MOLECULAR AND CELLULAR BIOLOGY, Feb. 2004, p. 1279-1291
0270-7306/04/$08.00+0 DOI: 10.1128/MCB.24.3.1279-1291.2004

Vol. 24, No. 3

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Phosphorylation of the Bloom’s Syndrome Helicase and Its Role in
Recovery from S-Phase Arrest

Sally L. Davies,' Phillip S. North," Alwyn Dart,” Nicholas D. Lakin,” and Ian D. Hickson'*
Cancer Research UK Laboratories, Weatherall Institute of Molecular Medicine, University of Oxford, John Radcliffe

Hospital, Oxford OX3 9DS," and Department of Biochemistry, University of Oxford,
Oxford OX1 3QU,? United Kingdom

Received 20 June 2003/Returned for modification 11 August 2003/Accepted 10 November 2003

Bloom’s syndrome (BS) is a human genetic disorder associated with cancer predisposition. The BS gene
product, BLM, is a member of the RecQ helicase family, which is required for the maintenance of genome
stability in all organisms. In budding and fission yeasts, loss of RecQ helicase function confers sensitivity to
inhibitors of DNA replication, such as hydroxyurea (HU), by failure to execute normal cell cycle progression
following recovery from such an S-phase arrest. We have examined the role of the human BLM protein in
recovery from S-phase arrest mediated by HU and have probed whether the stress-activated ATR kinase, which
functions in checkpoint signaling during S-phase arrest, plays a role in the regulation of BLM function. We
show that, consistent with a role for BLM in protection of human cells against the toxicity associated with
arrest of DNA replication, BS cells are hypersensitive to HU. BLM physically associates with ATR (ataxia
telangiectasia and rad3™ related) protein and is phosphorylated on two residues in the N-terminal domain,
Thr-99 and Thr-122, by this kinase. Moreover, BS cells ectopically expressing a BLM protein containing
phosphorylation-resistant T99A/T122A substitutions fail to adequately recover from an HU-induced replica-
tion blockade, and the cells subsequently arrest at a caffeine-sensitive G,/M checkpoint. These abnormalities
are not associated with a failure of the BLM-T99A/T122A protein to localize to replication foci or to colocalize
either with ATR itself or with other proteins that are required for response to DNA damage, such as
phosphorylated histone H2AX and RADS51. Our data indicate that RecQ helicases play a conserved role in
recovery from perturbations in DNA replication and are consistent with a model in which RecQ helicases act
to restore productive DNA replication following S-phase arrest and hence prevent subsequent genomic

instability.

The RecQ family of DNA helicases has been highly con-
served throughout the history of evolution from bacteria to
humans (30, 32, 42). In bacteria and yeasts, there is a single
family member in each case (RecQ in Escherichia coli, Sgs1 in
Saccharomyces cerevisiae, and Rqhl in Schizosaccharomyces
pombe), while there are at least five for humans. Defects in
three of the human RecQ members give rise to defined genetic
disorders that are associated with cancer predisposition and/or
premature aging. These disorders are Bloom’s syndrome (BS),
Werner’s syndrome, and Rothmund-Thomson syndrome,
which are caused by loss of function mutations in BLM, WRN,
and RECQ4, respectively (18, 35, 67). At the cellular level,
RecQ helicases are rarely essential for viability but seem to be
universally required for the maintenance of genome stability.

BS is a rare disorder that is associated with a wide range of
abnormalities, including growth retardation, immunodeficiency,
reduced fertility, sensitivity to sunlight, and a greatly increased
incidence of cancer (25, 30, 60) Indeed, BS is probably unique
among cancer predisposition disorders of humans in that it is
associated with an increase in the incidence of a diverse range
of cancer types, including leukemias, lymphomas, and carcino-
mas. Cells isolated from BS individuals display elevated fre-
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quencies of chromosomal breaks, translocations, and other
aberrations, but the hallmark feature, which is used in diagno-
sis of the disorder, is an approximately 10-fold elevation in the
rate of sister chromatid exchanges (SCEs) (12). SCEs are gen-
erated by homologous recombination in the late S phase or G,
phase of the cell cycle (56). Consistent with the notion that BS
cells show more general hyperrecombination, BS cells have
been reported to show an increase in interchromosomal ho-
mologous recombination (25, 26, 30, 60). Moreover, hyperre-
combination is a characteristic of yeast sgs/ and rghl mutants;
in the latter case, this outcome is particularly evident in cells
that have previously been exposed to hydroxyurea (HU), a
ribonucleotide reductase inhibitor that arrests DNA replica-
tion (22, 57, 63).

Although alterations in the rates at which genetic recombi-
nation events occur are characteristic of RecQ helicase mu-
tants, it is widely thought that this abnormality is a downstream
consequence of a primary defect in DNA replication (13, 46).
Bacterial, yeast, and human RecQ helicase-deficient cells dis-
play abnormalities in DNA replication, which may manifest as
an apparently unperturbed S phase or, more frequently, fol-
lowing UV irradiation-induced perturbation of replication,
DNA replication inhibitors such as HU, or DNA-damaging
drugs. Indeed, many RecQ helicase-deficient mutants are hy-
persensitive to one or more of these agents and display a defect
in responding to replicational stress of this sort. For example,
BS cell lines accumulate abnormally sized DNA replication



1280 DAVIES ET AL.

intermediates and have a protracted S phase (39). S. cerevisiae
sgsl mutants are hypersensitive to HU and show a defect
specifically in S-phase checkpoint responses to both DNA
damage and replication blockade (21). Similarly, S. pombe rqhl
mutants are HU sensitive and defective in recovery from an
S-phase arrest: they are able to complete bulk DNA replication
following release from the arrest, but they then undergo an
aberrant mitosis (41, 57).

The pattern of expression and subcellular localization of
RecQ helicases are also suggestive of a role for these enzymes
in DNA replication. Many RecQ helicases, including BLM,
accumulate in cells only at or following progression through
the G,/S transition in the cell division cycle (4, 34). Moreover,
Sgslp and BLM (as well as WRN) localize to sites of DNA
replication either constitutively (particularly during late S
phase) or more strikingly following perturbation of replication
(21, 50, 55). These data suggest that there is a regulated trans-
location of RecQ helicase to sites of damaged or arrested
replication forks in order to assist in restoration of DNA syn-
thesis. Numerous models for the role(s) of RecQ helicases in
replication fork repair have been proposed (30, 46, 60). These
fall broadly into two categories that are not mutually exclusive:
those that propose a role in the prevention of replication fork
demise (for example, through the removal of aberrant DNA
secondary structures from the template to smooth passage of
the replisome) and secondly, those that propose a role along-
side the homologous recombination machinery in repairing
collapsed or damaged forks. The conserved interactions be-
tween RecQ helicases and proteins required either for DNA
replication, such as replication protein A (6, 7, 16), or for
homologous recombination, such as RADS51 (64), are consis-
tent with these proposed roles.

One of the cellular responses to DNA damage and replica-
tion blockade is the activation of cell cycle checkpoints that
serve to arrest cell cycle progression in order to allow time for
the repair or bypass of DNA damage. In general terms, check-
points comprise three components: the sensors of DNA struc-
tural abnormalities, the signal transducers, and the effector
molecules (45, 69). Some components, particularly protein ki-
nases, may act both as sensors and as signal transducers by
binding (directly or indirectly) to damaged DNA and subse-
quently phosphorylating other checkpoint proteins (59). One
family of protein kinases that has been implicated in such a
role is the phosphoinositide 3 (PI-3) kinase family (2, 33, 40,
48, 53). This family comprises proteins that are usually very
large (with molecular masses of 200 kDa or greater) and that
contain a conserved kinase domain, which is generally located
near the C-terminal end of the protein; these proteins also
have extended N-terminal regions of various lengths that play
roles in binding other proteins or DNA in some cases (2, 33,
40, 48, 53). Among this family are the Mecl and Tell proteins
of S. cerevisiae and the Rad3 and Tell proteins of S. pombe (38,
58, 68). In humans, several PI-3 kinases exist, not all of which
have been characterized in detail. The closest homologue of
Mec1%° and Rad3%F is the ATR (ataxia telangiectasia and
rad3" related) kinase, while the closest Tell homologue is
ATM (ataxia telangiectasia mutated) (2, 33, 40, 48, 53). ATR
is activated in response to DNA replication blocks and by
DNA-damaging agents such as UV light (38, 58, 68). In con-
trast, ATM appears to be activated primarily by ionizing radi-
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ation or radiomimetic agents that generate DNA double-
strand breaks (53). Despite this difference in activation, the
ATR and ATM kinases phosphorylate many of the same
downstream targets, including several that are required for
checkpoint functions, such as the Chkl and Chk2 kinases (33,
38, 58, 68). ATR is an essential gene in mammals (as is MEC!
in budding yeast), although the essential role that it plays
remains to be identified (8, 9). ATM is not essential for em-
bryonic development in the mouse, but defects in ATM in
humans give rise to a disorder called ataxia telangiectasia. This
rare and debilitating condition is characterized by cerebellar
ataxia, oculocutaneous telangiectasias, immune dysfunction,
cancer predisposition, and cellular sensitivity to ionizing radi-
ation (40, 53).

