child with unrecognized Nijmegen breakage syndrome, Med. Pediatr.

7. Population genetics of NBS Oncol. 41 (2003) 44-48.

[5] I. van der Burgt, K.H. Chrzanowska, D. Smeets, C. Weemaes, Ni-

TheNBSL founder mutation, 65%5, is present in individ- Jmegen breakage syndrome, J. Med. Genet. 33 (1996) 153-156.
’ ’ [6] J. Nove, J.B. Little, P.J. Mayer, P. Troilo, W.W. Nichols, Hyper-

uals_ of eaSterr_l’ western, and southern _SIaVIC Orlgln_. Thus, the sensitivity of cells from a new chromosomal-breakage syndrome to

original mutational event occurred while the Slavic people DNA-damaging agents, Mutat. Res. 163 (1986) 255-262.

were still together in their homeland, the Pripet swamp, more [7] M. Kraakman-van der Zwet, W.J. Overkamp, A.A. Friedl, B. Klein,

than 1500 years ago. We found an unexpectedly high carrier ~ G.W. Verhaegh, N.G. Jaspers, A.T. Midro, F. Eckardt-Schupp, P.H.

frequency of this mutation under the new-born of five dif- Lohman, M.Z. Zdzienicka, Immortalization and characterization of
. . . . Nijmegen Breakage syndrome fibroblasts, Mutat. Res. 434 (1999)

ferent Slavic populations: Czech Republic (8/1234), Poland

17-27.
(18/3569 ), Ukraine (Lvov, 5/908), Bulgaria (9/1002), and [8] K.H. Chrzanowska, W.J. Kleijer, M. Krajewska-Walasek, M.
the sorbs (family studies, 8/32¢86]. These frequencies Bialecka, A. Gutkowska, B. Goryluk-Kozakiewicz, J. Michalkiewicz,
are much higher than that found, for example, in Berlin J. Stachowski, H. Gregorek, G. Lyson-Wojciechowska, et al., Eleven
(1/900). If one excludes that this rather high allelic fre- Polish patients with microcephaly, immunodeficiency, and chromo-

: : - somal instability: the Nijmegen breakage syndrome, Am. J. Med.
guency is due simply to chance, then it must result from a Genet. 57 (1995) 462471,

qllff_erence in reproduction rate of the gene carriers. Our pre- [9] A. Antoccia, M. Stumm, K. Saar, R. Ricordy, P. Maraschio, C. Tan-
liminary data suggest that the heterozygous mothers have = zarella, impaired p53-mediated DNA damage response, cell-cycle
a higher fertility due to a lower miscarriage rate. Since disturbance and chromosome aberrations in Nijmegen breakage syn-
about 50% of all spontaneous abortions are due to aneu- drome lymphoblastoid cell lines, Int. J. Radiat. Biol. 75 (1999) 583—
ploidy this would imply that th&N\BS1 heterozygotes have a S9L.

| disi ti t dt lh [10] P.M. Girard, N. Foray, M. Stumm, A. Waugh, E. Riballo, R.S. Maser,
ower non-disjunction rate compared to normal hOmozygous W.P. Phillips, J. Petrini, C.F. Arlett, P.A. Jeggo, Radiosensitivity in

females[87]. Nijmegen breakage syndrome cells is attributable to a repair defect
The almost random distribution &fBSL heterozygotes in and not cell cycle checkpoint defects, Cancer Res. 60 (2000) 4881
Czechia allows the estimation of the incidence of homozy- 4888.

