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BLM and the FANC proteins collaborate
in a common pathway in response to stalled

replication forks
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Fanconi anaemia (FA) and Bloom syndrome (BS) are
autosomal recessive diseases characterised by chromo-
some fragility and cancer proneness. Here, we report
that BLM and the FA pathway are activated in response
to both crosslinked DNA and replication fork stall. We
provide evidence that BLM and FANCD2 colocalise and co-
immunoprecipitate following treatment with either DNA
crosslinkers or agents inducing replication arrest. We also
find that the FA core complex is necessary for BLM
phosphorylation and assembly in nuclear foci in response
to crosslinked DNA. Moreover, we show that knock-down
of the MRE11 complex, whose function is also under the
control of the FA core complex, enhances cellular and
chromosomal sensitivity to DNA interstrand crosslinks in
BS cells. These findings suggest the existence of a func-
tional link between BLM and the FA pathway and that
BLM and the MREIl complex are in two separated
branches of a pathway resulting in S-phase checkpoint
activation, chromosome integrity and cell survival in
response to crosslinked DNA.
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Introduction

Fanconi anaemia (FA) is a rare autosomal recessive genetic
condition associated with bone marrow failure, reduced
fertility and predisposition to cancer, essentially myeloid
leukaemia (Garcia-Higuera et al, 1999a; Ahmad et al, 2002).
At the cellular level, FA is characterised by chromosome
instability, hypersensitivity and altered mutability to agents
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inducing DNA interstrand crosslinks (ICLs) (Grompe and
D’Andrea, 2001). Eight FANC genes (A, C, DI/BRCA2, D2,
E, E G/XRCC9 and L) have been cloned so far (Grompe and
D’Andrea, 2001; Rosselli et al, 2003) and their products are
thought to define a pathway involved in the control of
genomic stability and checkpoint activation, the FA pathway
(Garcia-Higuera et al, 1999a; D’Andrea and Grompe, 2003;
Rosselli et al, 2003). Furthermore, six of the FANC proteins
(A, C, E, F, G and L) form a nuclear complex (FA core
complex) in response to DNA damage, and mutation in any
of its component leads to inactivation of the complex (Garcia-
Higuera et al, 1999b; Waisfisz et al, 1999; Medhurst et al,
2001) and loss of activation of the FA downstream effector
FANCD2 (Grompe and D’Andrea, 2001).

Bloom syndrome (BS) is a rare autosomal recessive dis-
order characterised by reduced fertility, immunodeficiency
and elevated predisposition to different types of cancer,
including leukaemia (van Brabant et al, 2000). At the cellular
level, BS is associated with chromosome instability, hyper-
sensitivity to genotoxic agents and hypermutability (Hickson
et al, 2001). The gene mutated in BS, BLM, encodes for a
RecQ-class DNA helicase (Ellis et al, 1995). The cellular role
of BLM is poorly defined, but a growing body of evidence
indicates that it could be required for the maintenance of
genome stability during DNA replication (Hickson et al,
2001).

Several observations suggest a functional interaction
between BLM and the FA pathway. First, BS and FA patients
share a partial overlapping phenotype. Second, BS and FA
cells show a similar type of chromosomal instability, that is,
chromosome interchanges and mainly quadriradial forms
(van Brabant et al, 2000; Grompe and D’Andrea, 2001).
Third, BLM is part of a supermolecular complex in which
the key component is BRCA1, a functional partner of FANCD2
(Wang et al, 2000; Garcia-Higuera et al, 2001) and an inter-
actor of FANCA (Folias et al, 2002). Fourth, both BLM and the
FA core complex are necessary for the assembly of the MRE11
complex, another protein complex involved in genome sta-
bility, although in response to different genotoxic stresses
(Franchitto and Pichierri, 2002a; Pichierri et al, 2002).
Finally, BLM and FA core complex have been recently isolated
as components of a common complex of unknown function
(Meetei et al, 2003).

In this study, we investigated whether BLM and the FA
pathway cooperate in the cellular response to agents inducing
ICLs or replication fork arrest.

Our results show that in response to both ICLs or replica-
tion stresses, BLM and the FA pathway are activated and that
BLM colocalises and co-immunoprecipitates with the mono-
ubiquitinated isoform of FANCD2. Furthermore, our data
suggest that a functional FA core complex is necessary for
BLM phosphorylation specifically in response to ICLs and
demonstrate that BLM and the MRE1l complex define two
parallel branches, both under the control of the FA core
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complex, acting to ensure cell viability and chromosomal
integrity in response to crosslinked DNA.

Results

Loss of the BLM or FA pathway results in
hypersensitivity to crosslinked DNA and stalled
replication forks

Sensitivity to DNA crosslinking agents such as mitomycin C
(MMC) or photoactivated psoralens is characteristic of FA
cells (Grompe and D’Andrea, 2001), whereas enhanced cell
death in response to replication arrest has been associated to
BS cells (Franchitto and Pichierri, 2002a; Davalos and
Campisi, 2003). To determine the existence of a crosstalk
between BLM and the FA pathway, we first examined cell
survival of BS and FA cells to MMC, photoactivated 8-MOP
or hydroxyurea (HU)-mediated replication arrest (Figure 1).
Consistently to what reported earlier (Hook et al, 1984;
Davalos and Campisi, 2003), we found that induction of
crosslinked DNA by MMC resulted in a reduced cell survival
in BS-derived cells (Figure 1A). Moreover, similar results
were obtained after exposure to photoactivated 8-MOP
(Figure 1B). Interestingly, ectopic expression of wild-type
BLM restored normal sensitivity to ICL-inducing agent
(Figure 1A and B). Although BS cell sensitivity was less
pronounced than that of FA cells, these data demonstrate
that a functional BLM is required to deal with crosslinked
DNA. Conversely, FA cell lines showed a reduced survival to
HU than normal or ectopically corrected counterpart cells
(Figure 1C and D). Strikingly, lymphoblasts and fibroblasts
from different FA complementation groups showed compar-
able levels of sensitivity to HU even if this sensitivity was
intermediate between normal and BS cells. The sensitivity
to HU observed in FA cells is unlikely attributable to some
checkpoint response defect as described for BS cells (Heinrich
et al, 1998; Ababou et al, 2002; Franchitto and Pichierri,
2002a). These observations suggest that stalled replication
forks activate FA proteins.