It has been reported previously that the BLM protein phys-
ically associates with and is a target for the ATM kinase (3).
Phosphorylation of BLM on Thr-99 following treatment of
cells with ionizing radiation is dependent upon ATM. More-
over, phosphorylation on the same site during an unperturbed
mitosis event is partially dependent upon ATM. A second
BLM phosphorylation site, Thr-122, may also be targeted by
ATM, but to a much lesser extent. Given the proposed role of
BLM in S-phase responses to stresses other than DNA double-
strand breakage, we and others have analyzed whether BLM is
a target for the ATR kinase. Previous work (19) has suggested
that BLM is targeted by ATR following exposure of cells to
HU, although the consequences of this phosphorylation were
not analyzed. We show here that BLM and ATR colocalize to
discrete nuclear foci and can be coimmunoprecipitated from
cell extracts following arrest of DNA replication. ATR phos-
phorylates BLM to a similar extent on both Thr-99 and Thr-
122. Expression in human BS cells of BLM containing T99A
and T122A substitutions leads to a failure to recover normally
from S-phase arrest invoked by treatment with HU. This ab-
normal recovery is associated with a subsequent arrest at a
caffeine-sensitive G,/M checkpoint. Moreover, BS cells are
hypersensitive to killing by HU. Our data indicate that BLM is
a key downstream target for ATR in the cellular response to
inhibition of DNA replication.

MATERIALS AND METHODS

Cell lines. GMOB8505 is an SV40-transformed skin fibroblast cell line estab-
lished from a patient with BS (18). PSNF5 and PSNP2 are stable transfectants
expressing a Flag epitope-tagged BLM protein; PSNB2 expresses an untagged
BLM protein; and PSNG13, PSNG1, and PSNV4 are vector control transfectants
of the same cell line. All of these transfected clones have been described previ-
ously (24). Cells were grown in Alpha minimal essential medium (Life Technol-
ogies) supplemented with 10% fetal calf serum and 4 mM glutamine at 37°C in
a humidified atmosphere containing 5% CO,. Stable clones were maintained by
the addition of 350 wg of G418 (Invitrogen) per ml to the medium. ATR
wild-type (WT) and ATR kinase-dead (KD) cells that allow doxycycline-induc-
ible expression of Flag-tagged WT or dominant-negative KD ATR were kindly
supplied by P. Nghiem (43) (Howard Hughes Medical Institute, Harvard Uni-
versity, Cambridge, Mass.). Cells expressing WT ATM (GMO4724) or mutated
ATM (GMO2782) were obtained from the National Cancer Institute (NCI)
registry. Lymphoblastoid cells expressing WT BLM (JB1) were derived from a
healthy individual and immortalized by Epstein-Barr virus transformation.
GMO3403 is a lymphoblastoid cell line derived from an individual with BS and
was obtained from the NCI registry.

In vivo expression of BLM. The EcoRI and Xhol sites were used to clone BLM
N-terminal threonine-to-alanine substitution mutations into the Flag-tagged
BLM cDNA in pcDNA3, as described in reference 24. GM08505 cells were
plated the day before transfection at approximately 2 X 10* per cm? and were
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FIG. 1. (A) Western blotting of nuclear extracts to confirm expres-
sion of BLM in GMOS8505 transfectants. Lane 1, GMOS8505 cells;
lanes 2 to 4, transfectants of GMOS8505 cells containing the pcDNA3
vector only (PSNG1, PSNG13, and PSNV4); lanes 5 to 7, cells express-
ing the BLM cDNA in pcDNA3 (PSNB2, PSNF5, and PSNP2). -Tu-
bulin was used as a loading control. (B) BS cells are hypersensitive to
HU. Clonogenic survival analyses were conducted on three stable
transfectants of GMO8505 cells containing either the pcDNA3 vector
only (PSNG1, PSNG13, and PSNV4), which are indicated by the open
symbols, or cells expressing the BLM cDNA in pcDNA3 (PSNB2,
PSNF5, and PSNP2), which are indicated by the filled symbols. Cells
were exposed to HU for 48 h before washing and being left for 3 weeks
to allow colonies to develop. Analyses were performed in triplicate.
Error bars represent standard errors of the means.

transfected with BLM cDNA in pcDNA3 vector mutated at the stated phosphor-
ylation sites by using FuGENE (Roche). Stable clones were selected in 750 ug of
G418 per ml.

In vitro mutagenesis. Two putative ATM/ATR phosphorylation sites were
identified in the N terminus of BLM at residues Thr-99 and Thr-122. Thr-99 was
mutated to alanine (T99A) by site-directed mutagenesis of nucleotide 369 (A to
G), and Thr-122 was mutated to alanine (T122A) by mutation of nucleotide 437
(A to G). Sense and antisense strands were generated by PCR using the following
primers and subsequently annealed. For T99A, the primers used were 5'-GGA
CAGGAAGCACAGAGAGGTGGA-3" and BLMN2 primer with Xhol site (5'-
GAGACTCGAGTCAGGAGGGTGGAGGCAAATCAG-3') and 5'-ACCTCT
CTGTGCTTCCTGTCCTGC-3" and BLMNS primer with EcoRI site (5'-GAG
AGAATTCATGGCTGCTGTTCCTCAAAA-3'); for T122A, the primers used
were 5'-GTATGCACTGCCCAAAACACACCA-3" with BLMN2 primer and
5'-TGTGTTTTGGGCAGTGCATACAAC -3’ with BLMNS5 primer.

Annealed fragments were cloned into pGEX-4T-1 (Amersham Pharmacia
Biotech) by using EcoRI and Xhol sites, as described in reference 65. DNA
fragments expressing single mutants were then used as PCR templates to gen-
erate double mutants.

Expression and purification of the GST-BLM fragments. Glutathione S-trans-
ferase (GST) fusion proteins were expressed and purified as described previously
by Wu et al. (65), by using BL21 (DE3) cells (New England Biolabs) transformed
with pGEX-4T-1 expression plasmids containing WT-BLM, T99A-BLM, T122A-
BLM, and T99A/T122A-BLM, all expressing residues 1 to 212 only of BLM.

Antibodies. Anti-BLM mouse monoclonal and rabbit polyclonal antibodies
(BFL103 and THIC33, respectively) as well as rabbit polyclonal antibodies

BLM PHOSPHORYLATION AND RECOVERY FROM S-PHASE ARREST 1281

TABLE 1. SCE analysis of BS cell transfectants containing the
empty pcDNA3 vector (PSNG1 and PSNG13), pcDNA3-WT-BLM
(PSNF5 and PSNP2), and pcDNA3-BLM-T99A/T122A
(C20, C2.1, and C1.4)

No. of .
Protein used Transfectant chromosomes I;%'E()f No. of SCEs/
s chromosome
scored
—BLM (vector only) PSNGI1 965 1,461 1.51
PSNG13 437 672 1.54
+BLM (wild-type) PSNF5 678 188 0.28
PSNP2 1,066 683 0.64
+BLM (T99A/T122A)  C20 543 245 0.44
C2.1 544 70 0.13
Cl4 934 278 0.3

against topoisomerase IIIa (D6) have been described previously (65). Rabbit
polyclonal antibodies against RAD51 Ab-1 (Oncogene Research Products),
mouse monoclonal antibodies against proliferating cell nuclear antigen (PCNA),
rabbit polyclonal antibodies against Chk1l (Santa Cruz Biotechnology), rabbit
polyclonal antibodies against phosphorylated Chkl (Ser345), and phosphory-
lated H2AX (Upstate Cell Signaling Solutions) were obtained from commercial
sources. Mouse monoclonal antibodies against ATM (11G12) were a gift from
Malcolm Taylor (University of Birmingham, Birmingham, United Kingdom).
Mitotic cells were identified by using rabbit polyclonal antibodies against phos-
phorylated-Histone H3 (Ser28) (Upstate Cell Signaling Solutions).