gotes at 1/68,000 live-births. The number of patients diag- [11] R.D- Taalman, N.G. Jaspers, J.M. Scheres, J. de Wit, T.W. Hustinx,
nosed. however. was 1/238.000. and thus clearly lower than Hypersensitivity to ionizing radiation, in vitro, in a new chromosomal
! Lo ’ ! y breakage disorder, the Nijmegen breakage syndrome, Mutat. Res.
expected. This discrepancy between expected and observed 115 (1983) 23-32.
numbers of NBS patients is obviously due to underdiagno- [12] A. Antoccia, R. Ricordy, P. Maraschio, S. Prudente, C. Tanzarella,
sis. The diagnosis in those patients observed was made at a  Chromosomal sensitivity to clastogenic agents and cell cycle pertur-
relatively late age (mean. T+ 4.5). At that time, between Fi“‘;”SR Ind_N;Jnéeg;en7frif;l;a;ge4iﬂgrome lymphobiastoid cell lines,
14 and 37% of the patients had already developed a tumour,__ "M J- Radiat Biol. 71 (1997) L
. L . [13] E. Harfst, S. Cooper, S. Neubauer, L. Distel, U. Grawunder, Normal
[8_6]- The extreme r_adlose_ns_ltlwty (_)f NBS patients toget_her V(D)J recombination in cells from patients with Nijmegen breakage
with such a late diagnosis is a hidden danger as patients  syndrome, Mol. Immunol. 37 (2000) 915-929.
with a malignancy are subjected to chemo and radiotherapy[14] K.E. Sullivan, E. Veksler, H. Lederman, S.P. Lees-Miller, Cell cycle
which could lead to Secondary tumours and even mortality. checkpoints and DNA repair in Nijmegen breakage syndrome, Clin.
Therefore, it is absolutely essential to postulate criteria for Immunol. Immunopathol. 82 (1997) 43-48. _ _ _
th | d tai it f NBS i der t id [15] D. Blocher, W. Pohlit, DNA double-strand breaks in Ehrlich ascites
e early an_ certain recognition o . In oraer to avol tumour cells at low doses of X-rays. 1. Can cell death be attributed to
the conventional treatment protocols in cases where a ma- double-strand breaks? Int. J. Radiat. Biol. Relat. Stud. Phys. Chem.

lignancy is already present. Med. 42 (1982) 329-338.



M. Digweed, K. Sperling/ DNA Repair 3 (2004) 1207-1217 1215

[16] K. Saar, K.H. Chrzanowska, M. Stumm, M. Jung, G. Nurnberg, [34] X. Wu, V. Ranganathan, D.S. Weisman, W.F. Heine, D.N. Ciccone,

T.F. Wienker, E. Seemanova, R.D. Wegner, A. Reis, K. Sperling, T.B. O'Neill, K.E. Crick, K.A. Pierce, W.S. Lane, G. Rathbun,
The gene for the ataxia-telangiectasia variant, Nijmegen breakage D.M. Livingston, D.T. Weaver, ATM phosphorylation of Nijmegen
syndrome, maps to a 1-cM interval on chromosome 8921, Am. J. breakage syndrome protein is required in a DNA damage response,
Hum. Genet. 60 (1997) 605-610. Nature 405 (2000) 477-482.

[17] T.C. Yeo, D. Xia, S. Hassouneh, X.O. Yang, D.E. Sabath, K. Sperling, [35] K.M. Cerosaletti, P. Concannon, Nibrin forkhead-associated domain
R.A. Gatti, P. Concannon, D.M. Willerford, V(D)J rearrangement in and breast cancer C-terminal domain are both required for nuclear
Nijmegen breakage syndrome, Mol. Immunol. 37 (2000) 1131-1139. focus formation and phosphorylation, J. Biol. Chem. 278 (2003)

[18] H. Tauchi, J. Kobayashi, K. Morishima, D.C. van Gent, T. Shiraishi, 21944-21951.

N.S. Verkaik, D. vanHeems, E. Ito, A. Nakamura, E. Sonoda, M. [36] J. Kobayashi, H. Tauchi, S. Sakamoto, A. Nakamura, K. Morishima,
Takata, S. Takeda, S. Matsuura, K. Komatsu, Nbsl is essential for S. Matsuura, T. Kobayashi, K. Tamai, K. Tanimoto, K. Komatsu,
DNA repair by homologous recombination in higher vertebrate cells, NBS1 localizes to gamma-H2AX foci through interaction with the
Nature 420 (2002) 93-98. FHA/BRCT domain, Curr. Biol. 12 (2002) 1846-1851.