BLM and FANCD2 are both relocalised in response

to crosslinked DNA and stalled replication forks

We sought to characterise the involvement of BLM in re-
sponse to crosslinked DNA and the requirement of FA path-
way in the resolution of replication arrest. To this purpose, on
the one hand we analysed ICL-induced BLM assembly in
nuclear foci and phosphorylation, two molecular events
associated to its response to DNA damage (Ababou et al,
2000, 2002; Wang et al, 2000; Beamish et al, 2002; Franchitto
and Pichierri, 2002a). On the other hand, we examined
activation of FANCD2 by analysing its monoubiquitination,
phosphorylation and relocalisation in nuclear foci in re-
sponse to replication fork arrest.

Previous studies have shown that BLM relocalises in
nuclear foci in response to HU or UVC (Wang et al, 2000;
Franchitto and Pichierri, 2002a). Interestingly, we found that
BLM accumulated in foci also in response to crosslinked
DNA, although the increase with time is proportionally
lower with respect to that observed after HU or 40J/m?
UVC (Figure 2A and B and Supplementary Figure 1).
Similarly, FANCD2 foci increased not only in response to
crosslinked DNA and UVC-induced DNA damage (Garcia-
Higuera et al, 2001), but also in response to HU (Figure 2A
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Figure 1 Loss of BLM or FA pathway results in enhanced cell death
following crosslinked DNA and replication arrest. (A) MMC sensi-
tivity of the indicated genotypes. (B) Photoactivated 8-MOP sensi-
tivity of the indicated genotypes. (C, D) HU sensitivity of the
indicated genotypes (see Materials and methods). The lymphoblasts
used were GM3657 (WT), HSC536 (FA-C), HSC536 Corr (FA-
C+ FANCC), HSC72 (FA-A), EUFA143L (FA-G), GM16752 (FA-D2),
GM3403 (BS1), GM3403BLM (BS1+BLM) and ZG (BS). The
SV40-transformed fibroblasts used were MRC5 (WT), PD20 (FA-
D2), PD20 315 (FA-D2 -+ FANCDZ2), PD332 (FA-C), PD352 (FA-G),
PD352 + FANCG (FA-G + FANCG), GM8505 (BS) and GM8505 + BLM
(BS+BLM). Data are the mean+s.d. from three independent
experiments. Data were analysed by y? test; the differences in
sensitivity between wild-type and FA or BS cells were statistically
significant (P<0.01, * test).

and B and Supplementary Figure 1). Besides being assembled
in nuclear foci, BLM was phosphorylated in response to
crosslinked DNA (Figure 2C). FANCD2 underwent monoubi-
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Figure 2 The BLM protein and FANCD2 respond similarly to DNA
crosslink induction and replication fork arrest. (A) Representative
images taken after 6 h of recovery from MRCS fibroblasts. (B) ICL-
and replication arrest-dependent assembly of BLM and FANCD2
nuclear foci. Wild-type fibroblasts (MRCS and BJ) and lymphoblasts
(GM3657) were exposed to photoactivated 8-MOP (ICL), HU or UVC
light and analysed at the indicated time points. (C) BLM phosphor-
ylation in response to crosslinked DNA and replication arrest. Upper
blot: MRCS fibroblasts were lysed 4h after treatment with 10 uM
photoactivated 8-MOP (ICL), 2mM HU or 40J/m* UVC, and BLM
phosphorylation was analysed by the shift in electrophoretic mobi-
lity as seen on 5% Tris-glycine gel. Lower blot: BLM phosphoryla-
tion was visualised by 33P; metabolic labelling followed by
autoradiography. The BLM band shift is not visible on the lower
blot because of the higher percentage of acrylamide used for the
SDS-PAGE. (D) FANCD2 monoubiquitination and phosphorylation
in response to stalled replication fork. Cellular extracts prepared 4 h
after exposure of wild-type cells (MRC5) to photoactivated 8-MOP
(ICL), HU or UVC were analysed for the presence of the large
isoform of FANCD2 (FANCD2-L) and for FANCD2 phosphorylation
by Western blot analysis. Phosphorylation was assessed by obser-
ving the shift in the electrophoretic mobility of the FANCD2 doublet
and confirmed by reversion of the band shift following PPase
treatment.

quitination after HU- or UVC-mediated DNA damage, as well
as following induction of crosslinks in DNA (Figure 2D).
Moreover, both HU- and UVC-mediated DNA damage resulted
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in a reduction of the FANCD2 electrophoretic mobility that
could be reverted by PPase treatment (Figure 2D), suggesting
that both treatments determined phosphorylation of FANCD2
similarly to that observed in response to ICLs or y-irradiation
(Taniguchi et al, 2002b; Pichierri and Rosselli, 2004). Both
BLM and FANCD2 accumulated in nuclear foci and under-
went post-translational modification also following 20J/m?
UVC, a dose resulting in cell survival comparable to that
observed after 10 uM photoactivated 8-MOP (Supplementary
Figure 1 and our unpublished results).

