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The DNA Double-Strand Break Repair Gene
hMRE11 Is Mutated in Individuals
with an Ataxia-Telangiectasia-like Disorder

The hMre11/hRad50/Nbs1 complex has been pro-
posed to act as a sensor of DNA damage. Nelms et al.
(1998) showed that upon exposure to ionizing radiation
the hMre11/hRad50/Nbs1 complex becomes rapidly as-
sociated with the DNA DSBs and remains at these sites

Grant S. Stewart,* Richard S. Maser,†
Tanja Stankovic,* Debra A. Bressan,† Mark I. Kaplan,†
Nikolaas G. J. Jaspers,‡ Anja Raams,‡ Philip J. Byrd,*
John H. J. Petrini,†§ and A. Malcolm R. Taylor*§

*The University of Birmingham CRC Institute
for Cancer Studies until the damage is repaired. Loss of functional Nbs1 in

NBS patients prevents the formation of the radiation-The Medical School
Edgbaston, Birmingham, B15 2TT induced hMre11/hRad50 nuclear foci (IRIF) (Carney et

al., 1998). Similarly, the formation of the hMre11/United Kingdom
†University of Wisconsin Medical School hRad50/Nbs1 radiation-induced foci is abnormal in A-T

cells, but the defect observed is less severe than inMadison, Wisconsin 53706
‡Department of Cell Biology and Genetics NBS cells (Maser et al., 1997). Since Nbs1 and ATM

deficiencies abrogate specific DNA damage-dependentErasmus University
3000 DR Rotterdam cell cycle checkpoints, the association of the hMre11/

hRad50/Nbs1 complex with DSBs suggests that theThe Netherlands
DNA damage recognition functions of the complex are
linked to the signal transduction pathway(s) required to
activate ATM-dependent cell cycle checkpoints.Summary

Interestingly, certain phenotypic features of the yeast
mutants affecting the S. cerevisiae Mre11/Rad50/Xrs2We show that hypomorphic mutations in hMRE11, but
protein complex are reminiscent of both A-T and NBS;not in ATM, are present in certain individuals with an
in addition to recombinational DNA repair deficiency,ataxia-telangiectasia-like disorder (ATLD). The cellular
these mutants exhibit genomic instability in the form offeatures resulting from these hMRE11 mutations are
increased allelic recombination, increased frequency ofsimilar to those seen in A-T as well as NBS and include
chromosome loss, and sensitivity to DNA damaginghypersensitivity to ionizing radiation, radioresistant
agents (Ajimura et al., 1993; Petrini et al., 1997; BressanDNA synthesis, and abrogation of ATM-dependent
et al., 1998).events, such as the activation of Jun kinase following

In the present study, we have identified two familiesexposure to g irradiation. Although the mutant hMre11
clinically diagnosed with A-T that have mutations in theproteins retain some ability to interact with hRad50
human hMRE11 gene. Consistent with the clinical out-and Nbs1, formation of ionizing radiation-induced
come of these mutations, cells established from thehMre11 and Nbs1 foci was absent in hMRE11 mutant
affected individuals within the two families exhibit manycells. These data demonstrate that ATM and the
of the features characteristic of both A-T and NBS: chro-hMre11/hRad50/Nbs1 protein complex act in the same
mosomal instability, increased sensitivity to ionizing ra-DNA damage response pathway and link hMre11 to
diation, defective induction of stress-activated signalthe complex pathology of A-T.
transduction pathways, and radioresistant DNA synthe-
sis (RDS). These data strengthen the molecular connec-Introduction
tion between DSB recognition by the hMre11/hRad50/
Nbs1 protein complex and the ability of the cell to acti-Description of the genetic defects underlying the chro-

mosomal instability syndromes ataxia-telangiectasia vate the DNA damage response pathway controlled by
ATM.(A-T)(Savitsky et al., 1995) and Nijmegen breakage syn-

drome (NBS)(Carney et al., 1998; Varon et al., 1998) has
provided important insight regarding the mammalian Results
DNA damage response. Both A-T and NBS exhibit hy-
persensitivity to ionizing radiation, immunodeficiency, ATLD Patients Contain Mutations
and an increased predisposition to the development of in the hMRE11 Gene
malignancies (reviewed by Shiloh, 1997). These pheno- We encountered two families in which the affected in-
typic outcomes indicate that ATM and Nbs1, the gene dividuals presented with many clinical features of
products deficient in A-T and NBS, play an important A-T, especially progressive cerebellar degeneration. Al-
role in maintaining genomic integrity in the face of intrin- though none of the affected individuals from either fam-
sic as well as extrinsic DNA damage. A clear biochemical ily exhibited ocular telangiectasia, their clinical presen-
link between double-strand break (DSB) repair and tations were otherwise consistent with the diagnosis of
mammalian cellular responses to DNA damage was un- A-T. Previously, we reported the increased cellular and
covered by the observation that Nbs1 functions in a chromosomal radiosensitivity of two cousins (ATLD1, a
complex with the highly conserved DSB repair proteins 25-year-old woman, and ATLD2, a 20-year-old man) in
hMre11 and hRad50 (Carney et al., 1998). family 1 (Hernandez et al., 1993). Approximately 8% of

peripheral lymphocytes carried translocations includ-
ing t(7;14)(p15;q32) and t(7;14)(q35;q11) seen in A-T§ To whom correspondence should be addressed (e-mail: a.m.r.taylor@

bham.ac.uk [A. M. R. T.], jpetrini@facstaff.wisc.edu [J. H. J. P.]). patients. Chromosomal radiosensitivity in lymphocytes
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Figure 1. Alteration in Protein Levels of Full-
Length hMre11, hRad50, and Nbs1 in ATLD
Cells

