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The integrity of genomic DNA is continuously challenged by the presence of DNA base lesions or DNA strand
breaks. Here we report the identification of a new DNA damage response protein, SMARCAL1 (SWI/SNF-related,
matrix associated, actin-dependent regulator of chromatin, subfamily a-like 1), which is a member of the SNF2
family and is mutated in Schimke immunoosseous dysplasia (SIOD). We demonstrate that SMARCAL1 directly
interacts with Replication protein A (RPA) and is recruited to sites of DNA damage in an RPA-dependent manner.
SMARCAL1-depleted cells display sensitivity to DNA-damaging agents that induce replication fork collapse, and
exhibit slower fork recovery and delayed entry into mitosis following S-phase arrest. Furthermore, SIOD patient
fibroblasts reconstituted with SMARCAL1 exhibit faster cell cycle progression after S-phase arrest. Thus, the
symptoms of SIOD may be caused, at least in part, by defects in the cellular response to DNA replication stress.
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The maintenance of genomic integrity depends on the
faithful duplication of DNA during DNA replication. In S
phase, the formation of DNA lesions, such as DNA cross-
links, ultraviolet light (UV)-induced pyrimidine dimers,
and alkylated DNA bases, can interfere with DNA
replication by blocking the progression of replication forks
(Tercero and Diffley 2001; Niedernhofer et al. 2005). In
addition, single-strand breaks (SSBs), which can be gener-
ated by camptothecin (CPT), ionizing radiation (IR), or
reactive oxygen species, can be converted to double-strand
breaks (DSBs) during DNA replication, and therefore in-
duce the collapse of the replication fork (Kuzminov 2001).
Furthermore, the structure of chromatin itself can present
a barrier to DNA replication (Groth et al. 2007).

The SNF2 family of DNA-dependent ATPases repre-
sent a diverse group of proteins that contain similar
DEAD-box helicase-like domains, but do not have clas-
sical helicase activity (Durr et al. 2006). Several members
of this family, such as INO80 and SWR1, are components
of large chromatin remodeling complexes, while others,

such as RAD5 and RAD54, translocate along DNA in
smaller complexes or alone. Interestingly, many SNF2
family members are involved in the repair of damaged
DNA or the normal progression of DNA replication. For
example, INO80 and SNF2H are required for efficient
replication fork progression and repair of DNA DSBs
(Collins et al. 2002; Papamichos-Chronakis and Peterson
2008; Shimada et al. 2008; Vincent et al. 2008). Other
members of the SNF2 family, such as CSB, SWR1,
RAD54, and RAD5, have also been implicated in the
repair of various types of DNA lesions (Flaus et al. 2006).

SMARCAL1 (SWI/SNF-related, matrix associated, actin-
dependent regulator of chromatin, subfamily a-like 1), or
HARP (HepA-related protein), is a distant SNF2 family
member that is mutated in Schimke immunoosseous
dysplasia (SIOD), a pleiotropic syndrome characterized
by skeletal dysplasia, renal failure, T-cell immunodefi-
ciency and, in approximately one-half of cases, micro-
cephaly (Coleman et al. 2000; Boerkoel et al. 2002; Flaus
et al. 2006; Deguchi et al. 2008). Characterization of
many of the known SMARCAL1 mutations from SIOD
patients revealed that a large number altered the ATPase
activity of the protein, demonstrating that it is required
for normal SMARCAL1 function (Elizondo et al. 2009).
However, the role of SMARCAL1 in vivo has not been
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elucidated. Unlike many other members of the SNF2
family, the ATPase activity of SMARCAL1 is not stimu-
lated efficiently by dsDNA, but rather by stem–loop and
forked DNA structures, as well as DNA containing
single-stranded-to-double-stranded transitions with a re-
cessed 39-hydroxyl group (Muthuswami et al. 2000). Addi-
tionally, SMARCAL1 was shown recently to have ATP-
driven strand annealing activity, capable of binding to
forked DNA in vitro and rewinding regions of Replica-
tion protein A (RPA)-bound ssDNA in a plasmid context
(Yusufzai and Kadonaga 2008).

RPA is an essential heterotrimeric complex (RPA1,
RPA2, and RPA3) that binds and stabilizes ssDNA regions
generated during DNA replication, recombination, and
repair (Wold 1997). We showed previously that RPA can
direct the localization of two DNA damage repair regu-
latory factors to the sites of ssDNA, the ATR/ATRIP
(Ataxia-telangiectasia mutated [ATM] and Rad3-related/
ATR-interacting protein) kinase and the Rad17–RFC2-5
complex, the latter of which is stimulated to load the
PCNA-like 911 complex onto DNA to activate the DNA
damage response (Ellison and Stillman 2003; Zou and
Elledge 2003; Zou et al. 2003). Here we show that
SMARCAL1 interacts directly with RPA and is recruited
to sites of DSBs and stalled or collapsed replication forks
in an RPA-dependent manner. Moreover, RNAi depletion
of SMARCAL1 in human cells leads to sensitivity to
agents that cause DSBs and replication fork collapse and
to defects in replication fork restart and mitotic entry
following replication stress or DNA damage. These re-
sults suggest that SMARCAL1 is a novel factor involved
in the response to DNA replication stress.