[19] Y. Yamaguchi-lwai, E. Sonoda, M.S. Sasaki, C. Morrison, T. [37] T. Uziel, Y. Lerenthal, L. Moyal, Y. Andegeko, L. Mittelman, Y.
Haraguchi, Y. Hiraoka, Y.M. Yamashita, T. Yagi, M. Takata, C. Price, Shiloh, Requirement of the MRN complex for ATM activation by

N. Kakazu, S. Takeda, Mrell is essential for the maintenance of DNA damage, EMBO J. 22 (2003) 5612-5621.
chromosomal DNA in vertebrate cells, EMBO J. 18 (1999) 6619— [38] H. Gregorek, K.H. Chrzanowska, J. Michalkiewicz, M. Syczewska,

6629. K. Madalinski, Heterogeneity of humoral immune abnormalities in
[20] S. Moreau, J.R. Ferguson, L.S. Symington, The nuclease activity of children with Nijmegen breakage syndrome: an 8-year follow-up
Mrell is required for meiosis but not for mating type switching, end study in a single centre, Clin. Exp. Immunol. 130 (2002) 319-324.
joining, or telomere maintenance, Mol. Cell Biol. 19 (1999) 556-566. [39] C.M. Weemaes, D.F. Smeets, C.J. van der Burgt, Nijmegen breakage
[21] T.T. Paull, M. Gellert, Nbs1 potentiates ATP-driven DNA unwinding syndrome: a progress report, Int. J. Radiat. Biol. 66 (1994) S185-188.
and endonuclease cleavage by the Mrell/Rad50 complex, Genes[40] J. MichaLkiewicz, C. Barth, K. Chrzanowska, H. Gregorek, M.
Dev. 13 (1999) 1276-1288. Syczewska, C.M. Weemaes, K. Madalinski, J. Stachowski, Abnor-
[22] D.E. Anderson, K.M. Trujillo, P. Sung, H.P. Erickson, Structure malities in the T and NK lymphocyte phenotype in patients with
of the Rad50x Mrell DNA repair complex from Saccharomyces Nijmegen breakage syndrome, Clin. Exp. Immunol. 134 (2003) 482—
cerevisiae by electron microscopy, J. Biol. Chem. 276 (2001) 37027- 490.
37033. [41] H.T. Chen, A. Bhandoola, M.J. Difilippantonio, J. Zhu, M.J. Brown,
[23] K.P. Hopfner, A. Karcher, L. Craig, T.T. Woo, J.P. Carney, J.A. X. Tai, E.P. Rogakou, T.M. Brotz, W.M. Bonner, T. Ried, A. Nussen-
Tainer, Structural biochemistry and interaction architecture of the zweig, Response to RAG-mediated VDJ cleavage by NBS1 and
DNA double-strand break repair Mrell nuclease and Rad50-ATPase, gamma-H2AX, Science 290 (2000) 1962-1965.
Cell 105 (2001) 473-485. [42] J.H. Petrini, J.W. Donovan, C. Dimare, D.T. Weaver, Normal V(D)J
[24] M. de Jager, J. van Noort, D.C. van Gent, C. Dekker, R. Kanaar, C. coding junction formation in DNA ligase | deficiency syndromes, J.
Wyman, Human Rad50/Mrell is a flexible complex that can tether Immunol. 152 (1994) 176-183.
DNA ends, Mol. Cell 8 (2001) 1129-1135. [43] B.G. van Engelen, J.A. Hiel, F.J. Gabreels, L.P. van den Heuvel,
[25] R.S. Maser, R. Zinkel, J.H. Petrini, An alternative mode of translation D.C. van Gent, C.M. Weemaes, Decreased immunoglobulin class
permits production of a variant NBS1 protein from the common switching in Nijmegen Breakage syndrome due to the DNA repair

Nijmegen breakage syndrome allele, Nat. Genet. 27 (2001) 417-421. defect, Hum. Immunol. 62 (2001) 1324-1327.
[26] C. Tanzanella, A. Antoccia, E. Spadoni, A. di Masi, V. Pecile, E. [44] Q. Pan, C. Petit-Frere, A. Lahdesmaki, H. Gregorek, K.H.