Whole-cell extracts were made from LCLs de-
rived from patients and normal individuals
and fractionated by SDS polyacrylamide gel
electrophoresis. Western blot analysis was
performed using antisera directed against the
ATM, hMre11, hRad50, and Nbs1 proteins.
The Western blot was additionally probed for
actin to standardize for protein loading. Pro-
tein:actin ratios are indicated.
(A) Whole-cell extracts from patients ATLD1
and ATLD2 in family 1 (father 5 father of
ATLD2; mother 5 mother of ATLD1).
(B) Whole-cell extracts from ATLD3, ATLD4,
and parents.

was increased to the level seen in classical A-T patients a diagnosis of A-T. We searched for ATM mutations in
these two brothers by REF, but no ATM mutations were(Hernandez et al., 1993). Using haplotype analysis, we

previously observed that patients ATLD1 and ATLD2 found (McConville et al., 1996). Consistent with the fail-
ure to detect mutations in ATM, normal ATM proteinhad different haplotypes in the region of the ATM gene,

consistent with the A-T in this family not being due to levels were present in all four patients from both families
(Figure 1). Hence, we have designated this disorderan ATM mutation (Hernandez et al., 1993; patients are

indicated in this publication as II-7 and II-8, respectively). ATLD, for ataxia-telangiectasia-like disorder.
Given the absence of ATM deficiency and the similar-Further haplotyping (data not shown), using (C-A)n mark-

ers, confirmed our original observation of different hap- ity between NBS and A-T at the cellular level, we then
examined the status of the hMre11, hRad50, and Nbs1lotypes in ATLD1 and ATLD2. In addition, we searched

for ATM mutations in these two cousins by restriction proteins in ATLD cells. In ATLD1 and ATLD2, there was
total loss of full-length hMre11 expression, with trun-endonuclease fingerprinting (REF) and also by sequenc-

ing selected parts of the cDNA, but no ATM mutation cated hMre11 being observed in patient ATLD2 but not
confirmed in ATLD1 on a Western blot (although trun-was found (data not shown).

In family 2, two brothers (ATLD3 and ATLD4) had clini- cated hMre11 could be coimmunoprecipitated from
both ATLD1 and 2 cells by Nbs1 antibody; see below).cal features of ataxia-telangiectasia (Klein et al., 1996).

They also showed an increased level of chromosome In addition, there was a marked decrease in the levels of
hRad50 and Nbs1 in these cells. In the parents, hMre11translocations [1% of cells with t(7;14)(q35;q11)] and

an increased chromosomal radiosensitivity intermediate levels were reduced compared with normal cells (Fig-
ure 1A).between A-T and normal (indicated as patients 53, II-1,

and II-2 in Taylor et al., 1996a) but not as high as ATLD1 In the patients ATLD3 and ATLD4, reduced levels of
hMre11, hRad50, and Nbs1 were observed, but none ofand ATLD2. The parents were unrelated. In this family,

both brothers did share the same haplotypes in the these proteins was present in a truncated form. Cells
from the mother, but not the father, of these boys alsoregion of the ATM gene, which would be consistent with
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Figure 2. Identification of hMRE11 Mutations
in Two ATLD Families

(A) Family 1. Patients ATLD1 and ATLD2 are
cousins and are homozygous for a C→T tran-
sition at nucleotide 1897, creating an in-frame
stop codon. The mother of ATLD1 and father
of ATLD2 are siblings and carry the same mu-
tation. The other parents in this consanguine-
ous family are also carriers of this mutation
(data not shown).
(B) Family 2. Patients ATLD3 and ATLD4 are
siblings and carry an A→G missense mutation
at nt350, resulting in an N→S amino acid
change. This mutation is paternal in origin,
and both A and G can be seen at this position
in the paternal sequence. The mother ap-
pears to be homozygous for the normal base
A at this position. No A peak, coincident with
the G peak from the father, is apparent in the
hMRE11 cDNA sequence in the two affected
offspring. This suggested that the affected
offspring have inherited a maternal allele that
is either deleted, not transcribed, or is aber-
rantly processed with the effect that the
mother is hemizygous at this position.

showed reduced hMre11 levels (Figure 1B). As pre- paternal in origin. Neither ATLD3 nor ATLD4 expressed
a hMRE11 allele with wild-type sequence at positionviously observed, cells from a classical A-T patient con-

tained hMre11, hRad50, and Nbs1 at normal levels, and 350 (Figure 2B), suggesting a deletion of this part of the
maternal allele, possibly at the level of aberrant splicingonly Nbs1 was lost in NBS cells as judged by Western

blotting (Maser et al., 1997; Carney et al., 1998) (Figure or a mutation affecting transcription regulation. No ma-
ternally derived mutation was detected by DNA se-1). Therefore, NBS, A-T, and the ATLD disorder can be

distinguished from each other by the levels of hMre11, quence analysis, suggesting that the mother of this fam-
ily is heterozygous for a null hMRE11 mutation. WesternhRad50, and Nbs1.