These results indicate that both the FA pathway and BLM
participate in the cellular response to crosslinked DNA and
stalled replication forks.

BLM and FANCD2 colocalise and co-immunoprecipitate
in response to crosslinked DNA and stalled replication
forks
To examine the possibility that BLM and FANCD2 could act
together in response to crosslinked DNA or stalled replication
forks, we performed double immunofluorescent labelling in
wild-type cells exposed to photoactivated 8-MOP or HU. We
found that BLM and FANCD2 colocalised in a fraction of cells
exhibiting both BLM and FANCD2 foci (Figure 3A and
Supplementary Figure 2). BLM and FANCD?2 foci colocalisa-
tion increased in a time-dependent manner, with the max-
imum between 6 and 8h post-treatment (Supplementary
Figure 2). In addition, BLM and FANCD2 were co-immuno-
precipitated by anti-BLM antibodies in normal cells, either
untreated or following induction of crosslinked DNA or
replication arrest (Figure 3B). Interestingly, this association
appeared to involve only a fraction of the FANCD2 protein
and to be restricted to the monoubiquitinated isoform
(Figure 3B). To further investigate whether BLM was able
to preferentially associate with the monoubiquitinated
FANCD?2 isoform, we transfected MRCS5 cells and FA-G fibro-
blasts, in which FANCD2 monoubiquitination is defective
(Garcia-Higuera et al, 2001), with a cDNA encoding HA-
tagged ubiquitin. Cellular exposure to HU or ICLs resulted
in the appearance of an anti-HA immunoreactive band in
BLM immunoprecipitates prepared from wild-type -cells
(Figure 3C). FANCD2 was not found in BLM immunopreci-
pitates prepared from FA-G cells (Figure 3C), demonstrating
that BLM did not associate with the unmodified FANCD2
isoform.

Taken together, these findings suggest that BLM is prefer-
entially associated with the monoubiquitinated FANCD2
isoform.

FA complex is required for BLM phosphorylation
following DNA crosslinks
Since BLM and the FA pathway might collaborate in response
to both crosslinked DNA and replication arrest, we sought to
determine whether the integrity of the FA pathway could
affect BLM activation and vice versa. Therefore, on the one
hand, we examined BLM relocalisation and phosphorylation
in cells from different FA complementation groups exposed to
photoactivated 8-MOP, UVC or HU. On the other hand, we
analysed FANCD?2 focalisation and phosphorylation, as well
as FANCA, FANCG and FANCD2 chromatin shift in BS and BS
complemented cells following ICLs or replication arrest.

We first looked at BLM activation in a FA genetic back-
ground. As shown in Figure 4A and B, BLM subnuclear
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Figure 3 BLM and FANCD2 colocalise in response to crosslinked
DNA and replication fork arrest. (A) ICL- and replication fork arrest-
dependent BLM/FANCD2 colocalisation in wild-type cells. MRC5
cells (wild type) were exposed to photoactivated 8-MOP or UVC and
immunofluorescence was carried out 6 h later. In the lower row is
presented a nucleus in which BLM and FANCD2 foci are both
present but not colocalising. (B) Co-IP of BLM and FANCD2.
Cellular extracts prepared 6h after exposure of wild-type or FA-D2
(PD20) cells to photoactivated 8-MOP (ICL), HU or UVC were
immunoprecipitated and immunoprecipitates were analysed by
Western blot. IgG: Extract prepared from untreated MRC5 cells
immunoprecipitated with normal rabbit IgG. Lower panel: The
supernatant from the first immunoprecipitation was used to re-
immunoprecipitate FANCD2 and evaluate the fraction not bound to
BLM. (C) Co-IP of BLM with the activated (i.e. ubiquitinated) form
of FANCD2. MRCS5 (wild type) and FA-G cells were transiently
transfected with an empty vector or with a plasmid expressing
HA-tagged ubiquitin and 36h later exposed to photoactivated 8-
MOP (ICL) or HU. Cellular extracts prepared 6h after treatment
were immunoprecipitated with a polyclonal antibody against BLM
and immunoprecipitates were analysed by Western blot using anti-
BLM, anti-FANCD2 and anti-HA-tag antibodies. IgG: Extract pre-
pared from untreated MRCS5 cells immunoprecipitated with normal
rabbit IgG. Note that the FANCD2 doublet as well as the BLM band
shift is not visible on the blots because of the percentage of
acrylamide used for the SDS-PAGE (7% instead of 5%).
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relocalisation after ICLs was reduced in FA-C and FA-G cells,
in which the FA core complex is absent (Waisfisz et al, 1999),
but was normal in the absence of FANCD2. As it has been
previously reported that BLM colocalises with phosphory-
lated histone H2AX (y-H2AX) following replication arrest
(Davalos and Campisi, 2003), we asked whether the reduc-
tion of BLM focalisation observed in FA core complex mu-
tants was attributable to its inability to relocalise at y-H2AX
sites. BLM colocalisation with vy-H2AX was severely
reduced in FA-G cells after ICLs but not after HU treatment
(Supplementary Figure 3A and B), even though wild-type
and FA-G cells showed a comparable induction of y-H2AX
foci (Rothfuss and Grompe, 2004) (Supplementary Figure
3C). Strikingly, BLM phosphorylation, a molecular event
related to its response to DNA damage (Ababou et al, 2002;
Beamish et al, 2002; Franchitto and Pichierri, 2002a;
Davies et al, 2004), was abolished in FA-G and FA-C following
ICL induction (Figure 4C and D). Re-introduction of the
wild-type FANCC or FANCG in the corresponding FA cell
strain, which is sufficient to restore the FA core complex
functionality, recovered the ICL-dependent BLM phos-
phorylation (Figure 4D and data not shown). Interestingly,
in FA core complex mutants, loss of BLM phosphory-
lation was observed over a range of recovery times after
ICL induction (Figure 4E), excluding a kinetic effect. In vivo
labelling experiments using [*?P]orthophosphate further
confirmed that BLM phosphorylation was dependent upon
the FA core complex after ICLs (Figure 4F). In contrast,
both the BLM assembly into nuclear foci and its phos-
phorylation were unaffected by mutations in the FA
pathway after replication arrest or UVC radiation (Figure
4B-D and F).