Demori, R. Varon, G.L. Marseglia, L. Tiepolo, P. Maraschio, Chro- Chrzanowska, L. Hammarstrom, Alternative end joining during
mosome instability and nibrin protein variants in NBS heterozygotes, switch recombination in patients with ataxia-telangiectasia, Eur. J.
Eur. J. Hum. Genet. 11 (2003) 297-303. Immunol. 32 (2002) 1300-1308.

[27] V. Dumon-Jones, P.O. Frappart, W.M. Tong, G. Sajithlal, W. Hulla, [45] S. Petersen, R. Casellas, B. Reina-San-Martin, H.T. Chen, M.J. Difil-
G. Schmid, Z. Herceg, M. Digweed, Z.Q. Wang, Nbn heterozy- ippantonio, P.C. Wilson, L. Hanitsch, A. Celeste, M. Muramatsu, D.R.
gosity renders mice susceptible to tumor formation and ionizing Pilch, C. Redon, T. Ried, W.M. Bonner, T. Honjo, M.C. Nussenzweig,
radiation-induced tumorigenesis, Cancer Res. 63 (2003) 7263-7269. A. Nussenzweig, AID is required to initiate Nbsl/gamma-H2AX fo-

[28] J. Zhu, S. Petersen, L. Tessarollo, A. Nussenzweig, Targeted disrup- cus formation and mutations at sites of class switching, Nature 414
tion of the Nijmegen breakage syndrome gene NBS1 leads to early (2001) 660-665.
embryonic lethality in mice, Curr. Biol. 11 (2001) 105-109. [46] S. Kracker, |. Demuth, P.-O. Frappart, G. Hildebrand, Y. Bergmann,

[29] Y. Xiao, D.T. Weaver, Conditional gene targeted deletion by Cre re- R. Christine, Z.-Q. Wang, K. Sperling, M. Digweed, A. Radbruch,
combinase demonstrates the requirement for the double-strand break NBS1 functions in immunoglobulin class switch recombination,
repair Mrell protein in murine embryonic stem cells, Nucl. Acids 2003, submitted for publication.

Res. 25 (1997) 2985-2991. [47] E. Seemanova, An increased risk for malignant neoplasms in het-

[30] G. Luo, M.S. Yao, C.F. Bender, M. Mills, A.R. Bladl, A. Bradley, J.H. erozygotes for a syndrome of microcephaly, normal intelligence,
Petrini, Disruption of mRad50 causes embryonic stem cell lethality, growth retardation, remarkable facies, immunodeficiency and chro-
abnormal embryonic development, and sensitivity to ionizing radia- mosomal instability, Mutat. Res. 238 (1990) 321-324.
tion, Proc. Natl. Acad. Sci. U.S.A. 96 (1999) 7376-7381. [48] K. Seidemann, M. Tiemann, G. Henze, A. Sauerbrey, S. Muller, A.

[31] J. Kang, R.T. Bronson, Y. Xu, Targeted disruption of NBS1 reveals Reiter, Therapy for non-Hodgkin lymphoma in children with primary
its roles in mouse development and DNA repair, EMBO J. 21 (2002) immunodeficiency: analysis of 19 patients from the BFM trials, Med.
1447-1455. Pediatr. Oncol. 33 (1999) 536-544.

[32] B.R. Williams, O.K. Mirzoeva, W.F. Morgan, J. Lin, W. Dunnick, [49] P.J. De Schouwer, M.J. Dyer, V.B. Brito-Babapulle, E. Matutes, D.
J.H. Petrini, A murine model of Nijmegen breakage syndrome, Curr. Catovsky, M.R. Vuille, T-cell prolymphocytic leukaemia: antigen re-
Biol. 12 (2002) 648—653. ceptor gene rearrangement and a novel mode of MTCP1 B1 activa-

[33] M. Gatei, D. Young, K.M. Cerosaletti, A. Desai-Mehta, K. Spring, tion, Br. J. Haematol. 110 (2000) 831-838.