ATR antibody preparation. Either an N-terminal fragment (amino acids 400 to
480) or a C-terminal fragment (amino acids 2341 to 2641) of ATR was expressed
as a GST fusion protein in bacteria. The fusion protein was purified and used to
inoculate sheep (Diagnostics Scotland, Edinburgh, Scotland) to produce ATR-N
and ATR-C antisera. Affinity purification of antibodies was performed using
standard procedures. ATR antibodies used for Western blotting (see Fig. 2A)
were a kind gift from S. P. Jackson (University of Cambridge), and for use in the
procedures depicted in Fig. 2B, antibodies were obtained from Santa Cruz
Biotechnology (sc1887). For ATR antibody validation purposes, immunoprecipi-
tations were performed as follows. All steps were performed at 4°C. Sixty mi-
crograms of HeLa nuclear extract was diluted in 250 wl of IPH buffer (50 mM
Tris [pH 8.0], 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1 mM dithiothreitol
containing protease inhibitors [Roche]). Extracts were incubated with serum for
1 h prior to addition of protein G Sepharose and incubation with rotation for an
additional 1 h. Alternatively, affinity-purified antibodies cross-linked to protein G
Sepharose were incubated with extracts for 2 h with rotation. Protein G Sepha-
rose antibody-protein complexes were harvested by centrifugation, and the pellet
was washed four times in 250 pl of IPH buffer. Pellets were boiled in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer and subjected
to electrophoresis and Western blotting by standard procedures.

Clonogenic survival assays. Cells were plated at low density for colony for-
mation. The following day, fresh medium containing HU or drug-free medium
was added. After 48 h, the medium was removed and cells were washed once in
phosphate-buffered saline before colonies were allowed to grow in fresh medium
for 14 to 21 days. Colonies were fixed in 3:1 methanol-acetic acid and stained
with 1 mg of crystal violet per ml in water. Colonies having more than 50 cells
were scored as survivors. The number of colonies at each drug dose was ex-
pressed as a percentage of the untreated control.

Kinase assays. ATM kinase assays were performed as described by Canman et
al. (10) using kinase immunoprecipitated from cells expressing WT ATM or from
ATM-null lymphoblastoid cells. ATR kinase assays were performed using ATR
wild-type and ATR KD cell lines. Both kinases were then used to phosphorylate
GST-BLM N-terminal fragments according to the procedure described by Cliby
et al. (14).

SCE analysis. SCE staining was carried out according to the method of Perry
and Wolf (49). Cultures were grown through two cell cycles in the presence of 5
g of bromodeoxyuridine per ml, and cells were then harvested after the addition
of 0.05 pg of Colcemid per ml for the final 2 h.

Metaphase spreads were made after hypotonic treatment using 0.0375 M KCl
and fixation with 3:1 (vol/vol) methanol-acetic acid. Slides were stained with
Hoechst 33258 at a concentration of 20 pg/ml for 30 min and were then rinsed
briefly in distilled water before UV treatment in Sorensen’s phosphate buffer
(pH 6.8) for 3 h. Slides were rinsed in distilled water and incubated in 2X SSC
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FIG. 2. (A) Validation of anti-ATR antibodies. Immunoprecipitations were carried out by using two independent anti-ATR antibodies raised
against the C-terminal region (ATR-C) or the N-terminal region (ATR-N) of ATR. Preimmune antisera were used as negative controls. The
immunoprecipitates were Western blotted with an ATR antibody that recognizes the N-terminal domain of ATR (a generous gift of S. P. Jackson,
University of Cambridge). ATR was found in the precipitate (IP) when either ATR-C or ATR-N was employed but was found only in the
supernatant (SUP) when the preimmune serum was employed. (B) Immunoprecipitations were conducted as described for panel A, except that
the Western blotting antibody employed was the commercial anti-ATR FRP1 sc1887 antibody (Santa Cruz Biotechnology). (C) ATR can be
coimmunoprecipitated with BLM in cells exposed to replicational stress. Immunoprecipitations were carried out using IHIC33 anti-BLM antibody,
or an immunoglobulin G control, on extracts from cells exposed to no treatment (—), HU, or aphidicolin (+), as indicated above the lanes. The
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(1x SSC s 0.15 M NaCl plus 0.015 M sodium citrate) for 2 h at 65°C. After being
rinsed in distilled water, the chromatids were differentially stained in 3.5%
Giemsa in Sorensen’s buffer (pH 6.8) for 4 min. More than 30 metaphases were
scored for each cell line.

Immunofluorescence studies. Cells to be used for immunofluorescence anal-
ysis were fixed and treated as described by Wu et al. (65). To facilitate visual-
ization of ATR foci, soluble proteins were extracted from cells with an ice-cold
preextraction buffer (10 mM PIPES, 300 mM sucrose, 3 mM MgCl, 20 mM
NaCl, 0.5% Triton X-100 [pH 6.8]) for 5 min.

Western blotting and immunoprecipitations. Nuclear extracts with a high
concentration of salt were prepared from exponentially growing cells and from
cells arrested with 2 mM HU or 5 uM aphidicolin for 16 h and were processed
as described previously (63). For Chkl analyses, lysates were prepared as de-
scribed by Gatei et al. (23).

G,/M checkpoint analysis. Cells were blocked at the G,/S boundary by incu-
bating cells for 16 h with 2 mM HU, released into either normal medium or into
4 mM caffeine, and harvested at various time points. Cells were processed for
flow cytometric analysis, as described by Xu et al. (66), in order to determine the
mitotic index by expression of phosphorylated histone H3. Data were collected
by using a Becton Dickinson FACScalibur machine and subsequently analyzed
with CellQuest software.

RESULTS

BS cells are hypersensitive to HU. The known defects in
DNA replication displayed by BS cells, coupled with the sen-
sitivity of yeast rghl and sgsI mutants to HU, led us first to
analyze whether BS cell lines may be hypersensitive to HU
compared to normal human cells. To study this possibility, we
created isogenic cell lines rather than undertaking a compari-
son of random normal versus BS cell lines. We generated six
stably transfected cell lines derived from the SV40-trans-
formed BS fibroblast cell line GMOS8505. Three of these lines
(designated PSNG1, PSNG13, and PSNV4) were generated by
transfection with the empty pcDNA3 vector, and three were
produced by transfection with the pcDNA3/BLM construct
containing the full-length BLM c¢cDNA (designated PSNB2,
PSNF5, and PSNP2) (24). For confirmation that transfection
with the BLM cDNA was able to “correct” the BS phenotype,
we demonstrated that the PSNB2, PSNF5, and PSNP2 cell
lines expressed BLM protein (Fig. 1A) and had levels of SCEs
within a similar range to that seen in WT human cells (Table
1) (24). The six cell lines were then analyzed by using clono-
genic survival assays for their relative sensitivity to HU. Figure
1B shows that the three vector-only BS cell transfectants were
significantly more sensitive to the cytotoxic effects of HU than
were the three corrected cell lines. The degree of sensitivity of
the noncorrected BS cells was highly significant, being greater
than 10-fold based on D5, values.

Association of BLM with the ATR kinase following replica-
tion arrest. It is well established that the ATR kinase is acti-
vated in human cells following arrest of DNA replication.
Given the results presented above, which showed that BS cells
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are hypersensitive to an agent that causes replication fork
arrest, we analyzed whether the BLM protein might associate
with ATR. It is known that PI-3 kinase family members can
physically associate with at least some of their substrates, and
indeed BLM has been shown previously to form a complex
with ATM (3). Hence, we analyzed whether BLM and ATR
exist in a complex in human cells. This was done by coimmu-
noprecipitation from either HeLa cells or human lymphoblas-
toid cell lines. To do this, we generated and validated anti-
ATR antibodies for use in both Western blotting and
immunoprecipitation analyses (Fig. 2A and B). Despite nu-
merous attempts to demonstrate coimmunoprecipitation of
BLM and ATR from nuclear extracts, the results were difficult
to replicate consistently (Fig. 2C and data not shown). We
reasoned that any association of the two proteins might be
dependent upon whether the cells had been exposed to some
form of replicational stress prior to performing the immuno-
precipitations. We therefore performed coimmunoprecipita-
tion experiments in cells exposed either to HU or to the DNA
polymerase inhibitor, aphidicolin. Figure 2C shows that ATR
could be readily coimmunoprecipitated with anti-BLM anti-
bodies from HU- or aphidicolin-treated HeLa cell extracts, but
not with immunoglobulin G control antibodies. To confirm this
result, the reciprocal coimmunoprecipitation experiment was
performed (i.e., coimmunoprecipitation with anti-ATR and
Western blotting for BLM). BLM could be detected in the
ATR immunoprecipitate, and the extent of coimmunoprecipi-
tated BLM was mildly enhanced by prior treatment of the cells
with HU (Fig. 2D). As a control of antibody specificity, an
identical coimmunoprecipitation experiment was performed
using the BS lymphoblastoid cell line GMO3403. As expected,
no BLM was detected in the ATR immunoprecipitate in this
case. Taken together, these data indicate that ATR and BLM
form a complex in human cells and that the extent of complex
formation is increased by cellular treatments that cause arrest
of DNA replication.