Altogether, our results suggest that the FA core complex is
specifically required for the phosphorylation of BLM in the
presence of crosslinked DNA and for its efficient assembly
into nuclear foci.

In converse experiments, FANCD2 relocalisation in nuclear
foci following either ICLs or replication arrest was not
affected by the absence of a functional BLM protein (Figure
SA and B). Similarly, the absence of BLM did not affect
the post-translational modifications of FANCD2 in response
to either crosslinked DNA or replication arrest (Figure 5C
and D).

Then, we investigated whether BLM functionality could
affect the response of the FA core complex to DNA damage.
It has been shown that the FA core complex associates
specifically with chromatin following DNA crosslinking
treatments (Qiao et al, 2001). Hence, we analysed chromatin
localisation of FANCA and FANCC—two key components
of the FA complex—and that of FANCD2, in response to
crosslinked DNA or UVC-induced replication arrest by a
biochemical fractionation technique followed by Western
blot analysis of the free nucleoplasmic and the chromatin
fraction (Mendez and Stillman, 2000). Both DNA crosslinks
and UV irradiation induced association of the FA core
complex proteins and FANCD2 with chromatin, as shown
by the appearance of the FANC proteins in the chromatin
fraction (Figure 5E). Consistently with normal FANCD2
activation, the absence of a functional BLM protein did
not affect the ability of the FANC proteins to associate
with chromatin, both in response to ICL treatment and
replication fork arrest. As expected, the FANC proteins
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chromatin shift was absent in extracts from FA cells (data
not shown).

Our results indicate that BLM is not required for the FA
core complex translocation to chromatin in response to both
crosslinked DNA and UVC-mediated replication arrest. Since
BLM has no effect on FA proteins, whereas FA core complex is
required for BLM phosphorylation, it is likely that FA core
complex is an upstream regulator of BLM function in re-
sponse to ICLs.
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MRE 11 complex and BLM act independently in response
to crosslinked DNA

We have previously reported that the FA core complex is
required for correct MRE11 complex relocalisation following
ICL induction (Pichierri et al, 2002). Moreover, BLM phos-
phorylation appears necessary for the MRE11 assembly in
nuclear foci after replication arrest (Franchitto and Pichierri,
2002a). Since we found that the integrity of the FA core
complex is necessary for the observed DNA crosslink-depen-
dent BLM phosphorylation (Figure 4), the question arises
whether the MREI11 complex requires BLM to efficiently
relocalise in response to crosslinked DNA. Consequently,
MRE11 complex relocalisation was investigated in BS and
BS-complemented cells by indirect immunofluorescence
of MRE1I.

MREI11 was found normally relocalised in response to ICLs
also in the absence of a functional BLM, and NBS1 phosphor-
ylation, a molecular event related to MRE11 complex func-
tions, was also unaffected by loss of BLM (Supplementary
Figure 4). On the contrary and as previously reported
(Franchitto and Pichierri, 2002a), both MRE11 relocalisation
and NBS1 phosphorylation were compromised in BS cells
following replication arrest (Supplementary Figure 4).

These results suggest that the MRE11 complex and BLM
are part of two independent branches in the response to
crosslinked DNA, both controlled by the upstream FA core
complex. To validate this hypothesis, we ablated MREI11
complex function by RNA interference (RNAi) in hTert-im-
mortalised BS fibroblasts (Ouellette et al, 2000) and looked at
cellular and chromosomal sensitivity, as well as at S-phase
checkpoint activation in response to ICLs.

As shown in Supplementary Figure 5, transfection of
siRNAs against MRE11 caused a significant reduction in the
intracellular content of MREI11 protein and loss of MREI1
complex function as denoted by loss of NBS1 phosphoryla-
tion. Interestingly, the partial cellular (Figures 1A, 6A and B)
and chromosomal (Figure 6C) sensitivities of the BS cells
to ICLs were elevated to the same level as observed in FA
cells by interference of the MRE11 expression. Strikingly and
consistently with our published data (Pichierri and Rosselli,