S. Kozlov, M.F. Lavin, R.A. Gatti, P. Concannon, K. Khanna, [50] J. van Gorp, H. Doornewaard, L.F. Verdonck, C. Klopping, P.F. Vos,
ATM-dependent phosphorylation of nibrin in response to radiation J.G. van den Tweel, Posttransplant T-cell lymphoma. Report of three

exposure, Nat. Genet. 25 (2000) 115-119. cases and a review of the literature, Cancer 73 (1994) 3064-3072.



1216 M. Digweed, K. Sperling/ DNA Repair 3 (2004) 1207-1217

[51] M.E. Weksler, P. Szabo, The effect of age on the B-cell repertoire, [67] P.M. Girard, E. Riballo, A.C. Begg, A. Waugh, P.A. Jeggo, Nbsl

J. Clin. Immunol. 20 (2000) 240-249. promotes ATM dependent phosphorylation events including those
[52] M. Stumm, S. Neubauer, S. Keindorff, R.D. Wegner, P. Wieacker, required for G1/S arrest, Oncogene 21 (2002) 4191-4199.

R. Sauer, High frequency of spontaneous translocations revealed by[68] B. Xu, S. Kim, M.B. Kastan, Involvement of Brcal in S-phase and

FISH in cells from patients with the cancer-prone syndromes ataxia G(2)-phase checkpoints after ionizing irradiation, Mol. Cell Biol. 21

telangiectasia and Nijmegen breakage syndrome, Cytogenet. Cell (2001) 3445-3450.

Genet. 92 (2001) 186-191. [69] A. Ito, H. Tauchi, J. Kobayashi, K. Morishima, A. Nakamura, Y. Hi-
[53] M. Stanulla, M. Stumm, B.O. Dieckvoss, K. Seidemann, V. Schem- rokawa, S. Matsuura, K. Ito, K. Komatsu, Expression of full-length

mel, A. Muller Brechlin, M. Schrappe, K. Welte, A. Reiter, No NBS1 protein restores normal radiation responses in cells from Ni-

evidence for a major role of heterozygous deletion 657del5 within jmegen breakage syndrome patients, Biochem. Biophys. Res. Com-

the NBS1 gene in the pathogenesis of non-Hodgkin’s lymphoma of mun. 265 (1999) 716-721.

childhood and adolescence, Br. J. Haematol. 109 (2000) 117-120. [70] G. Buscemi, C. Savio, L. Zannini, F. Micciche, D. Masnada, M.
[54] K. Seidemann, G. Henze, J.D. Beck, A. Sauerbrey, J. Kuhl, G. Nakanishi, H. Tauchi, K. Komatsu, S. Mizutani, K. Khanna, P. Chen,

Mann, A. Reiter, Non-Hodgkin's lymphoma in pediatric patients P. Concannon, L. Chessa, D. Delia, Chk2 activation dependence

with chromosomal breakage syndromes (AT and NBS): experience on Nbsl after DNA damage, Mol. Cell Biol. 21 (2001) 5214—

from the BFM trials, Ann. Oncol. 11 (Suppl. 1) (2000) 141-145. 5222.
[55] K.M. Cerosaletti, V.A. Morrison, D.E. Sabath, D.M. Willerford, P.  [71] J. Falck, J.H. Petrini, B.R. Williams, J. Lukas, J. Bartek, The DNA

Concannon, Mutations and molecular variants of the NBS1 gene damage-dependent intra-S phase checkpoint is regulated by parallel

in non-Hodgkin lymphoma, Genes Chromosomes Cancer 35 (2002) pathways, Nat. Genet. 30 (2002) 290-294.

282-286. [72] P.T. Yazdi, Y. Wang, S. Zhao, N. Patel, E.Y. Lee, J. Qin, SMC1
[56] S. Hama, S. Matsuura, H. Tauchi, J. Sawada, C. Kato, F. Yamasaki, is a downstream effector in the ATM/NBS1 branch of the human

H. Yoshioka, K. Sugiyama, K. Arita, K. Kurisu, N. Kamada, Y. S-phase checkpoint, Genes Dev. 16 (2002) 571-582.

Heike, K. Komatsu, Absence of mutations in the NBS1 gene in B-cell [73] S.T. Kim, B. Xu, M.B. Kastan, Involvement of the cohesin protein,

malignant lymphoma patients, Anticancer Res. 20 (2000) 1897-1900. Smcl, in Atm-dependent and independent responses to DNA damage,
[57] M. Stumm, A. von Ruskowsky, R. Siebert, S. Harder, R. Varon, P. Genes Dev. 16 (2002) 560-570.