Since alteration in the levels of hMre11 was common blotting showed reduced hMre11 levels in maternally
derived cells, consistent with this interpretation (Fig-to both families, the sequence of the hMRE11 gene

from the four ATLD patients was determined. In patients ure 1B).
ATLD1 and ATLD2, a C→T change at nt1897 was de-
tected. This change, CGA→TGA, resulted in a 633 Phenotypic Characterisation of ATLD Cells

The clinical presentations of both ATLD families wereR→STOP, prematurely truncating the hMre11 protein as
we observed. Both patients from family 1 are homozy- very similar to that seen in A-T. To examine whether this

similarity extended to the respective cellular pheno-gous for this mutation. Both parents of ATLD1 are cous-
ins, as are the parents of ATLD2. In addition, the mother types, several aspects of the DNA damage response

were tested in cells established from ATLD patients.of ATLD1 and father of ATLD2 are siblings. Three of the
four parents were shown to be heterozygous for the Cellular radiosensitivity was measured by colony form-

ing ability of g irradiated skin fibroblasts. In ATLD3 andsame mutation (Figure 2A) (the father of ATLD1 was
deceased). ATLD4, colony forming ability was intermediate between

classical A-T and normal controls, whereas survival inDNA sequence analysis of ATLD3 and ATLD4 hMRE11
cDNA revealed one missense mutation, 350 A→G, re- ATLD2 was nearer that of cells from classical A-T (Figure

3A). Healthy ATLD1 fibroblasts were unavailable, butsulting in a 117 N→S amino acid change, which was
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Figure 3. Radiosensitivity in hMRE11 Mu-
tants

(A) ATLD skin fibroblasts are unusually radio-
sensitive. Colony forming assay indicating
survival levels of cells from ATLD2, 3, and 4
cells compared with normal (Cwat) and a A-T
patient (AT4BI) following g ray exposures up
to 5 Gy. The values are means of two experi-
ments for ATLD cells and three experiments
for AT4BI and Cwat.
(B) ATLD LCLs are DSB repair proficient. Bar
chart indicating the FARIR for normal (721.45),
ATLD2, ATLD3, and A-T (AT3LA) LCLs after
a dose of 50 Gy and repair for the indicated
times. Data are obtained from four (721.45
cells) or two (ATLD2, ATLD3, AT3LA cells) in-
dependent experiments, and plugs were run
on two gels. Error bars indicate the standard
deviation among all gel runs.
(C) ATLD cells show radioresistant DNA syn-
thesis (RDS). Levels of RDS in both A-T cells
(AT2RO) and also ATLD cells from patients
ATLD2, ATLD3, and ATLD4, compared with
normal (C5RO) following g ray doses of up to
20 Gy. Values are the means of three experi-
ments.
(D) Radiation sensitivity of Scmre11 mutants
is also seen. Haploid Scmre11D strain JPY180
was transformed with a native promoter-
driven ScMRE11, Scmre11-Q623Z (equiva-
lent mutation to that in ATLD1 and 2), or
Scmre11-N113S (equivalent mutation to that
in ATLD3 and 4) expression constructs or the
empty vector pRS314 (Scmre11D). Cultures
of JPY180 transformants were g irradiated at
the doses indicated. Values plotted represent
the average of three independent experi-
ments. Error bars represent standard devi-
ation.

previous work has shown them to have survival levels with ionizing radiation is a hallmark of cells established
from A-T as well as NBS patients (Shiloh, 1997). Wesimilar to A-T cells (Hernandez et al., 1993), consistent

with the fact that ATLD1 and ATLD2 harbor the same assessed the ability of ATLD cells to effect this mode
of DNA damage-dependent cell cycle regulation. ThehMRE11 allele.

A-T cells are not grossly defective at DSB repair (Jor- suppression of DNA inhibition in fibroblasts from ATLD
patients 2, 3, and 4 is somewhat less pronounced thangensen and Shiloh, 1996). However, the evidence in S.

cerevisiae demonstrating that ScMre11 functions in DSB in the reference A-T cell strain, AT2RO, in which the
RDS response is identical to that of other A-T strainsrepair prompted us to investigate whether the IR sensi-

tivity of ATLD cells was attributable to DSB repair defi- (Jaspers et al., 1982) (Figure 3C). However, none of the
ATLD cells suppressed DNA synthesis to the same levelciency. We performed pulsed-field gel electrophoresis

on cells that were irradiated at 50 Gy and allowed to as the wild-type control. In this regard, ATLD2, 3, and
4 resemble the RDS phenotype seen in NBS fibroblastsrepair for 0, 45, or 90 min. The fraction of DNA that

migrates into the gel in an irradiation-dependent manner (Kleijer and N. G. J. J., unpublished data). Hence, both
hMRE11 alleles expressed in the ATLD families impair(FARir) correlates with the number of DSBs (Ager and

Dewey, 1990). We found that neither the initial level of the activation of the S phase DNA damage checkpoint.
Two aspects of the A-T phenotype that appear to beradiation-induced DSBs nor the kinetics of DSB repair

differed significantly among control, ATLD2, ATLD3, and distinct from S phase checkpoint defects are the failure
of A-T cells to effect the c-Abl-mediated induction ofA-T lymphoblastoid cell lines (LCLs) (p . 0.1 for 0 min,

p . 0.5 for 45 and 90 min)(Figure 3B). Under the condi- stress-activated protein kinases (SAPKs) (c-Jun N-ter-
minal kinases) (Shafman et al., 1995) and the failure oftions used, DSB repair defects are readily observed in

the DNA-PK-deficient cell line, MO59J (data not shown) these cells to stabilize p53 in response to g irradiation.
We examined ATLD cells for their ability to activate JNK(Lees-Miller et al., 1995). Therefore, the IR sensitivity

observed in the ATLD patients does not appear to result following ionizing radiation (IR) treatment. JNK activity
present in whole-cell extracts from IR-treated LCLs wasfrom gross deficiency in DSB repair.