Figure 4 Integrity of the FA core complex is required for ICL-
dependent BLM phosphorylation. (A) BLM relocalisation in FA
cells following ICL and replication arrest. Wild-type (FA-
G + FANCG), FA-G and FA-D2 SV40-immortalised fibroblasts were
exposed to photoactivated 8-MOP (ICL) or to HU and immunofluor-
escence was carried out 6h later. (B) Analysis of the BLM reloca-
lisation in wild-type (WT), FA and phenotypically complemented
cells. The analysis was carried out at 6 h post-treatment and similar
results were obtained at 4 and 8h. Data are the mean+s.d. from
three independent experiments. *Statistically significant (P<0.01,
x* test). (C) BLM phosphorylation assessed by Western blot follow-
ing treatment with photoactivated 8-MOP (ICL), HU or UVC in wild-
type and FA lymphoblasts. (D) Evaluation of BLM phosphorylation
in FA-C cells. Cells were exposed to HU or photoactivated 8-MOP
(ICL) and analysed for the presence of BLM phosphorylation by
Western blot. (E) Analysis of BLM phosphorylation at different
times after induction of ICL by 8-MOP. (F) Cells were exposed to
UVC or photoactivated 8-MOP, and FANCD2 phosphorylation was
visualised by **P; metabolic labelling followed by autoradiography.
The FANCD2 band shift is not visible on the lower blot because of
the higher percentage of acrylamide used in the SDS-PAGE (7%
instead of 5%). Unless specified, BLM phosphorylation was eval-
uated as band shift 4 h after the indicated treatment.
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2004), MRE11 RNAI in FA core complex mutants (FA-G) or FA-
D2 cells did not increase the yield of ICL-induced chromoso-
mal damage (Figure 6C).

We have recently demonstrated that FA core complex
proteins are required for efficient activation of the intra-S
checkpoint following ICL induction (Pichierri and Rosselli,
2004). Since ICL-dependent BLM phosphorylation is under
the genetic control of the FA core complex (Figure 4C-F), we
analysed the activation of S-phase checkpoint in BS cells. As
shown in Figure 6D, inhibition of DNA synthesis in response
to ICLs was normal in BS cells. In contrast, DNA synthesis
inhibition was affected in BS by MRE11 RNAi as observed in
FA or NBS1 defective cells (Pichierri and Rosselli, 2004), in
which formation of the MRE1l complex was hampered
(Carney et al, 1998).
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Our results indicate that BLM and the FA pathway act on
two functionally separated pathways in response to replica-
tion fork arrest induced by HU, whereas functional crosstalks
exist following ICL induction. Specifically, in response to HU-
induced replication fork stall, BLM and MREI11 function in a
common branch (Franchitto and Pichierri, 2002a), whereas
FANC proteins work in a parallel pathway. To test this
hypothesis we knocked down MREI1l expression in FA-G
cells by RNAi and analysed cell survival after HU exposure.
As expected, sensitivity of FA-G cells to HU was intermediate
between that of wild type and BS (Figure 6E). However,
inhibition of MRE11 expression in FA-G cells resulted in
enhancement of HU-induced cell death even compared to
that found in BS (Figure GE).

Thus, our results suggest the existence of a branched
pathway activated by replication fork arrest either by cross-
linked DNA or by HU. Following HU exposure the FANC
proteins and BLM operate in parallel arms, whereas after ICL
induction BLM is placed downstream to the FA core complex.
Functionality of both these branches is required to fully
ensure cell survival, chromosome integrity and S-phase
checkpoint activation following ICL induction.

Discussion

We have shown that BLM and the FA pathway are activated in
response to both crosslinked DNA and replication fork stall.
Moreover, we have provided evidence that BLM and FANCD2
colocalise and co-immunoprecipitate following treatment
with either DNA crosslinkers or agents inducing replication
arrest. Finally, we have demonstrated that BLM and the
MREI11 complex are functionally linked to the FA pathway
and act as two independent components of the DNA damage
response to crosslinked DNA, both downstream to the FA
core complex.

HU- and UVC-induced DNA adducts are able to stall
replication forks, although by different mechanisms
(Hyrien, 2000; Osborn et al, 2002). ICLs are also strong

Figure 5 The FA core complex and FANCD2 migrate to chromatin
in response to replication arrest in a BLM-independent manner. (A)
FANCD?2 relocalisation in BS cells following UVC or HU. Wild-type
(WT) and BS hTert-immortalised fibroblasts were exposed to photo-
activated 8-MOP (ICL) or to HU and immunofluorescence was
carried out 6h later. (B) Analysis of the FANCD2 relocalisation in
wild-type (WT) and BS hTert-immortalised fibroblasts and EBV-
transformed lymphoblasts. The analysis was carried out at 6 h post-
treatment but consistent results were also obtained at other sam-
pling times. Data are the mean+s.d. from three independent
experiments. (C) FANCD2 monoubiquitination in BS lymphoblasts.
Cellular extracts were prepared 4 h after exposure of cells to photo-
activated 8-MOP (ICL) or UVC. A sample irradiated with 10 Gy of IR
(vy) served as positive control. (D) FANCD2 phosphorylation ana-
lysed by *2P; metabolic labelling. A cellular extract prepared from
cells irradiated with 10Gy of y-rays was included as a positive
control for FANCD2 phosphorylation. Note that the FANCD2 doub-
let is not visible on the blots because of the percentage of acryla-
mide used for SDS-PAGE (7.5% instead of 5%). (E) Cellular extracts
prepared 6 h after exposure of BS and BLM-complemented lympho-
blasts to photoactivated 8-MOP (ICL) or UVC were biochemically
fractionated and the free nucleoplasmic (N) and the insoluble
chromatin (C) fractions were sequentially analysed for the presence
of FANC proteins. Similar results were obtained analysing FANCG
distribution (data not shown). Immunoblotting using anti-topoi-
somerase II (Topoll) and anti-CHK2 antibodies served as control for
the fractionation procedure and as loading control.
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Figure 6 BLM and MREI1 contribute through two separate pathways
to ensure cell viability and chromosome integrity following induction
of crosslinked DNA. (A, B) ICL sensitivity of the indicated genotypes.
Data are the mean +s.d. from three independent experiments. Results
were found significant by the XZ test (P<0.01). (C) Quantification of
the photoactivated 8-MOP-induced chromosome breakage. Analysis
was carried out as described in Materials and methods after exposure
to 500 nM 8-MOP followed by 10 kJ /m? UVA. Data are the mean +s.d.
from three independent experiments. Results were significant as
judged by the Student’s t-test (P<0.01). (D) Analysis of the S-
phase checkpoint activation following ICL induction. Replicative
DNA synthesis was assessed at different time points after ICL
induction with photoactivated 8-MOP. (E) Sensitivity to HU-induced
replication arrest of the indicated genotypes. Data are the mean +s.d.
from three independent experiments. Results were found significant
by the y? test (P<0.01). In the case of siRNA-treated cells, exposure
to genotoxins was always performed 72 h after transfection.
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Figure 7 Model showing the cooperation of the BLM and the FA
pathways in the response to replication arrest induced by either
DNA crosslinks or UVC and HU exposure. In response to HU or UVC
(A), stall of the replication machinery triggers activation of both the
BLM-MRE1l and the FA branches. Possibly, the BLM-MREI1
branch is required for direct resolution of the replication arrest,
whereas the FA pathway might be required for the subsequent
recombinational-based replication rescue. FANCD2-BLM interac-
tion might be functional at this step. In response to ICL-dependent
replication fork arrest (B), the upstream FA core complex is acti-
vated to trigger the FA-MRE11 and the BLM branches of the path-
way. Both the branches might be involved in the correct execution
of the recombination-based rescue of replication, ensuring cell
viability and chromosomal integrity.