Next, we asked whether BLM and ATR colocalize in the
nuclei of human cells. To do this, immunofluorescence studies
were performed. In a small percentage (approximately 5%) of
PSNF5 corrected BS cells, ATR was found to localize to dis-
crete nuclear foci (Fig. 2E). In cells for which this was ob-
served, these foci colocalized with nuclear foci containing
BLM (Fig. 2E). The ability of ATR to localize to these foci was
not, however, dependent upon the presence of BLM, since
ATR-containing foci were observed in a similar percentage of
PSNG13 cells (BS cells transfected with vector only), which
lack BLM expression (Fig. 2F). Because of the apparent rep-
lication stress-dependent association of BLM and ATR re-
vealed by the coimmunoprecipitation data shown in Fig. 2C

immunoprecipitates were Western blotted for the presence of ATR by using the sheep anti-ATR-N antibodies. (D) BLM can be coimmunopre-
cipitated with ATR following replicational stress. Immunoprecipitations using the sheep anti-ATR-N antibodies were carried out for normal
human lymphoblastoid cells expressing BLM (+/+) or lymphoblastoid BS cells (—/—) and Western blotted for BLM by using the IHIC33 antibody.
(E) BLM and ATR colocalize to nuclear foci. Indirect immunofluorescence of BLM (red) and ATR (green) in untreated cells expressing BLM
(PSNSF5) are shown. In the merged image, colocalization is shown as yellow. The DNA (blue) panel shows the position of the nucleus, as judged
by staining with Hoechst. (F) BLM is not required for the formation of ATR foci. Immunofluorescence analysis was performed as described in
panel E, except that the PSNG13 vector-only control BS cells lacking BLM expression were used. (G) The percentage of cells with ATR foci
increases in response to HU treatment, and the degree of colocalization of BLM and ATR also increases in response to HU treatment. Cells were
incubated with 5 mM HU and fixed for immunofluorescence analyses at the times indicated. The percentage of cells with ATR-, BLM-, and
ATR-BLM-colocalizing foci were determined microscopically. A minimum of 100 cells of each type were assessed at each time point.
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FIG. 3. (A) Schematic representation of the two potential PI-3 kinase recognition sites in the N-terminal region of BLM. The sites at Thr-99
and Thr-122 in each case contain a downstream glutamine residue, as required for recognition by PI-3 kinases. The putative PCNA binding motif
QQRVKDFE® (conserved residues underlined) is indicated. (B) Phosphorylation of GST-BLM recombinant fragments representing the N-
terminal domain between residues 1 and 212. ATM was immunoprecipitated from cells expressing WT ATM (+/+) or from cells expressing
mutated ATM (—/—). The immunoprecipitated material was used in phosphorylation reactions containing the GST-BLM-1-212 fragment
containing either WT sequence, Thr-99 mutated to alanine (T99A), or Thr-122 mutated to alanine (T122A), as indicated above the lanes. Note
the lack of phosphorylation of the T99A protein. (C) ATR kinase assays. ATR was immunoprecipitated from HeLa cell extracts and used to
phosphorylate the GST-BLM derivatives depicted in panel B, a doubly substituted derivative (T99A/T122A), and p53 (to act as a positive control)
or GST (to act as a negative control). Note the lack of phosphorylation of the T99A/T122A BLM protein. (D) The kinase responsible for
phosphorylation of BLM in the immunoprecipitates is ATR. ATR was immunoprecipitated using an anti-Flag antibody from cells expressing
inducible WT ATR or a KD version of ATR, and the immunoprecipitate was used to phosphorylate the same proteins as depicted in panel C. Note
the considerably reduced phosphorylation of the T99A/T122A BLM derivative.

and D, we asked whether exposure of cells to HU might in-
crease the percentage of cells containing BLM and ATR-co-
localizing foci. Indeed, we observed a three- to fourfold in-
crease in the percentage of cells containing ATR foci and a
similar fold increase in the percentage of cells showing BLM
and ATR-colocalizing foci following exposure of PSNF5 cells
to HU for up to 5 h (Fig. 2G). This HU-dependent induction
of ATR foci was not dependent on the presence of BLM, as it
was also observed in BLM-defective PSNG13 cells (Fig. 2G).
These data indicate that ATR and BLM colocalize in human
cell nuclei and that the percentage of cells in which colocal-
ization is seen increases significantly following arrest of DNA
replication.

BLM is a substrate for ATR. It has been shown previously
that BLM is phosphorylated on Thr-99 (and possibly also on
Thr-122) by the ATM kinase both in response to gamma irra-
diation and during apparently unperturbed mitosis (3). To
analyze whether these or other sites on BLM were targeted by
ATR, we prepared recombinant proteins representing differ-
ent domains of BLM fused to GST (see Materials and Meth-

ods). Because the extreme N-terminal domain of BLM from
residues 1 to 212 was the best substrate in vitro for ATM/ATR,
we focused on this fragment alone. We created a WT BLM-
GST fusion protein as well as derivatives in which residues
Thr-99 and Thr-122 were substituted individually or together
by alanine (designated T99A and T122A). Figure 3A shows a
schematic representation of the region of the BLM protein in
which the Thr-99 and Thr-122 residues are located. It should
be noted that immediately N terminal to Thr-99 there is a
sequence motif that perfectly matches the consensus (61, 62)
binding site for the PCNA (see Discussion), which is an essen-
tial cofactor in DNA replication. Using these BLM-GST fusion
proteins, we first asked if BLM is a substrate for phosphory-
lation by ATM. For this, ATM was immunoprecipitated from
extracts of normal (ATM'*) and ataxia telangiectasia
(ATM /") human cell lines, and the immunoprecipitate was
incorporated into kinase assays using either the WT BLM-GST
protein as substrate or the T122A or T99A derivatives. In
accordance with the results of previous work (3), BLM was a
substrate for ATM, and the degree of phosphorylation of the
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FIG. 4. Formation of BLM foci and colocalization of BLM foci with RADS51, phosphorylated histone H2ZAX, ATR, PCNA, and topoisomerase
Il is not dependent upon phosphorylation of BLM on residues Thr-99 or Thr-122. Immunofluorescence analyses were conducted as described
in Fig. 2 for cells either untreated (lower 3 rows of panels) or treated with 5 mM HU for 5 h prior to fixation. Colocalization in the merged image

is indicated by yellow coloration.

protein was diminished slightly by the T122A substitution but
was diminished dramatically by the T99A substitution. Control
immunoprecipitations from ATM /" cells indicated that this
phosphorylation was specific for ATM (Fig. 3B). These data
confirm that BLM is a substrate for ATM and that the primary
target residue for this kinase is Thr-99. Next, we asked whether
the N-terminal fragment of BLM is a substrate for the ATR
kinase. The data in Fig. 3C show that ATR could phosphory-
late the WT BLM fragments as well as each of the single
threonine-substituted derivatives. It was only upon substitution
of both Thr-99 and Thr-122 (T99A/T122A) that we observed a
marked diminution in the extent of phosphorylation of BLM
by ATR. Positive and negative controls for the ATR kinase

(p53 and GST, respectively) were analyzed in parallel and
produced the expected results. These data indicate that BLM
is a substrate for the ATR kinase. However, in contrast to the
results seen with ATM, both Thr-99 and Thr-122 on BLM
appear to be of equal importance quantitatively as targets for
ATR. To confirm the specificity of the ATR phosphorylation
data, we analyzed phosphorylation of the BLM N-terminal
region by ATR immunoprecipitated from cells ectopically ex-
pressing either a Flag epitope-tagged WT ATR or a KD ver-
sion of ATR, as described previously (43, 44). Using p53 as a
positive control, we demonstrated that p53 was phosphorylated
to a significantly greater extent by the precipitate containing
the WT ATR kinase than by a precipitate containing the KD
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version of ATR. The background level of phosphorylation seen
with the KD version has been observed previously by others
using these cell lines (36). The WT ATR kinase was again able
to phosphorylate the BLM-1-212 fragment and each of the
singly substituted BLM derivatives. However, the level of phos-
phorylation by ATR of the T99A/T122A double substitution
mutant was significantly reduced compared to that seen with
either the T99A or the T122A protein. Compared to the kinase
reactions utilizing WT ATR immunoprecipitates, the levels of
phosphorylation of the BLM-1-212, T99A, and T122A proteins
were significantly reduced (and were equivalent to that seen
with the p53 control) in immunoprecipitates from cells ex-
pressing the KD version of ATR, thereby confirming that the
kinase responsible for the bulk of the phosphorylation was
ATR. We conclude from this section of the study that BLM is
a substrate for the ATR kinase and that both Thr-99 and
Thr-122 are apparently targeted to a similar extent.