Wieacker, B. Schlegelberger, No evidence for deletions of the NBS1 [74] T. Taniguchi, |. Garcia-Higuera, B. Xu, P.R. Andreassen, R.C. Gre-

gene in lymphomas, Cancer Genet. Cytogenet. 126 (2001) 60-62. gory, S.T. Kim, W.S. Lane, M.B. Kastan, A.D. D'Andrea, Con-
[58] R. Varon, A. Reis, G. Henze, H.G. von Einsiedel, K. Sperling, K. vergence of the fanconi anemia and ataxia telangiectasia signaling

Seeger, Mutations in the Nijmegen breakage syndrome gene (NBS1) pathways, Cell 109 (2002) 459-472.
in childhood acute lymphoblastic leukemia (ALL), Cancer Res. 61 [75] K. Nakanishi, T. Taniguchi, V. Ranganathan, H.V. New, L.A. Moreau,

(2001) 3570-3572. M. Stotsky, C.G. Mathew, M.B. Kastan, D.T. Weaver, A.D. D'Andrea,
[59] F. Carlomagno, J. Chang-Claude, A.M. Dunning, B.A. Ponder, De- Interaction of FANCD2 and NBS1 in the DNA damage response,
termination of the frequency of the common 657Del5 Nijmegen Nat. Cell Biol. 4 (2002) 913-920.
breakage syndrome mutation in the German population: no asso- [76] M. Digweed, I. Demuth, S. Rothe, R. Scholz, A. Jordan, C.
ciation with risk of breast cancer, Genes Chromosomes Cancer 25 Grotzinger, D. Schindler, M. Grompe, K. Sperling, SV40 large
(1999) 393-395. T-antigen disturbs the formation of nuclear DNA-repair foci con-
[60] N. Uhrhammer, J.O. Bay, S. Gosse-Brun, F. Kwiatkowski, P. Rio, taining MRE11, Oncogene 21 (2002) 4873-4878.
A. Daver, Y.J. Bignon, Allelic imbalance at NBS1 is frequent in  [77] T.H. Stracker, C.T. Carson, M.D. Weitzman, Adenovirus oncoproteins
both proximal and distal colorectal carcinoma, Oncol. Rep. 7 (2000) inactivate the Mre11-Rad50-NBS1 DNA repair complex, Nature 418
427-431. (2002) 348-352.
[61] A. Tessitore, L. Biordi, V. Flati, E. Toniato, P. Marchetti, E. Rice- [78] K.H. Chrzanowska, M. Krajewska-Walasek, M. Bialecka, M. Metera,
vuto, C. Ficorella, L. Scotto, G. Giannini, L. Frati, C. Masciocchi, M. Pedich, Ovarian failure in female patients with the Nijmegen
V. Tombolini, A. Gulino, S. Martinotti, New mutations and protein breakage syndrome, Eur. J. Hum. Genet. 4 (Suppl. 1) (1996) 122.
variants of NBS1 are identified in cancer cell lines, Genes Chromo- [79] M.E. Conley, N.B. Spinner, B.S. Emanuel, P.C. Nowell, W.W.
somes Cancer 36 (2003) 198-204. Nichols, A chromosomal breakage syndrome with profound immun-

[62] E. Seemanova, P. Jarolim, R. Varon, J. Pelz, K. Sperling, Cancer odeficiency, Blood 67 (1986) 1251-1256.
risk in NBS heterozygotes from the Czech Republic, Am. J. Hum. [80] H. Tsubouchi, H. Ogawa, A novel mre1l mutation impairs processing

Genet. 71 (Suppl.) (2002) 238A. of double-strand breaks of DNA during both mitosis and meiosis,
[63] J. Steffen, R. Varon, M. Mosor, G. Maneva, M. Maurer, M. Mol. Cell Biol. 18 (1998) 260-268.