inhibitors of the replication fork progression, and their repair
is thought to rely, in mammalian cells, mainly on a replica-
tion-dependent pathway (AkKari et al, 2000; De Silva et al,
2000; Wang et al, 2001). Thus, the stall of replication ma-
chinery might be the common basis to the activation of the
BLM and the FA pathway in response to crosslinked DNA, HU
or UVC exposure. Indeed, the BLM helicase is clearly in-
volved in the response to stalled replication forks, either
participating directly in the resolution of DNA structures
arising at forks or during the homologous recombination
(HR)-mediated restart of replication (Hickson, 2003). The
reported connection between BLM and FA proteins argues
for a direct implication of the FA pathway in the recovery of
the arrested replication fork. Several observations support
this possibility: the FA core complex is shifted to chromatin
(i.e. activated) in response to ICLs (Qiao et al, 2001 and this
study), but also following replication arrest; FANCD2 is found
phosphorylated during unperturbed S-phase progression
(Taniguchi et al, 2002a) and FANCD2 phosphorylation
in response to UVC-mediated fork stall is dependent on
ATR (P Pichierri and F Rosselli unpublished observations),
the key kinase in the response to replication stresses
(Abraham, 2001).

After HU- or UVC-induced replication arrest, BLM reloca-
lisation and phosphorylation are normal in FA cells and,
conversely, FANCD2 is correctly assembled in nuclear foci
and phosphorylated in BS cells. This implicates that,
despite the BLM/FANCD2 colocalisation, the two proteins
act independently against replication stress caused by HU or
UVC exposure. On the contrary, following ICL-mediated
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replication fork stall, phosphorylation of BLM is impaired in
FA core complex mutant cells. This observation establishes a
functional role for the previously reported FA core complex/
BLM interaction (Meetei et al, 2003).

Finally, we have previously reported that MRE11 complex
nuclear relocalisation is dependent upon a functional FA core
complex following DNA crosslinks, but not after HU treat-
ment (Pichierri et al, 2002). Here, we show that, in response
to ICLs, MRE11 focalisation and NBS1 phosphorylation are
correctly executed in BS cells and both the FA-MRE11 path-
way and the BLM helicase are required for cell survival and
chromosome integrity. On the contrary, only the FA-MREI1
branch is required for efficient intra-S checkpoint activation
in response to crosslinked DNA. Indeed, BS cells normally
arrest DNA replication in the presence of crosslinked DNA,
and incorrect checkpoint activation is observed only follow-
ing MRE11 knock-down.

These observations indicate that to cope with ICLs, BLM
and MRE11 complex need to be coordinately activated by the
FA core complex. Altogether, our results allow us to depict a
model showing the cooperation between BLM and the FA
pathways in the response to replication stresses, such as ICLs,
UVC or HU (Figure 7).

In eukaryotic cells, replication arrest, as induced by HU- or
UVC-mediated DNA damage, can be overcome by different
mechanisms (Osborn et al, 2002). First, by processing the
stalled forks in order to eliminate DNA structures or lesions
that halted fork progression, and second by the induction of
double-strand breaks (DSBs) at stalled forks to create the
substrate for HR-driven replication restart. BLM and the
MREI11 complex could cooperate in the first pathway, thus
avoiding formation of DSBs at the forks, as already proposed
(D’Amours and Jackson, 2002; Franchitto and Pichierri,
2002b). In contrast, the FA pathway might be involved in
the latter process. Supporting this hypothesis, FANCD2 colo-
calises with RAD51 and BRCAL1, both components of the HR
pathway (Garcia-Higuera et al, 2001; Taniguchi et al, 2002a).
Thus, loss of function of the BLM-MREI11 pathway could
force the cell to use alternative mechanisms to restore
replication, as that defined by the FANC proteins (i.e. HR).
Consistently, inhibition of the BLM-MREI1l pathway in FA
cells results in enhancement of cell death and chromosomal
damage (Figure 6 and our unpublished results). The coloca-
lisation and co-immunoprecipitation (Co-IP) of BLM and
FANCD?2 in response to stalled forks are not necessarily in
contrast with the hypothesised existence of two parallel
branches. In fact, BLM has been thought to act also during
HR, in virtue of its ability to bind and process Holliday
junctions and interact with RADS1 (Wu et al, 2001; Yang
et al, 2002). So, the reported BLM/FANCD2 association could
be functional during HR, but not during the earlier processing
of stalled forks. Consistently, BLM/FANCD2 colocalisation is
found only in a portion of cells containing BLM nuclear foci.