Substitution of Thr-99 and Thr-122 does not prevent BLM
from suppressing SCEs or colocalizing with other replication
and repair factors. To analyze the functional effects of the
substitution of Thr-99 and Thr-122 in BLM with a nonphos-
phorylatable residue, we expressed a mutated version of the
full-length BLM cDNA in GMOS8505 cells in which codons for
Thr-99 and Thr-122 were altered to become codons for ala-
nine. Four stable transfectants of GMOS8505 cells expressing
BLM-T99A/T122A were generated and designated C1.4, C1.2,
C2.1, and C20. The results of Western blotting for BLM (see
Fig. 5A) indicated that these transfectants expressed an equiv-
alent level of BLM to that seen in the PSNF5 cell line trans-
fectant expressing the WT BLM protein from the pcDNA3
expression vector. Next, we analyzed whether expression of
BLM-T99A/T122A protein was able to suppress the hyper-
SCE phenotype characteristic of BS cells (12). In each case, the
transfected clones showed a significantly lower level of SCEs
compared to vector-only control BS cell transfectants, indicat-
ing that substitution of Thr-99 and Thr-122 by alanine did not
prevent BLM from suppressing SCE formation (Table 1 and
data not shown).

One possible role of the observed phosphorylation is to
influence the ability of BLM to either associate with partner
proteins required for DNA repair and replication or to localize
to sites of repair and replication. To analyze this possibility, we
carried out immunolocalization studies by using fluorescence
microscopy. First, we asked whether the substitution of Thr-99
and Thr-122 affected colocalization of BLM with ATR itself in
cells exposed to HU. As shown in Fig. 4, the BLM-T99A/
T122A protein still colocalized convincingly with ATR. Next,
we analyzed colocalization of BLM with PCNA. This was un-
dertaken for two reasons. First, as discussed above, Thr-99 and
Thr-122 are located adjacent to a putative PCNA binding motif
in the N-terminal domain of BLM, and hence phosphorylation
of these residues could influence binding to PCNA. Second,
PCNA marks sites of DNA replication and hence permitted us
to address the question of whether the nonphosphorylatable
BLM was still able to translocate to sites of ongoing DNA
replication, as has been shown previously for WT BLM (55).
Figure 4 shows that BLM-T99A/T122A was able to colocalize
effectively with PCNA in nuclear foci. It has been shown pre-
viously that BLM can also colocalize with topoisomerase IIla
and RADS1 in nuclear foci (4, 64, 65). We showed that the
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BLM-T99A/T122A protein could still colocalize with these two
factors, particularly within a subset of the larger nuclear foci
(Fig. 4). Another marker of DNA damage responses is the
phosphorylation of histone H2AX. It is well established that
cells exposed to ionizing radiation or DNA replication inhibi-
tors show focal nuclear staining when an antibody specific for
the phosphorylated form of H2AX (termed yH2AX) (51) is
used. These foci are widely thought to designate sites of initial
DNA damage in the nucleus (52). We found that both WT
BLM (not shown) and the BLM-T99A/T122A protein (Fig. 4)
colocalized strongly with yH2AX in nuclear foci, indicating
that BLM can be found at sites of DNA damage (as suggested
previously by the colocalization with RADS1) but that the
phosphorylation of Thr-99 or Thr-122 was not essential for this
colocalization. Taken together, these immunofluorescence ex-
periments have revealed that BLM protein containing T99A
and T122A substitutions is able to accumulate in focal regions
of the nucleus and to colocalize with a variety of other proteins
that define sites of both DNA damage and ongoing DNA
repair as well as of DNA replication.

Substitution of Thr-99 and Thr-122 in BLM affects recovery
from replication stress. The most striking phenotype of S.
pombe rghl cells, which lack the sole RecQ helicase in that
organism, is a failure to undergo productive cell division fol-
lowing release from an HU-induced S-phase arrest (57). To
address whether a similar failure to recover from S-phase ar-
rest was seen in the BS cell transfectants expressing BLM-
T99A/T122A protein, we treated control cells (PSNF5 trans-
fectants expressing WT BLM) and BLM-T99A/T122A
transfectants (clone 1.4) with 2 mM HU for 16 h and then
released them from this G,/S-phase arrest into drug-free me-
dium. Flow cytometry was used to evaluate the degree of
S-phase arrest by HU as well as the ability of the cells to
recover from this arrest. Recovery was defined by an ability of
the cells to progress normally through the remainder of the cell
cycle and subsequently to reenter the G, phase of the next cell
division cycle. As shown in Fig. 5B (left panel), PSNF5 cells
arrested normally following treatment with HU for 16 h with
the majority of cells at the G,/S boundary (or very early S
phase). Following removal of the HU, these cells progressed
synchronously through S phase into G,/M over the next 16 h
and then subsequently reentered the G, phase after approxi-
mately 18 to 20 h. This is the normal pattern of the cell cycle
progression following the release of human cells from an early
S-phase arrest. In contrast, the BLM-T99A/T122A cell clones
behaved abnormally following HU treatment. There was no
obvious defect in the initial response to HU in these cells, since
an apparently normal early S-phase arrest was observed. While
synchronous progression through the remainder of S phase was
evident, with kinetics very similar to those seen in PSNF5 cells,
the BLM-T99A/T122A cells entered G,/M (based on DNA
content) but did not progress beyond this point into the sub-
sequent G, phase until approximately 24 to 26 h following
release from the HU-induced arrest (Fig. 5B, right panel). This
pattern of prolonged G,/M arrest following release was not
limited to the clone 1.4 transfectant, since a similar protracted
G,/M phase was seen in three other independent BLM-T99A/
T122A-expressing clones following treatment with HU (data
not shown).

We next asked whether the cells arrested in G,/M following
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FIG. 5. Cells expressing the ATR phosphorylation site mutants arrest in G, following release from replication arrest. (A) Western blotting of crude nuclear extracts to show equivalent BLM
expression in control PSNF5 cells (lane 1) and four independent clones of GMOS8505 cells expressing BLM-T99A/T122A is shown; clone C2.1 (lane 3), clone C20 (lane 4), clone C1.2 (lane
5) and clone C1.4 (lane 6) are depicted. Lane 2 indicates the untransfected GMOS8505 cells for validation of the antibody. B-Tubulin was used as loading control. (B) Exponentially growing
cultures of either PSNF5 cells expressing WT BLM or clone 1.4 cells expressing BLM-T99A/T122A were exposed to HU (2 mM) for 16 h and then released into drug-free medium. The DNA
content was analyzed by flow cytometry at the times indicated. (C) Analysis of a caffeine-sensitive G,/M checkpoint in HU-treated cells expressing BLM-T99A/T122A. Cells were treated with
HU as before and then released in the presence or absence of 4 mM cafteine. Cells were harvested at the time points indicated and analyzed by flow cytometry for expression of phosphorylated
histone H3 to determine the percentage of cells in mitosis (left panel) and for DNA content (right panel). Cells expressing phosphorylated histone H3, and with a 2 N DNA content, are circled
and labeled with an M for the 24-h time point. The percentage of cells expressing phosphohistone H3 is shown graphically. Results are expressed as the means of three experiments. Error bars
indicate standard errors of the means. (D) Expression of phospho-Chkl. Whole-cell extracts were prepared from cells expressing T99A/T122A-BLM at the times indicated after release from
HU block. The extracts were analyzed by Western blotting for total Chk1, phospho-Chk1 (Ser 345), and B-tubulin levels (shown by representative blots). The bar graph indicates quantification
of the blotting data (normalized for B-tubulin levels) and represents the means of two determinations.
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FIG. 6. Model for the role of ATR-mediated phosphorylation of BLM in recovery from replicative stress. Two parallel pathways exist. Pathway
1 (left) is activated in cells expressing BLM protein (+BLM), while pathway 2 (right) is operational in BS cells lacking BLM protein. In pathway
1, cells expressing WT BLM (BLM-WT) display ATR-dependent phosphorylation of Thr-99 and Thr-122 (circled P), and these cells recover from
replicative stress via a pathway that avoids SCEs. In cells expressing BLM-T99A/T122A, ATR cannot phosphorylate BLM (circled P with a cross)
but are committed to the BLM-dependent pathway, resulting in aberrant recovery associated with G, checkpoint arrest.