Failure to suppress DNA synthesis upon treatment tested with a GST-jun substrate. Whereas JNK activity
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p53 response as well as by the severity of the RDS
phenotype.

ATLD Mutations in ScMRE11
Given the high degree of conservation between the hu-
man and yeast Mre11 proteins, we reasoned that model-
ing the ATLD mutations in the ScMRE11 gene would
provide insight into the severity of those alleles. We de-
rived Scmre11-Q623Z- (ATLD1/2) and Scmre11-N113S-
(ATLD3/4) expressing strains and examined them with
respect to mitotic function (sensitivity to IR) and meiotic
function (spore viability).

The C-terminal truncation allele, Scmre11-Q623Z, ex-
hibited wild-type resistance to IR, consistent with pre-
vious studies demonstrating that deletion of the C
terminus of ScMre11 has very little impact on Mre11
function(s) in mitotic cells (Nairz and Klein, 1997; Furuse
et al., 1998; Usui et al., 1998). In contrast, the N-terminal
missense mutation, Scmre11-N113S, conferred signifi-
cant IR sensitivity (Figure 3D).

In meiotic cells, both ATLD mutants exhibited defects
in spore viability, suggestive of impaired meiotic recom-
bination. The Scmre11-Q623Z truncation mutant was
unable to produce viable spores (0 viable out of 100
total spores), and the Scmre11-N113S mutant produced
viable spores at a reduced frequency relative to wild
type (37% relative to 55%, respectively). Hence, it is
clear that both mutations impair Mre11 function.

Figure 4. Jun Kinase Activity in ATLD Cells, A-T, and NBS Cells Is
Interactions of hMre11, hRad50, and Nbs1 in CellsDeficient Compared with Normal
from ATLD Patients(A) Bar chart showing that the mean fold increase in Jun kinase,
To assess whether the mutant hMre11 proteins ex-induced by ionizing radiation, as measured by the phosphorylation

of GST-c-Jun, in normal, A-T, NBS, and ATLD cells (normal and A-T pressed in ATLD impair complex formation, we exam-
are both the mean of nine experiments; the remainders are each a ined the integrity of the hMre11/hRad50/Nbs1 protein
mean of two experiments). complex in ATLD cells. Neither truncation of the hMre11
(B) Autoradiograph showing phosphorylation of GST-c-Jun (1–79)

protein at amino acid 633 (R→STOP) nor the presencesubstrate. The various cell lines indicated were either mock irradi-
of the missense mutation N→S at amino acid 117 entirelyated (2) or irradiated with 20 Gy g rays (1). JNK was immunoprecipi-
abolished the Nbs1 interaction with hMre11. Nbs1 mono-tated and used to phosphorylate GST-c-Jun (1–79) substrate. The

asterisk denotes immunoprecipitates from irradiated normal cells clonal antibody efficiently immunoprecipitated hMre11
using nonspecific rabbit IgG. Band density was quantified by densi- from normal cell extracts, whereas substantially re-
tometry to give the fold increase in the chart above. duced amounts of mutant hMre11 were obtained from

ATLD LCLs from both families (Figures 6B and 6D). Ac-
cordingly, Western blotting of Nbs1 immunoprecipitatesin normal cells was stimulated approximately 6-fold by

IR, this activity was essentially unaffected by IR treat- with hRad50 antiserum also showed that the indirect
interaction between Nbs1 and hRad50 (via hMre11) wasment of NBS and ATLD cells (Figure 4). Consistent with

previous analyses, IR-induced activation of JNK in A-T retained in all ATLD patients, albeit at a reduced level
(Figures 6A and 6D). Immunoprecipitation with hMre11cells was not observed in this assay (Shafman et al.,

1995). and blotting with hRad50 revealed a strong interaction
of the two in ATLD3 and ATLD4 (Figure 6C), but only aIn contrast, both the timing and the magnitude of the

p53 response in ATLD2, 3, and 4 fell within the range weak interaction in ATLD1 and ATLD2 (data not shown).
In summary, it is clear that the stability of hMre11 proteindefined by two control LCLs. An NBS cell line was also

tested and found to have a similarly normal p53 re- interactions is compromised, but not abolished, by the
ATLD mutations.sponse (Figure 5). Although the p53 response in ATLD1

was indistinguishable from A-T cells, the p53 gene was hRad50 (Figure 6D), but not hMre11, could be coim-
munoprecipitated from the NBS cell line with Nbs1 anti-sequenced and found to be wild type. The basis of this

finding is unclear, but it appears to be an idiosyncrasy serum. The inability to detect any coimmunoprecipitated
hMre11 is likely to be a result of an interaction in thisof ATLD1 rather than a property of the ATLD1 hMRE11

allele. We infer that the induced p53 was transcription- cell line beyond the detection limit of our assay. The
NSB1 mutations in this NBS cell line were 657del5 (theally active in these cell lines, since normal MDM2 induc-

tion was observed in ATLD2, 3, and 4, as well as in the common Slavic mutation) and 698del4 in the second
allele (Varon et al., 1998). Residual interaction of Nbs1NBS line (data not shown). Hence, although the cellular

phenotypes of ATLD and A-T are very similar, they can in other NBS cell lines is attributable to the presence of
low levels of a variant Nbs1 protein that has been shownbe distinguished from one another on the basis of the
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Figure 5. The p53 Response following Expo-
sure of ATLD Cells to Ionizing Radiation Is
Normal