After ICL-induced DNA damage (see Figure 7B), the FA
core complex could be required to process the crosslinked
DNA in order to facilitate loading of other proteins required in
the DNA repair/replication recovery process. The FA core
complex-coordinate, recruitment/activation of the BLM heli-
case and the MRE11 complex could allow correct handling
of DSBs at stalled replication forks in order to trigger HR-
mediated replication rescue and facilitate activation of the S-
phase checkpoint (D’Amours and Jackson, 2002). In fact, in
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contrast to the HU- and UVC-dependent replication arrest,
which can be recovered also through DSB-independent me-
chanisms, the hurdle represented by an ICL can be only
eliminated by creation of DSBs at the forks followed by HR
(Grompe and D’Andrea, 2001). The observed BLM/FA path-
way interaction could be required for the correct execution of
HR. Consistently, loss of BLM results in an ICL sensitivity that
is lower than that caused by mutations affecting the FANC
proteins or the MRE11 complex (Nakanishi et al, 2002 and
this study). Indeed, the MRE11 complex function appears
essential, together with that of the FA core complex, to
FANCD2 activation after DNA damage (Nakanishi et al,
2002). BLM may be required to ensure fidelity of the HR
process, avoiding hyper-recombination, which could trigger
chromosomal rearrangements and cell death (Yamagata et al,
1998; Pichierri et al, 2001; Saintigny et al, 2002).

In conclusion, our study establishes a functional link
between the RecQ helicase BLM and the FA pathway in the
recovery from replication arrest either induced by HU and
UVC or crosslinked DNA. Our findings also demonstrate that
BLM and the MRE11 complex-FANCD2 pathway act sepa-
rately under the control of the FA core complex to ensure cell
survival and genome integrity following ICL induction to
DNA.

Materials and methods

Cell lines

The SV40-transformed FA fibroblasts group C (PD332), G (PD352)
and D2 (PD20) along with the FA-D2 complemented cell line (PD20
315) were from the Fanconi anaemia fund cell repository (Portland,
OR) and were handled as described (Waisfisz et al, 1999). The
phenotypically reverted SV40-transformed PD352 (FA-G) strain has
been already described (Pichierri et al, 2002). The EBV-transformed
lymphoblastoid cell lines (LCLs) from normal, BS and FA patients,
and their genetically reverted counterparts were grown as described
(Ridet et al, 1997; Pichierri et al, 2002). The hTert-immortalised
wild-type (BJ) and BS primary fibroblasts were handled as
described (Ouellette et al, 2000).

Immunological reagents

The antibodies used in this study were rabbit polyclonal anti-BLM
(AbCam Ltd, diluted 1:200 for immunofluorescence and 1:3000 for
Western blotting), mouse monoclonal anti-FANCD2 (Santa Cruz
Biotech, diluted 1:200), mouse monoclonal anti-MRE11 (GenTex,
diluted 1:500 for immunofluorescence and 1:1000 for Western
blotting), rabbit polyclonal anti-CHK2 (Santa Cruz Biotech, diluted
1:200), mouse monoclonal anti-y-H2AX (Upstate, diluted 1:100),
rabbit polyclonal anti-NBS1 (AbCam Ltd, diluted 1:5000), mouse
monoclonal anti-topoisomerase II (Oncogene Research, diluted
1:200), mouse monoclonal anti-HA (Roche Biochemicals, diluted
1:2000), goat polyclonal anti-FANCA (Santa Cruz Biotech, diluted
1:300), goat polyclonal anti-FANCC (Santa Cruz Biotech, diluted
1:200) and rabbit polyclonal anti-FANCG (Waisfisz et al, 1999; a gift
of Dr M Hoatlin, diluted 1:500).

Treatments and ICL-resistant DNA synthesis assay

ICL induction by activate psoralens was achieved exposing cells to
10 uM 8-metoxypsoralen (8-MOP) for 20 min followed by 10 kJ/m?
of UVA. Replication arrest was induced by exposure to 2 mM HU for
3h or 40J/m? UVC. The UVC dose used in this study completely
saturates nucleotide excision repair resulting in massive blockage of
replication fork progression (Pichierri et al, 2003). For evaluation of
cell survival, cells were exposed to different doses of 8-MOP,
mitomycin-C (MMC) or HU (2h pulse treatment) and after 36h
tested for the percentage of viable cells with respect to a mock-
treated control (Pichierri et al, 2002). The analysis of the ICL-
induced chromosomal damage was carried out on metaphase cells
as described (Yang et al, 2001) 24 h after ICL induction by treatment
with 2 uM 8-MOP followed by 10kJ/m? of UVA. When RNAi-treated
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cells were used, treatments were performed 72 h post-transfection
with siRNAs. A minimum of 200 metaphase cells were scored for
each experimental point and the results were analysed with the x*
test. Evaluation of the DNA synthesis after ICL induction was
performed as described (Xu et al, 2001).