HU treatment and release were in the G, phase or in mitosis.
To do this, we stained cells after release from HU arrest for
phosphorylated histone H3, a marker of cells in mitosis. Twen-
ty-four hours after release, only 2% of the cells were positive
for this marker, suggesting that they were held in G, (Fig. 5C,
left panel). We reasoned that the abnormal recovery from
S-phase arrest in the T99A/T122A cell clones might reflect
some form of defective replication following release from the
arrest and that this might therefore lead to an accumulation of
abnormal DNA structures that subsequently activate a G,/M
checkpoint. To analyze this possibility, we studied whether the
checkpoint-overriding drug, caffeine, could drive clone 1.4 cells
through the G, arrest point into mitosis and hence into the
subsequent G, phase. Figure 5C shows that, in cells treated
with 4 mM caffeine, the G, arrest was overridden, as evidenced
by an increase in the percentage of histone H3-positive, M-
phase cells (up fivefold to over 10%) at the 24-h time point
after release from HU arrest and by the accelerated rate of
return of cells into G, compared to that of clone 1.4 cells not
treated with caffeine (compare flow cytometry profiles in Fig.
5B and C). Additional evidence for the existence of a check-
point-mediated G, block following HU-treatment of clone 1.4
was provided by an analysis of the phosphorylation status of
Chk1, which was performed by using an antibody specific for
phosphoserine 345 (p-Chkl) that detects a modification of
Chkl1 induced by replication-blocking agents (68). Figure 5D
shows that, in PSNFS5 cells expressing WT-BLM, p-Chkl1 levels
peak at 17 h following release from HU treatment and decline
at later time points, consistent with their progression through
G,/M and into the next cell cycle. In contrast, in clone 1.4 cells
expressing BLM-T99A/T122A, p-Chkl levels remained ele-
vated even at 24 h after release. Taken together, these data
indicate that clone 1.4 BLM-T99A/T122A cells arrest normally
in early S phase in the presence of HU, progress synchronously
through the remainder of S phase following release into HU-
free medium, but then arrest at a caffeine-sensitive G,/M
checkpoint for a protracted period of time (at least 6 to 8 h).

DISCUSSION

We have shown that the BS helicase, BLM, can interact with
the ATR kinase and that it is phosphorylated by ATR on
residues Thr-99 and Thr-122. BS cells expressing a modified
version of BLM, in which the Thr-99 and Thr-122 residues are
substituted by alanine, fail to recover adequately from replica-
tion arrest.

Previous studies have indicated that BLM is a phosphopro-
tein in human cells and that phosphorylation induced in re-
sponse to treatment with ionizing radiation is ATM dependent
(3). Similarly, it has been reported that BLM is phosphorylated
following treatment of cells with DNA replication inhibitors
but that this process is ATM independent (1). Although the
kinase responsible for phosphorylation of BLM during times of
replicational stress was not identified definitively by previous
studies, ATR has, not surprisingly, been proposed as a leading
candidate (20), given its known role in responding to S-phase
perturbations (14). Our data are fully consistent with this pro-
posal.

It has long been proposed that the genomic instability char-
acteristic of RecQ helicase-deficient mutant cells is a manifes-
tation of a primary defect of some aspect of DNA replication
(13, 46). Since RecQ helicase deficiency is rarely associated
with a total loss of cell viability, it is extremely unlikely that
RecQ helicases are required for the catalysis of an important
step in the synthesis of DNA. Nevertheless, it is clear from
previous studies of yeast and from the data presented here that
loss of RecQ helicase function strongly impairs survival in cells
exposed to chemical inhibitors of DNA replication such as HU.
Therefore, we and others have proposed that the primary role
of RecQ helicases is to promote effective recovery from an
S-phase-arrested state (13, 30, 46). Although HU is used rou-
tinely to induce robust S-phase arrest, the physiological role of
BLM, presumably, is to respond to episodes in the normal cell
division cycle in which DNA replication forks encounter “road
blocks,” i.e., lesions in the DNA that impose a physical block-
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ade. Presumably, such events are relatively rare in unperturbed
cells, since BLM is not an essential gene for viability in hu-
mans. Alternatively, it may be that a parallel pathway for ef-
fective replication restoration is operational in cells lacking
BLM. There are a number of potential roles for BLM in
replication fork maintenance, but most evidence points to par-
ticipation in the process of homologous recombination-depen-
dent replication restart. Numerous lines of evidence indicate
connections between RecQ helicases and recombination, in-
cluding the physical and genetic connections between S. cer-
evisiae Sgslp and Rad51p (64) as well as the physical interac-
tions between BLM and both RADS51 (4, 64) and the RADS1
paralog, RADS51D (5), in human cells. Moreover, RecQ heli-
cases efficiently catalyze two processes that may be relevant to
a role in homologous recombination: D-loop disruption and
Holliday junction branch migration (15, 31, 60).

The PI-3 kinases play a central role during periods when
DNA replication is perturbed. In S. cerevisiae, Meclp (which is
an essential gene and is the homologue of the ATR kinase) is
required for protection against the toxic effects of HU treat-
ment and for the stabilization of arrested forks (47). Similarly,
ATR in mammals is essential for viability and is a key player in
the protective response of cells to DNA damage arising in S
phase (8, 9). Our data point strongly to a functional connection
between ATR and BLM in the cellular response to replica-
tional stress. More specifically, we propose that phosphoryla-
tion of BLM on Thr-99 and Thr-122 by ATR is an important
component of the multifaceted response of cells undergoing
replication fork arrest that is subsequently essential for ade-
quate cellular recovery. It should be noted, however, that these
sites are poorly conserved in nonhuman BLM homologues.
Our finding that DNA replication is apparently completed in
cells released from an S-phase-induced arrest (also seen in
similarly treated S. pombe rqghl mutants [57]) suggests that this
defect in recovery has no impact on bulk DNA synthesis. Nev-
ertheless, the finding that cells expressing BLM-T99A/T122A
undergo a caffeine-sensitive checkpoint arrest in G, following
release from an S-phase block suggests that some form of
DNA structural abnormality arises during the recovery period
that is invisible to the S-phase checkpoint machinery. This
DNA structure (see below) is, however, a potent activator of a
G,/M DNA damage checkpoint. Indeed, the protracted G,/M
arrest (of at least 6 h) is suggestive of the accumulation of a
DNA structure that is irreparable, at least in G, in cells lack-
ing functional BLM. This may indicate a primary or a second-
ary role for BLM in the G, phase in a DNA repair capacity. A
similar proposal has been made recently for the Rqh1 helicase
(37). This general phenotype is very reminiscent of that seen in
HU-treated rghl mutants, although in the case of this yeast
mutant, cells recovering from HU-induced arrest complete
bulk DNA replication but then exhibit the so-called “cut” phe-
notype in which the septum bisects the nucleus before normal
nuclear division has been effected (57). A key question for the
future is the identification of the DNA structure(s) that arises
or accumulates during DNA replication that occurs post-HU
treatment. Given the known biochemical properties of RecQ
helicases, including BLM, and the emerging evidence that phe-
notypic defects characteristic of RecQ helicase-deficient cells
can be suppressed merely by ectopic expression of the bacterial
RusA protein (a Holliday junction resolvase enzyme) (17, 54),

BLM PHOSPHORYLATION AND RECOVERY FROM S-PHASE ARREST 1289

we propose that some form of unresolved recombination in-
termediate containing Holliday junctions is a strong candidate
for the DNA structure that prevents adequate recovery from
S-phase arrest.

ATR acts to maintain genomic integrity through the stabi-
lization of fragile sites in DNA (11). Fragile sites are loci that
exhibit breakage or abnormal chromatin condensation in cells
that have been exposed to a low dosage of an agent, such as
aphidicolin, that induces replicational stress without blocking
DNA synthesis per se (28). ATR deficiency results in the ap-
pearance of fragile sites under conditions in which they are
suppressed in WT cells. Fragile sites are proposed to be re-
gions of the genome that generally replicate very late in S
phase and may be fundamentally difficult to replicate due, for
example, to their unusual DNA secondary structural features
(27). Consequently, these sites may require special attention
from the S-phase checkpoint machinery and homologous re-
combination-dependent replication fork repair. It will be in-
teresting to see if ATR-dependent phosphorylation of BLM is
involved in the suppression of fragile sites, since it has been
suggested previously that at least some fragile sites may be hot
spots for chromosome rearrangements, including SCEs (29),
which are present at an elevated frequency in BS cells.

With the use of the T99A/T122A-substituted derivative of
BLM, we have been able to reveal a role for the enzyme in
facilitating recovery from replication arrest that has escaped
attention in previous studies of BS cells. We propose that this
difference is a result of the BLM-T99A/T122A protein acting
in a dominant-negative mode, a situation encountered fre-
quently with the expression of mutated cDNAs. Indeed, roles
for the ATR kinase itself were revealed by utilizing such an
approach (43). Our favored hypothesis is that, because multi-
ple pathways seem to exist for the repair of damaged replica-
tion forks, decisions regarding pathway choice are determined
both by the DNA structural abnormality that requires process-
ing and by the presence or absence of particular repair factors.
For the BLM-T99A/T122A protein to act in a dominant-neg-
ative fashion suggests that, in cells expressing BLM, commit-
ment to at least one pathway of repair is determined by the
BLM protein itself, but in BS cells lacking BLM, an alternative
pathway leading to elevated levels of SCEs (Fig. 6) is opera-
tional. We propose that the BLM-T99A/T122A protein com-
mits cells to the preferred BLM-dependent pathway, but that
once committed, the phosphorylation-resistant BLM is unable
to fulfill its role adequately leading to a mutant phenotype that
is specific for BLM derivatives defective in phosphorylation of
Thr-99 and/or Thr-122. Our present work is aimed at the
identification of the key components of the BLM-dependent
pathway for replication fork repair.