Stumm, D. Nowakowska, M. Rubach, E. Kosakowska, W. Ruka, Z. [81] E.L. Ivanov, V.G. Korolev, F. Fabre, XRS2, a DNA repair gene

Nowecki, P. Rutkowski, T. Demkow, M. Sadowska, M. Bidzifiski, K. of Saccharomyces cerevisiae, is needed for meiotic recombination,

Gawrychowski, K. Sperling, Increased cancer risk of heterozygotes Genetics 132 (1992) 651-664.
with NBS1 germline mutations in Poland, Int. J. Cancer, 2004, in [82] D.B. Lombard, L. Guarente, Nijmegen breakage syndrome disease

press. protein and MRE11 at PML nuclear bodies and meiotic telomeres,
[64] W. Jongmans, M. Vuillaume, K. Chrzanowska, D. Smeets, K. Sper- Cancer Res. 60 (2000) 2331-2334.

ling, J. Hall, Nijmegen breakage syndrome cells fail to induce the [83] G. Wu, W.H. Lee, P.L. Chen, NBS1 and TRF1 colocalize at promye-

p53-mediated DNA damage response following exposure to ionizing locytic leukemia bodies during late S/G2 phases in immortalized

radiation, Mol. Cell Biol. 17 (1997) 5016-5022. telomerase-negative cells. Implication of NBS1 in alternative length-
[65] K. Matsuura, T. Balmukhanov, H. Tauchi, C. Weemaes, D. Smeets, ening of telomeres, J. Biol. Chem. 275 (2000) 30618-30622.

K. Chrzanowska, S. Endou, S. Matsuura, K. Komatsu, Radiation [84] X.D. Zhu, B. Kuster, M. Mann, J.H. Petrini, T. de Lange, Cell-cycle-

induction of p53 in cells from Nijmegen breakage syndrome is regulated association of RAD50/MRE11/NBS1 with TRF2 and hu-

defective but not similar to ataxia-telangiectasia, Biochem. Biophys. man telomeres, Nat. Genet. 25 (2000) 347-352.

Res. Commun. 242 (1998) 602-607. [85] V. Ranganathan, W.F. Heine, D.N. Ciccone, K.L. Rudolph, X. Wu, S.
[66] V. Yamazaki, R.D. Wegner, C.U. Kirchgessner, Characterization of Chang, H. Hai, I.M. Ahearn, D.M. Livingston, |. Resnick, F. Rosen,

cell cycle checkpoint responses after ionizing radiation in Nijmegen E. Seemanova, P. Jarolim, R.A. DePinho, D.T. Weaver, Rescue of a

breakage syndrome cells, Cancer Res. 58 (1998) 2316-2322. telomere length defect of Nijmegen breakage syndrome cells requires



M. Digweed, K. Sperling/ DNA Repair 3 (2004) 1207-1217 1217

657del5, in three Slav populations, Eur. J. Hum. Genet. 8 (2000)

966. 900-902.
[86] R. Varon, E. Seemanova, K. Chrzanowska, O. Hnateyko, [87] E. Seemanova, P. Jarolim, R. Varon, J. Pelz, K. Sperling, NBS1
D. Piekutowska-Abramczuk, M. Krajewska-Walasek, J. Sykut- founder mutation and Darwinian fitness, Cas Lek Cesk 141 (2002)

Cegielska, K. Sperling, A. Reis, Clinical ascertainment of Nijmegen VIIA.
breakage syndrome (NBS) and prevalence of the major mutation,

NBS and telomerase catalytic subunit, Curr. Biol. 11 (2001) 962—



	Nijmegen breakage syndrome: clinical manifestation of defective response to DNA double-strand breaks
	Introduction
	Radiosensitvity, chromosomal breakage and DNA double-strand break repair
	Infections and immunodeficiency
	Lymphoma in NBS patients and cancer risk in heterozygous carriers
	Growth retardation and the cell cycle in NBS
	Meiosis and infertility
	Population genetics of NBS
	References