(A) A graph showing the mean fold induction
of p53 at different times after exposure of
cells to 3 Gy 60Co g rays. The values are the
means of three experiments for each cell line.
(B) Western blots of p53 accumulation follow-
ing exposure to ionizing radiation for 0, 2,
4, and 12 hr in the cell lines indicated. The
Western blot was reprobed for actin to stan-
dardize for protein loading. The band density
was quantified by densitometry to give data
on fold increase in the graph above.

to retain the ability to interact with both hMre11 and diffuse in the ATLD cells (Figures 7A, 7B, 7F, 7G, 7K,
and 7L). The formation of Rad51 foci in the ATLD fibro-hRad50 (R. S. M. et al., unpublished data).
blast cell lines was indistinguishable from that in IMR90
(normal) control fibroblasts. We have also shown thatIonizing Radiation-Induced Foci of hMre11/

hRad50/Nbs1 Complexes in ATLD Cells Rad51 IRIF form normally in NBS cells (unpublished
data). These observations are consistent with the ideaPrevious studies have shown that members of the

hMre11/hRad50/Nbs1 protein complex become associ- that Rad51 function is distinct from hMre11/hRad50/
Nbs1 protein complex members in the cellular responseated with DSBs early in the cellular DNA damage re-

sponse (Nelms et al., 1998), and that these proteins form to DSBs (Maser et al., 1997; Haber, 1998). The IMR90
control line exhibited 84% and 74% positive nuclei fornuclear foci in response to IR and other DSB inducing

agents (Maser et al., 1997; Carney et al., 1998). Ionizing Nbs1 and hMre11 IRIF, respectively, at 8 hr post g irradi-
ation, whereas fewer than 3% of nuclei contained IRIFradiation-induced foci (IRIF) formation is reduced in A-T

cells, and this activity is abrogated in Nbs1-deficient at any time point in the ATLD cell lines (at least 100
nuclei were examined at each time point). The smallfibroblasts (Maser et al., 1997; Carney et al., 1998). Given

the phenotypic similarities among A-T, NBS, and ATLD number of hMre11 and Nbs1 IRIF detected in ATLD cells
was aberrantly small and dull (e.g., Figure 7N). Thus, thecells, we examined IRIF formation in cell lines estab-

lished from ATLD patients. ATLD2, 3, and 4 fibroblast IRIF response of ATLD cells expressing these mutant
hMRE11 alleles was essentially abrogated.cell lines were grown on glass slides, g irradiated at a

dose of 12 Gy, and stained with hMre11, Nbs1, or
hRad51 antisera 3, 8, and 24 hr later. IRIF were subse- Discussion
quently visualized by immunofluorescence.

As observed previously in NBS cells (Carney et Presented in this manuscript is the finding that a disor-
der, virtually indistinguishable from A-T, is caused byal., 1998), the subcellular distribution of the hMre11/

hRad50/Nbs1 protein complex is aberrant in ATLD cells, mutation in the hMRE11 gene. Since the hMRE11 locus
is situated at 11q21 (Petrini et al., 1995) and the ATMirrespective of prior g irradiation. Whereas hMre11 and

Nbs1 immunoreactivity is exclusively nuclear in wild- locus at 11q23 (Gatti et al., 1988), only a very detailed
linkage analysis would separate ATLD from A-T purelytype cells, hMre11 and Nbs1 staining is much more
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(Carney et al., 1998). Although the clinical phenotypes
of A-T and NBS are quite distinct, the similarity between
NBS and A-T at the cellular level is striking. Cells derived
from A-T and NBS patients are unusually sensitive to
the killing effects of ionizing radiation, show increased
levels of chromosome translocations, and fail to activate
specific cell cycle checkpoints in response to DNA dam-
age (Shiloh, 1997).

The finding reported here that mutation of hMre11, a
second hMre11/hRad50/Nbs1 protein complex mem-
ber, leads to both the clinical and cellular phenotypes
of A-T provides compelling evidence that this complex
acts in the same pathway as ATM. The data demonstrate
that ATM and members of the hMre11/hRad50/Nbs1
protein complex are not functionally redundant. Of par-
ticular note is the observation of radioresistant DNA
synthesis in A-T, NBS, and ATLD, a phenotypic feature
that is unique to these three chromosome instability
syndromes. This phenotypic outcome indicates that a
significant component of S phase DNA damage recogni-
tion and checkpoint activation is dependent upon the
DNA damage response pathway defined by hMre11/
hRad50/Nbs1 and ATM.

In addition to the regulation of the S phase checkpoint,
the data presented argue that other underlying mecha-
nistic defects in A-T, ATLD, and NBS overlap to a signifi-
cant extent. For example, it has been shown that A-T
cells are deficient in the activation of c-Jun N-terminal
kinase (JNK) following exposure to IR (Shafman et al.,
1995). The abnormal response in A-T cells is due to a

Figure 6. Interactions of Truncated or Mutant hMre11 Protein with specific requirement for functional ATM and c-Abl for
hRad50 and Nbs1

the activation of JNK. The activation of JNK after expo-
Immunoprecipitation was carried out with either Nbs1 or hMre11 sure to IR was found to be defective in all four ATLD
antisera using extracts of cells derived from ATLD1, 2, 3, and 4 and

cell lines as well as in the NBS cell line and comparablethen subjected to Western blot analysis. The Western blots were
to that exhibited by classical A-T cells.probed with hRad50, Nbs1, or hMre11 antisera.