ACKNOWLEDGMENTS

We thank S. P. Jackson for the anti-ATR antibody, M. Taylor for
anti-ATM antibodies, P. Nghiem for the ATR WT and KD-expressing
cells, H. Goulaouic for the D6 anti-topoisomerase IIla antibody, and
J. Pepper for preparing the manuscript. We also thank P. Mohaghegh
for the initial cloning of some BLM fragments and L. Wu for helpful
discussions.

Work in our laboratory is supported by Cancer Research UK.



1290

10.

11.

12.

13.

14.

16.

17.

19.

20.

21.

22.

23.

24.

DAVIES ET AL.

REFERENCES

. Ababou, M., V. Dumaire, Y. Lecluse, and M. Amor-Gueret. 2002. Bloom’s

syndrome protein response to ultraviolet-C radiation and hydroxyurea-me-
diated DNA synthesis inhibition. Oncogene 21:2079-2088.

. Abraham, R. T. 2001. Cell cycle checkpoint signaling through the ATM and

ATR kinases. Genes Dev. 15:2177-2196.

. Beamish, H., P. Kedar, H. Kaneko, P. Chen, T. Fukao, C. Peng, S. Beresten,

N. Gueven, D. Purdie, S. Lees-Miller, N. Ellis, N. Kondo, and M. F. Lavin.
2002. Functional link between BLM defective in Bloom’s syndrome and the
ataxia-telangiectasia-mutated protein, ATM. J. Biol. Chem. 277:30515-
30523.

. Bischof, O., S. H. Kim, J. Irving, S. Beresten, N. A. Ellis, and J. Campisi.

2001. Regulation and localization of the Bloom syndrome protein in re-
sponse to DNA damage. J. Cell Biol. 153:367-380.

. Braybrooke, J. P, J.-L. Li, J.-Y. Masson, M. Mcllwraith, L. Wu, F. Benson,

S. C. West, and 1. D. Hickson. 2003. Functional interaction between the
Bloom’s syndrome helicase and the RAD51 paralog, RAD51L3 (RAD51D).
J. Biol. Chem. 278:48357-48366.

. Brosh, R. M., Jr., J.-L. Li, M. K. Kenny, J. K. Karow, M. P. Cooper, R. P.

Kureekattil, I. D. Hickson, and V. A. Bohr. 2000. Replication protein A
physically interacts with the Bloom’s syndrome protein and stimulates its
helicase activity. J. Biol. Chem. 275:23500-23508.

. Brosh, R. M., Jr., D. K. Orren, J. O. Nehlin, P. H. Ravn, M. K. Kenny, A.

Machwe, and V. A. Bohr. 1999. Functional and physical interaction between
WRN helicase and human replication protein A. J. Biol. Chem. 274:18341—
18350.

. Brown, E. J., and D. Baltimore. 2000. ATR disruption leads to chromosomal

fragmentation and early embryonic lethality. Genes Dev. 14:397-402.

. Brown, E. J., and D. Baltimore. 2003. Essential and dispensable roles of

ATR in cell cycle arrest and genome maintenance. Genes Dev. 17:615-628.
Canman, C. E., D. S. Lim, K. A. Cimprich, Y. Taya, K. Tamai, K. Sakaguchi,
E. Appella, M. B. Kastan, and J. D. Siliciano. 1998. Activation of the ATM
kinase by ionizing radiation and phosphorylation of p53. Science 281:1677—
1679.

Casper, A. M., P. Nghiem, M. F. Arlt, and T. W. Glover. 2002. ATR regulates
fragile site stability. Cell 111:779-789.

Chaganti, R. S., S. Schonberg, and J. German. 1974. A manyfold increase in
sister chromatid exchanges in Bloom’s syndrome lymphocytes. Proc. Natl.
Acad. Sci. USA 71:4508-4512.

Chakraverty, R. K., and I. D. Hickson. 1999. Defending genome integrity
during DNA replication: a proposed role for RecQ family helicases. Bioes-
says 21:286-294.

Cliby, W. A,, C. J. Roberts, K. A. Cimprich, C. M. Stringer, J. R. Lamb, S. L.
Schreiber, and S. H. Friend. 1998. Overexpression of a kinase-inactive ATR
protein causes sensitivity to DNA-damaging agents and defects in cell cycle
checkpoints. EMBO J. 17:159-169.

. Constantinou, A., M. Tarsounas, J. K. Karow, R. M. Brosh, Jr., V. A. Bohr,

I. D. Hickson, and S. C. West. 2000. Werner’s syndrome protein (WRN)
migrates Holliday junctions and co-localizes with RPA upon replication
arrest. EMBO Rep. 1:80-84.

Cui, S., R. Klima, A. Ochem, D. Arosio, A. Falaschi, and A. Vindigni. 2003.
Characterization of the DNA-unwinding activity of human RECQI, a heli-
case specifically stimulated by human replication protein A. J. Biol. Chem.
278:1424-1432.

Doe, C. L., J. Dixon, F. Osman, and M. C. Whitby. 2000. Partial suppression
of the fission yeast rqgh1(—) phenotype by expression of a bacterial Holliday
junction resolvase. EMBO J. 19:2751-2762.

. Ellis, N. A,, J. Groden, T. Z. Ye, J. Straughen, D. J. Lennon, S. Ciocci, M.

Proytcheva, and J. German. 1995. The Bloom’s syndrome gene product is
homologous to RecQ helicases. Cell 83:655-666.

Franchitto, A., and P. Pichierri. 2002. Bloom’s syndrome protein is required
for correct relocalization of RAD5S0/MRE11/NBS1 complex after replication
fork arrest. J. Cell Biol. 157:19-30.

Franchitto, A., and P. Pichierri. 2002. Protecting genomic integrity during
DNA replication: correlation between Werner’s and Bloom’s syndrome gene
products and the MRE11 complex. Hum. Mol. Genet. 11:2447-2453.

Frei, C., and S. M. Gasser. 2000. The yeast Sgs1p helicase acts upstream of
Rad53p in the DNA replication checkpoint and colocalizes with Rad53p in
S-phase-specific foci. Genes Dev. 14:81-96.

Gangloff, S., J. P. McDonald, C. Bendixen, L. Arthur, and R. Rothstein.
1994. The yeast type I topoisomerase Top3 interacts with Sgsl, a DNA
helicase homolog: a potential eukaryotic reverse gyrase. Mol. Cell. Biol.
14:8391-8398.

Gatei, M., K. Sloper, C. Sorensen, R. Syljuasen, J. Falck, K. Hobson, K.
Savage, J. Lukas, B. B. Zhou, J. Bartek, and K. K. Khanna. 2003. Ataxia-
telangiectasia-mutated (ATM) and NBSI-dependent phosphorylation of
Chk1 on Ser-317 in response to ionizing radiation. J. Biol. Chem. 278:14806—
14811.

Gaymes, T. J., P. S. North, N. Brady, I. D. Hickson, G. J. Mufti, and F. V.
Rassool. 2002. Increased error-prone non-homologous DNA end-joining—a

25.
. German, J. C.,, L. P. Crippa, and D. Bloom. 1974. Bloom’s syndrome. III.

27.

28.

29.
30.

31

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.
49.
50.

51

52.

53.

54.

MoL. CELL. BIOL.

proposed mechanism of chromosomal instability in Bloom’s syndrome. On-
cogene 21:2525-2533.
German, J. 1995. Bloom’s syndrome. Dermatol. Clin. 13:7-18.

Analysis of the chromosome aberration characteristic of this disorder. Chro-
mosoma 48:361-366.

Glover, T. W. 1998. Instability at chromosomal fragile sites. Recent Results
Cancer Res. 154:185-199.

Glover, T. W., C. Berger, J. Coyle, and B. Echo. 1984. DNA polymerase o
inhibition by aphidicolin induces gaps and breaks at common fragile sites in
human chromosomes. Hum. Genet. 67:136-142.

Glover, T. W., and C. K. Stein. 1987. Induction of sister chromatid exchanges
at common fragile sites. Am. J. Hum. Genet. 41:882-890.

Hickson, I. D. 2003. RecQ helicases: caretakers of the genome. Nat. Rev.
Cancer 3:169-178.

Karow, J. K., A. Constantinou, J. L. Li, S. C. West, and I. D. Hickson. 2000.
The Bloom’s syndrome gene product promotes branch migration of Holliday
junctions. Proc. Natl. Acad. Sci. USA 97:6504-6508.

Karow, J. K., L. Wu, and L. D. Hickson. 2000. RecQ family helicases: roles
in cancer and aging. Curr. Opin. Genet. Dev. 10:32-38.

Kastan, M. B., and D. S. Lim. 2000. The many substrates and functions of
ATM. Nat. Rev. Mol. Cell Biol. 1:179-186.