Immunofluorescence

We carried out immunofluorescence microscopy and colocalisation
studies on cells grown on coverslips. Cells were handled and fixed
as described (Pichierri et al, 2002). To better investigate relocalisa-
tion and colocalisation of BLM and FANCD?2 proteins, we analysed
only the fraction of the proteins tightly chromatin-bound, which is
thought to actually participate in the different DNA transactions, by
the use of an in situ fractionation method as already reported
(Mirzoeva and Petrini, 2003). Images were acquired as grey-scale
files using the Metaview software and then processed using Adobe
Photoshop. For each time point, at least 200 nuclei were examined
and foci scored at a x 100 magnification. Only nuclei showing >10
bright foci were considered as positive. A nucleus was considered
positive for colocalisation when at least two-thirds of the foci
present colocalisation as observed in the merged image by the
appearance of yellow spots. Parallel samples incubated with either
the appropriate normal serum or only with the secondary antibody
confirmed that the observed fluorescence pattern was not attribu-
table to artifacts.

Immunoprecipitation and Western blot analysis

In Co-IP experiments, 2.5 x 107 cells for experimental point were
used. A 2mg of lysate prepared in Co-IP buffer (1% Triton X-100,
0.5% Na-doxycholate, 150 mM NaCl, 2.5mM MgCl,, 1 mM EGTA,
1 mM EDTA, 20 mM Tris-HCI pH 8.0) supplemented with protease
and phosphatase inhibitors (10 pg/ml aprotinin, 10 pg/ml PMSF,
10 pg/ml leupeptin, 25 mM B-glycerophosphate, 1 mM Na-orthova-
nadate, 1mM NaF) was precleared with protein A/G Sepharose
beads and then incubated overnight at 4°C with rabbit polyclonal
anti-FANCD2 (6 pg; AbCam Ltd) or with rabbit polyclonal anti-BLM
(5 ug; Santa Cruz Biotech Ltd) and tumbled with 30 pl of protein A/
G Sepharose beads for 2h at 4°C. After extensive washing in Co-IP
buffer, proteins were eluted by boiling treatment in 2 x electro-
phoresis sample buffer and subjected to SDS-PAGE followed by
immunoblotting. For treatments with phosphatase, immunopreci-
pitates were resuspended in phosphatase buffer and incubated in
the presence or absence of 300U A-phosphatase (NEB) for 1h.
Ponceau red staining of the blots was used to assess equal loading
and transfer. When indicated, the WCE represents 20% of the input.

Chromatin fractionation
Analysis of the distribution of FA proteins in the chromatin and
nucleoplasmic fraction was carried out by a standard protocol of

References

Ababou M, Dumaire V, Lecluse Y, Amor-Gueret M (2002) Bloom’s
syndrome protein response to ultraviolet-C radiation and
hydroxyurea-mediated DNA synthesis inhibition. Oncogene 21:
2079-2088

Ababou M, Dutertre S, Lecluse Y, Onclercq R, Chatton B, Amor-
Gueret M (2000) ATM-dependent phosphorylation and accumu-
lation of endogenous BLM protein in response to ionizing radia-
tion. Oncogene 19: 5955-5963

Abraham RT (2001) Cell cycle checkpoint signaling through the
ATM and ATR kinases. Genes Dev 15: 2177-2196

Ahmad SI, Hanaoka F, Kirk SH (2002) Molecular biology of Fanconi
anaemia—an old problem, a new insight. BioEssays 24: 439-448

Akkari YM, Bateman RL, Reifsteck CA, Olson SB, Grompe M (2000)
DNA replication is required to elicit cellular responses to
psoralen-induced DNA interstrand cross-links. Mol Cell Biol 20:
8283-8289

Beamish H, Kedar P, Kaneko H, Chen P, Fukao T, Peng C, Beresten S,
Gueven N, Purdie D, Lees-Miller S, Ellis N, Kondo N, Lavin MF
(2002) Functional link between BLM defective in Bloom’s syn-
drome and the ataxia-telangiectasia-mutated protein, ATM. J Biol
Chem 277: 30515-30523

Carney JP, Maser RS, Olivares H, Davis EM, Le Beau M, Yates III JR,
Hays L, Morgan WEF, Petrini JH (1998) The hMrell/hRad50

3162 The EMBO Journal VOL 23 | NO 15 | 2004

chromatin fractionation (Mendez and Stillman, 2000) using
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rase II, which is a protein exclusively found in the chromatin
fraction (Champoux, 2001), and for CHK2, which is a chromatin-
unbound nuclear protein (Lukas et al, 2003).

32p in vivo labelling

In vivo labelling experiments used exponentially growing BS and BS
corrected (BS+ BLM) lymphoblasts were performed as described
(Pichierri and Rosselli, 2004). After 30 min incubation at 37°C, cells
were either mock-treated or exposed to 8-MOP, UVC, HU or y-rays.
The immunoprecipitated proteins were resolved by SDS-PAGE,
analysed by autoradiography and Western blotting.

Inhibition of MRE11 expression by RNAi

MRE11 expression was knocked down by transfection with a mix of
three siRNAs directed against the following sequences of the MRE11
mRNA: CCTGCCTCGAGTTATTAAG; CTGCGAGTGGACTATAGTG;
GATGCCATTGAGGAATTAG. Each siRNA duplex (Dharmacon) was
resuspended in RNase-free water at 60puM concentration and
aliquots of each were mixed to give a working concentration of
20 uM. Transfection was carried out using Oligofectamine reagent
(Invitrogen) according to the manufacturer’s protocol for adherent
cells. As a control, an siRNA duplex directed against GFP was used.
All the experiments were carried out for 72h after transfection
when maximal inhibition of MRE1l expression was observed as
analysed by Western blot and immunofluorescence.
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