On the other hand, ATM clearly participates in parallel,(A) Immunoprecipitation was carried out with an Nbs1 monoclonal
antibody using cell extracts from a normal, NBS, and ATLD1 and 2 independent stress responses. In particular, the p53 re-
LCLs and blotted with hRad50. The amounts of lysate used for sponse in A-T cells differs markedly from that in NBS
immunoprecipitation from ATLD cells were increased to compen- or ATLD cells. Whereas the ATM deficiency results in an
sate for lower levels of expression of hMre11/hRad50/Nbs1. The impaired ability of the cell to accumulate p53 followingpresence of equal amounts of immunoprecipitated Nbs1 was veri-

exposure to ionizing radiation (Kastan et al., 1992), thefied by reprobing the Western blot with antiserum directed against
p53 response was found to be normal in three of thethe Nbs1 protein (IgG; denotes immunoprecipitates using a nonspe-
four affected ATLD patients as well as in the NBS cell linecific mouse IgG as a control).

(B) The same gel as in (A) was reprobed with hMre11 antiserum. examined here. In this regard, ATLD cells more closely
(C) Immunoprecipitation was carried out with anti-hMre11 antiserum resemble NBS cells that do not tend to show such a
using extracts of normal, NBS, and ATLD3 and 4 LCLs and blotted pronounced p53 defect (Khanna and Lavin, 1993; Yama-
with hRad50 (PI denotes immunoprecipitates performed using the

zaki et al., 1998). It can therefore be inferred that there ispreimmune serum as a control).
a specific requirement for a functional hMre11/hRad50/(D) Immunoprecipitation was carried out with Nbs1 monoclonal anti-
Nbs1 complex in selected ATM-dependent stress re-body using normal, NBS, and ATLD3 and ATLD4 LCL extracts and
sponse pathways, whereas other pathways, such as thatblotted with hRad50 and hMre11. The presence of equal amounts

of immunoprecipitated Nbs1 was again confirmed by subsequent which leads to induction of p53, are independent parallel
reprobing with anti-Nbs1 antiserum. pathways. Given the clinical and cellular similarities be-

tween A-T and ATLD, this finding also implies that the
defective p53 response may play a minor role in the

on the basis of genetic data. Hence, molecular charac- development of the A-T phenotypes.
terisations of the nature presented here may be required The mechanistic basis for the ATLD phenotypes is
to distinguish the actual number of hMRE11 mutants clearly of great interest. The hMRE11 mutations de-
that present clinically with A-T. Assuming that the muta- scribed do not lead to gross deficiency in DSB repair;
tion rate is proportional to the length of the coding se- a similar observation has been made in NBS cells (Nove
quence of the two genes, z6% of A-T cases might be et al., 1986; Kraakman-van der Zwet et al., 1999). These
expected to have hMRE11 mutations. alleles may define a function, or class of functions, of the

Deficiency in Nbs1, a member of the protein complex hMre11/hRad50/Nbs1 protein complex that is separable
in which hMre11 functions, forms the basis of a pheno- from its role in recombinational DNA repair. Alternatively,

the mechanisms of the complex’s action in effectingtypically similar chromosome instability syndrome, NBS
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Figure 7. IRIF Formation in ATLD Fibroblasts

IMR90 (A–E), ATLD2 (F–J), ATLD3 and 4 (K–O) fibroblast cell lines were g irradiated at 12 Gy and fixed 8 hr post irradiation. Cells were stained
for immunofluorescence with Nbs1, hMre11, and Rad51 polyclonal antisera as described in Experimental Procedures. Unirradiated controls
stained with hMre11 antiserum (A, F, and K) and Nbs1 antiserum (B, G, and L) are compared with irradiated samples stained with hMre11 (C,
H, and M), Nbs1 (D, I, and N), and Rad51 antisera (E, J, and O). Cells stained with hMre11 and Nbs1 were costained with Ku86 mAb to control
for nuclear integrity.

DNA repair and in activating cell cycle checkpoint func- (Zhuo et al., 1993, 1994; Sharples and Leach, 1995).
Mutations in this region that impair metal binding maytions may be similar. In this scenario, overt DNA repair

deficiency would only be detectable in null or profoundly exert a global impact on Mre11 structure and in turn
influence molecular interactions at distal sites on thehypomorphic mutants, whereas cell cycle checkpoint

defects would be the primary manifestation of mildly hMre11 protein.
Interestingly, the hMRE11 mutations present in all fourhypomorphic mutants.

ATLD patients results in reduced levels of both hRad50
and Nbs1 proteins. The most plausible explanation forThe Effect of hMRE11 Mutations on hMre11/

hRad50/Nbs1 Complex Formation this is that alteration in one member of a multiprotein
complex can destabilize some or all of its protein com-Attempts to create null mutants of mMRE11 and

mRAD50 have resulted in lethality, indicating that the ponents.
complex mediates essential functions (Xiao and Weaver,
1997; Luo et al., 1999). Consistent with the essential Irradiation-Induced hMre11 and Nbs1 Foci