Kawabe, T., N. Tsuyama, S. Kitao, K. Nishikawa, A. Shimamoto, M. Shira-
tori, T. Matsumoto, K. Anno, T. Sato, Y. Mitsui, M. Seki, T. Enomoto, M.
Goto, N. A. Ellis, T. Ide, Y. Furuichi, and M. Sugimoto. 2000. Differential
regulation of human RecQ family helicases in cell transformation and cell
cycle. Oncogene 19:4764-4772.

Kitao, S., A. Shimamoto, M. Goto, R. W. Miller, W. A. Smithson, N. M.
Lindor, and Y. Furuichi. 1999. Mutations in RECQLA4 cause a subset of cases
of Rothmund-Thomson syndrome. Nat. Genet. 22:82-84.

Lakin, N. D., B. C. Hann, and S. P. Jackson. 1999. The ataxia-telangiectasia
related protein ATR mediates DNA-dependent phosphorylation of p53.
Oncogene 18:3989-3995.

Laursen, L. V., E. Ampatzidou, A. H. Andersen, and J. M. Murray. 2003.
Role for the fission yeast RecQ helicase in DNA repair in G,. Mol. Cell.
Biol. 23:3692-3705.

Liu, Q., S. Guntuku, X. S. Cui, S. Matsuoka, D. Cortez, K. Tamai, G. Luo,
S. Carattini-Rivera, F. DeMayo, A. Bradley, L. A. Donehower, and S. J.
Elledge. 2000. Chkl is an essential kinase that is regulated by Atr and
required for the G,/M DNA damage checkpoint. Genes Dev. 14:1448-1459.
Lonn, U., S. Lonn, U. Nylen, G. Winblad, and J. German. 1990. An abnormal
profile of DNA replication intermediates in Bloom’s syndrome. Cancer Res.
50:3141-3145.

Meyn, M. S. 1999. Ataxia-telangiectasia, cancer and the pathobiology of the
ATM gene. Clin. Genet. 55:289-304.

Murray, J. M., H. D. Lindsay, C. A. Munday, and A. M. Carr. 1997. Role of
Schizosaccharomyces pombe RecQ homolog, recombination, and checkpoint
genes in UV damage tolerance. Mol. Cell. Biol. 17:6868-6875.

Nakayama, H. 2002. RecQ family helicases: roles as tumor suppressor pro-
teins. Oncogene 21:9008-9021.

Nghiem, P., P. K. Park, Y. Kim, C. Vaziri, and S. L. Schreiber. 2001. ATR
inhibition selectively sensitizes G, checkpoint-deficient cells to lethal pre-
mature chromatin condensation. Proc. Natl. Acad. Sci. USA 98:9092-9097.
Nghiem, P., P. K. Park, Y. S. Kim, B. N. Desai, and S. L. Schreiber. 2002.
ATR is not required for p53 activation but synergizes with p53 in the
replication checkpoint. J. Biol. Chem. 277:4428-4434.

Nyberg, K. A., R. J. Michelson, C. W. Putnam, and T. A. Weinert. 2002.
Toward maintaining the genome: DNA damage and replication checkpoints.
Annu. Rev. Genet. 36:617-656.

Oakley, T., and I. D. Hickson. 2002. Defending genome integrity during
S-phase: putative roles for RecQ helicases and topoisomerase III. DNA
Repair 1:175-207.

Osborn, A. J., S. J. Elledge, and L. Zou. 2002. Checking on the fork: the
DNA-replication stress-response pathway. Trends Cell Biol. 12:509-516.
Perry, J., and N. Kleckner. 2003. The ATRs, ATMs, and TORs are giant
HEAT repeat proteins. Cell 112:151-155.

Perry, P., and S. Wolff. 1974. New Giemsa method for the differential
staining of sister chromatids. Nature 251:156-158.

Rassool, F. V. 2003. DNA double strand breaks (DSB) and non-homologous
end joining (NHEJ) pathways in human leukemia. Cancer Lett. 193:1-9.
Rogakou, E. P., C. Boon, C. Redon, and W. M. Bonner. 1999. Megabase
chromatin domains involved in DNA double-strand breaks in vivo. J. Cell
Biol. 146:905-916.

Rogakou, E. P., D. R. Pilch, A. H. Orr, V. S. Ivanova, and W. M. Bonner.
1998. DNA double-stranded breaks induce histone H2AX phosphorylation
on serine 139. J. Biol. Chem. 273:5858-5868.

Rotman, G., and Y. Shiloh. 1999. ATM: a mediator of multiple responses to
genotoxic stress. Oncogene 18:6135-6144.

Saintigny, Y., K. Makienko, C. Swanson, M. J. Emond, and R. J. Monnat, Jr.
2002. Homologous recombination resolution defect in Werner syndrome.
Mol. Cell. Biol. 22:6971-6978.



VoL. 24, 2004

55.

56.

57.

58.

59.

60.

61.

62.

Sengupta, S., S. P. Linke, R. Pedeux, Q. Yang, J. Farnsworth, S. H. Garfield,
K. Valerie, J. W. Shay, N. A. Ellis, B. Wasylyk, and C. C. Harris. 2003. BLM
helicase-dependent transport of p53 to sites of stalled DNA replication forks
modulates homologous recombination. EMBO J. 22:1210-1222.

Sonoda, E., M. S. Sasaki, C. Morrison, Y. Yamaguchi-Iwai, M. Takata, and
S. Takeda. 1999. Sister chromatid exchanges are mediated by homologous
recombination in vertebrate cells. Mol. Cell. Biol. 19:5166-5169.

Stewart, E., C. R. Chapman, F. Al-Khodairy, A. M. Carr, and T. Enoch. 1997.
rqhl™, a fission yeast gene related to the Bloom’s and Werner’s syndrome
genes, is required for reversible S phase arrest. EMBO J. 16:2682-2692.
Tibbetts, R. S., K. M. Brumbaugh, J. M. Williams, J. N. Sarkaria, W. A.
Cliby, S. Y. Shieh, Y. Taya, C. Prives, and R. T. Abraham. 1999. A role for
ATR in the DNA damage-induced phosphorylation of p53. Genes Dev.
13:152-157.

Unsal-Kacmaz, K., A. M. Makhov, J. D. Griffith, and A. Sancar. 2002.
Preferential binding of ATR protein to UV-damaged DNA. Proc. Natl.
Acad. Sci. USA 99:6673-6678.

van Brabant, A. J., R. Stan, and N. A. Ellis. 2000. DNA helicases, genomic
instability, and human genetic disease. Annu. Rev. Genomics Hum. Genet.
1:409-459.

Warbrick, E. 1998. PCNA binding through a conserved motif. Bioessays
20:195-199.

Warbrick, E., W. Heatherington, D. P. Lane, and D. M. Glover. 1998. PCNA

BLM PHOSPHORYLATION AND RECOVERY FROM S-PHASE ARREST

63.

64.

65.

66.

67.

68.

69.

1291

binding proteins in Drosophila melanogaster: the analysis of a conserved
PCNA binding domain. Nucleic Acids Res. 26:3925-3932.

Watt, P. M., I. D. Hickson, R. H. Borts, and E. J. Louis. 1996. SGS1, a
homologue of the Bloom’s and Werner’s syndrome genes, is required for
maintenance of genome stability in Saccharomyces cerevisiae. Genetics 144:
935-945.

Wu, L., S. L. Davies, N. C. Levitt, and I. D. Hickson. 2001. Potential role for
the BLM helicase in recombinational repair via a conserved interaction with
RADSI1. J. Biol. Chem. 276:19375-19381.

Wu, L., S. L. Davies, P. S. North, H. Goulaouic, J. F. Riou, H. Turley, K. C.
Gatter, and L. D. Hickson. 2000. The Bloom’s syndrome gene product inter-
acts with topoisomerase III. J. Biol. Chem. 275:9636-9644.

Xu, B., A. H. O’Donnell, S. T. Kim, and M. B. Kastan. 2002. Phosphorylation
of serine 1387 in Brcal is specifically required for the Atm-mediated S-phase
checkpoint after ionizing irradiation. Cancer Res. 62:4588-4591.

Yu, C., J. Oshima, Y. Fu, E. M. Wijsman, F. Hisama, R. Alisch, S. Matthews,
J. Najura, T. Miki, S. Ouais, G. M. Martin, J. Mulligan, and G. D. Schel-
lenberg. 1996. Positional cloning of the Werner’s syndrome gene. Science
272:258-262.

Zhao, H., and H. Piwnica-Worms. 2001. ATR-mediated checkpoint path-
ways regulate phosphorylation and activation of human Chkl. Mol. Cell.
Biol. 21:4129-4139.

Zhou, B. B., and S. J. Elledge. 2000. The DNA damage response: putting
checkpoints in perspective. Nature 408:433-439.