We found that the formation of IRIF of hMre11 and Nbs1nature of the complex, Carney et al., (1998) showed that
hMre11/hRad50 complexes form in cells derived from was essentially abrogated in ATLD fibroblasts. Using

a technique in which discrete subnuclear volumes areNBS patients. hMRE11 alleles are not null in the ATLD
patients, and both the truncated and full-length (N117S) damaged by ionizing radiation, it has been established

that the hMre11/hRad50/Nbs1 protein complex associ-mutant hMre11 proteins retain the ability to associate
with hRad50 as well as Nbs1. It could, therefore, be ates with damaged DNA (Nelms et al., 1998). The bulk

of evidence suggests that IRIF formation reflects theinferred that the effects of the two hMRE11 gene muta-
tions on the hMre11/hRad50/Nbs1 complex are subtle, association of the complex with DNA damage, and that

the emergence of IRIF relatively long after IR treatmentaffecting the efficiency of protein binding, rather than
completely abrogating it, and thereby maintaining cell reflects the presence of slowly repaired or irreparable

lesions (Cornforth and Bedford, 1983; Nevaldine et al.,viability.
The missense mutation (N117S) in cells from ATLD 1993). Therefore, the coincidence of aberrant IRIF for-

mation and deficiency in the activation of DNA damagepatients 3 and 4 selectively affects Nbs1, but not
hRad50, binding. This may suggest that the Nbs1-bind- responses provides further support for the hMre11/

hRad50/Nbs1 protein complex as a sensor of DNA dam-ing site is located within the N-terminal portion of the
human hMre11 protein. This region of Mre11 is likely to age that is critical for activation of cell cycle checkpoint

functions mediated by ATM.be important for the coordination of a divalent cation
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et al., 1994). DNA synthesis was estimated by 3H/14C dpm ratios andThe hMre11/hRad50/Nbs1 Complex: Functional
expressed as a percentage of unirradiated controls.Link to ATM

The importance of Nbs1 and ATM in the maintenance
Pulsed-Field Gel Electrophoresisof genomic stability is well established. A-T patients
Cells were labeled with 0.05 mCi/ml [14C]-thymidine (54 mCi/mmol)for

showing either loss of ATM or the presence of some 2 days prior to irradiation. Cells were iced (z10 min) and either
mutant ATM have an increased risk of developing irradiated on ice at 50 Gy in a Mark I 137Cs source (z3 Gy/min) or
lymphoid tumors (Taylor et al., 1996b). Disruption of the mock irradiated. Cells were warmed briefly in a 378C water bath

before being incubated for 0, 45, or 90 min. 500 ml (z5 3 105) cellshMre11/hRad50Nbs1 complex through mutations in the
were pelleted, warmed briefly at 508C, resuspended in 90 ml of 1%NBS1 gene in patients with NBS also results in a high
low melting point agarose (GIBCO–BRL) in buffer L (10 mM Tris, 20frequency of lymphoma in these individuals (Carney et
mM NaCl, 100 mM EDTA [pH 8.0]). Cells were immediately pipetted

al., 1998; Varon et al., 1998). Although the role of inher- into plug molds (BioRad) and placed at 48C.
ited and acquired hMRE11 mutations in the develop- Solidified plugs were incubated at 508C for 24 hr in 0.6 ml of lysis
ment of tumors is currently unknown, disruption of the solution (0.853 buffer L, 1% sarkosyl, 1 mg/ml Proteinase K), then

washed twice in TE (10 mM Tris, 100 mM EDTA [pH 8.0]) and storedhMre11/hRad50/Nbs1 complex through mutations in the
at 48C. Pulsed-field gel electrophoresis was performed using ahMRE11 gene is also likely to be associated with an
CHEF-DR III apparatus (BioRad) essentially as described (Rydbergincreased risk of lymphoid tumor development. This
et al., 1994). Gels were 0.75% agarose (GIBCO–BRL) in 0.53 LRTBE

question can be directly addressed through the deriva- (135 mM Tris base, 45 mM Boric acid, 7.5 mM EDTA). About one-
tion of murine models for ATLD. Clearly, disruption of the third of a plug was loaded per well, and S. cerevisiae chromosomes
DNA damage response pathway in which these proteins (BioRad) were loaded as size standards. 1% low-melting point aga-

rose in TE was subsequently added to immobilize the plugs withinfunction leads to decreased genome stability and strongly
the wells. Gels were run in 0.53 LRTBE at 148C at 50 V (1.5 V/cm)potentiates the onset and progression of malignancy.
with a switch time linearly changing from 1 hr to 1 min over 68 hr.
After electrophoresis, gels were stained in a 1:10000 dilution of VistraExperimental Procedures
Green (Amersham) and scanned using a Storm 860 PhosphorImager
(Molecular Dynamics).ATLD Patients

The portion of each lane that contained either the plug or DNAPatients ATLD1 and ATLD2 were first cousins and part of a large
that entered the gel in an irradiation-dependent manner was slicedinbred family from Pakistan. Both had progressive cerebellar degen-
into 0.5 cm-wide sections. Each gel slice was transferred to a liquideration (clinical details are given in Hernandez et al. [1993]). The
scintillation vial containing 0.1 ml 1 M HCl, warmed on a hot plateseven siblings and mother of ATLD1 were normal (father is de-
to hydrolyze the agarose, and neutralized with 0.1 ml 1 M NaOH.ceased). The parents of ATLD2 were also first cousins in this family,
Scintisafe Econo2 (Fisher) (5 ml) was added to each vial, and sam-and the father of ATLD2 and mother of ATLD1 were siblings. The
ples were counted for 10 min on a Tri-Carb liquid scintillation ana-remaining siblings and parents of ATLD2 were normal (Hernandez et
lyzer (Packard). The fraction of activity released (FAR) was calcu-al., 1993). Neither patient ATLD1 nor ATLD2 showed any intellectual
lated as (14C that entered the gel)/(14C in plug 1 14C that entered theinpairment. Serum immunoglobulins and AFP levels were also nor-
gel), and FARIR 5 FAR (irradiated cells) 2 FAR (controls).mal in both patients.

In the second family, two of three sons (ATLD3 and ATLD4), born
p53 Induction Assayto nonconsanguineous parents, developed features of ataxia-telan-
Exponentially growing LCLs (z4 3 106 per time point) were irradiatedgiectasia, including progressive cerebellar degeneration. The older
with 3 Gy of 60Co g rays (z1 Gy/min) and subsequently incubatedbrother appeared to have more severe features (for further details
at 378C. Cells were harvested at the time points indicated and whole-of this family, see Klein et al. [1996]).
cell extracts made (see above). Twenty micrograms of whole-cellNone of these ATLD patients showed any evidence of immune
extract from each time point was routinely loaded onto a 10% SDS-deficiency or any cancer.
polyacrylamide gel and analyzed by immunoblotting. To verify pro-
tein equal loading, the filters were additionally probed with an anti-Cells
Actin monoclonal antibody (AC74). Band density was quantifiedLymphoblastoid cell lines (LCLs) and skin fibroblast strains were
using scanning densitometry.derived from normal individuals and patients with A-T and NBS

using methods previously described. LCLs were derived for ATLD
patients 1–4, and five of the six parents and were routinely main- c-Jun N-Terminal Kinase Assay

LCLs (z4 3 107) were irradiated with 20 Gy of 60Co g rays (about 2tained in RPMI medium supplemented with 10% FCS, glutamine
and penicillin and streptomycin. Skin fibroblast strains were grown Gy/min) at room temperature and subsequently incubated for 1 hr

at 378C. The cells were resuspended in lysis buffer (20 mM Tris/HClfrom patients ATLD1–4 and were maintained in Dulbecco’s Modified
Eagles Medium with the same supplements. [pH 7.6], 0.5% [v/v] Triton X-100, 250 mM NaCl, 3 mM EGTA, 3 mM

EDTA, 200 mM phenylmethylsulfonyl fluoride [PMSF], 2 mM sodium
orthovanadate, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1 mM dithi-Colony Forming Ability following g Ray Exposure

Different dilutions of skin fibroblasts were irradiated with doses of othreitol [DTT], 50 mM NaF) and incubated for 45 min. Two hundred
fifty micrograms of whole-cell extract was used per immunoprecipi-g rays between 1.0 and 5.0 Gy and seeded on to lethally irradiated

feeder layers of the same cells (6 3 104 per 9 cm dish irradiated tation. Rabbit anti-JNK antibody (0.5 mg) (Santa Cruz sc-474) or
equivalent amount of nonspecific rabbit IgG (Sigma) was added towith 35 Gy g rays). Cells were left for 14–21 days in an incubator to

form colonies with a change of medium once per week, stained with each immunoprecipitation and then incubated for 2 hr at 48C. Bead-
bound immunoprecipitates were washed once with lysis buffer andmethylene blue, and counted.
then twice with kinase buffer (20 mM HEPES [pH 7.5], 20 mM
b-glycerophosphate, 10 mM MgCl2, 10 mM MnCl2, 1 mM DTT, 50Radioresistant DNA Synthesis Assay

One day after seeding into multiple 3 cm dishes (4–8 3 104 per dish), mM sodium orthovanadate). Each immunoprecipitate was resus-
pended in 30 ml of kinase buffer supplemented with 1 mM cold ATPprimary fibroblasts were prelabelled for 16 hr with [2-14C]-thymidine

(50 nCi/ml, 50 mCi/mmol), exposed to graded doses of Cs-g rays (Sigma), 2 mg of GST-c-Jun (Stratagene), and 1 mCi 32P-g-ATP (10
mCi/ml, 3000 Ci/mmol) (Amersham) and incubated at 308C for 30(about 1 Gy/min) at room temperature, and subsequently labeled

with [methyl-3H]-thymidine (2 mCi/ml, 2 Ci/mmol) for 4 hr. Cultures min. The kinase reaction was stopped by the addition of SDS sample
buffer and boiled for 5 min. Proteins were fractionated on a 12%were rinsed with phosphate-buffered saline, lysed in 0.5 ml 0.25M

NaOH, and transferred to 7.5 ml Soluene counting fluid (Packard) SDS-polyacrylamide gel. Proteins were visualized by silver staining,
and the gel was dried and then subjected to autoradiography.for liquid scintillation counting using a dual-label program (Kleijer
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Immunoblot Analysis full-length human Nbs1 fused to glutathione S-transferase (GST).
All other antisera were generated and used as previously describedWhole-cell extracts (from z4 3 106 cells) were prepared as de-

scribed (Stankovic et al., 1999). Briefly, cells were sonicated in UTB (Maser et al., 1997; Carney et al., 1998). The anti-Ku86 monoclonal
antibody (N3H10) was a gift from R. Burgess (University of Wiscon-buffer (9 M Urea, 150 mM b-mercaptoethanol, 50 mM Tris/HCl

[pH7.5]) and cellular debris removed by centrifugation. Proteins were sin, Madison), and Rad51 antiserum was a gift from A. Shinohara.
fractionated in 6% SDS-polyacrylamide gels. Proteins were trans-
ferred to nitrocellulose, and immunoblots were performed with p53 Acknowledgments
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LCLs (z43 107) were lysed on ice for 30 min in lysis buffer (10 mM
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