Results

SMARCAL1 is a novel RPA-interacting protein

We previously identified a large group of substrates of the
ATM and ATR DNA damage response kinases (Matsuoka
et al. 2007). To further study some of these substrates, we
performed proteomic analysis of their interactions in
human cells. In the purification of two such proteins,
RPA1 and ATRIP, we identified SMARCAL1 as an inter-

acting factor. To verify this interaction, we performed
SMARCAL1 coimmunoprecipitations in both untreated
cells and cells that had been exposed to DNA-damaging
agents. To this end, we transduced 293T cells expressing
the tet repressor with a retrovirus containing HA-tagged
SMARCAL1 (HA-SMARCAL1) under the control of a tet-
responsive promoter. Expression of HA-SMARCAL1 was
induced by treatment with doxycycline for 18 h and HA-
SMARCAL1 was then immunoprecipitated with an anti-
HA antibody from untreated cells or from cells that had
been exposed to 30 J/m2 UV or 10 Gy IR. The proteins that
coimmunoprecipitated with HA-SMARCAL1 were iden-
tified using tandem mass spectrometry. This analysis
revealed that HA-SMARCAL1 interacts strongly with
the RPA complex, verifying its initial identification, and
this association was confirmed by Western blot (Fig. 1A).
Interestingly, the ratio of RPA1:SMARCAL1 peptides
identified by mass spectrometry in the HA-RPA1 immu-
noprecipitations was ;10:1, while the ratio in the HA-
SMARCAL1 immunoprecipitations was ;1:1 (Supple-
mental Table 1). This suggests that most, if not all,
SMARCAL1 is constitutively associated with RPA, and
that this represents a small fraction of the total RPA in
the cell. This result is not surprising, as RPA is known to
have many interacting partners, but does suggest that the
interaction with RPA may be critical for SMARCAL1
function. The only other known RPA-interacting pro-
tein that was also identified in the SMARCAL1 immu-
noprecipitation was WRN, suggesting that WRN and
SMARCAL1 can both interact with RPA in a single com-
plex (Supplemental Table 1). Coimmunoprecipitation of
HA-RPA1 and endogenous SMARCAL1 was also con-
firmed by Western blot (Fig. 1A), as was the interaction
between endogenous SMARCAL1 and RPA (Fig. 1B,C).
The interaction between SMARCAL1 and RPA did not
appear to be significantly affected by the presence of DNA
damage, as the proteins coimmunoprecipitated equiva-
lently in untreated cells and cells that had been treated
with DNA-damaging agents (Fig. 1A). Similar results
were obtained when HA-SMARCAL1 was immunopre-
cipitated from human foreskin BJ fibroblasts with or
without IR treatment, indicating that the constitutive
association between RPA and SMARCAL1 in 293T cells

Figure 1. Interaction between SMARCAL1 and RPA
in human cell lines. (A) Input cell lysates and HA
immunoprecipitates from 293T-Rex cells expressing
control HA vector, HA-RPA1, or HA-SMARCAL1 were
immunoblotted with antibodies to HA, SMARCAL1,
RPA1, and RPA2. Cells were treated with 10 Gy IR or
30 J/m2 UV or left untreated. (B) Protein complexes
immunoprecipitated with IgG or anti-SMARCAL1 an-
tibodies from 293T-Rex were analyzed for SMARCAL1
and RPA2 by Western blotting. (C) Protein complexes
immunoprecipitated from 293T-Rex cells with IgG or
anti-RPA2 antibodies were immunoblotted with an-
tibodies to SMARCAL1, RPA1, and RPA2.
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is not simply caused by high levels of replication stress
due to their rapid proliferation (data not shown). While
we were able to detect SMARCAL1 in the ATRIP immu-
noprecipitation, the reciprocal immunoprecipitation did
not identify ATRIP and remains to be verified (data not
shown).

SMARCAL1 directly interacts with RPA2

To determine whether the interaction between RPA and
SMARCAL1 was direct, we expressed untagged RPA1,
RPA2, RPA3, or His-tagged SMARCAL1 (HIS-SMARCAL1)
in Escherichia coli (Fig. 2A). HIS-SMARCAL1 was pulled
down with nickel beads and then mixed with lysates from
E. coli expressing RPA1, RPA2, or RPA3. We efficiently
precipitated RPA2 with HIS-SMARCAL1, but did not pre-
cipitate RPA1 or RPA3, demonstrating that SMARCAL1
interacts directly with the RPA complex through RPA2
(Fig. 2A). Alignment of SMARCAL1 with previously iden-
tified RPA2 interaction motifs from TIPIN, XPA, UNG2,
and RAD52 revealed significant homology between these
binding sites and the first 30 amino acids of SMARCAL1
(Fig. 2B; Mer et al. 2000; Unsal-Kacmaz et al. 2007).
To confirm that this motif is required for interaction
between SMARCAL1 and RPA2, we generated two
SMARCAL1 mutants, RQK and DN (Fig. 2B). The RQK

mutant changes three conserved residues—previously
defined as being critical for interaction between RPA2
and RAD52, XPA, and UNG2—to alanine (Mer et al.
2000). The DN mutant removes the first 30 residues of
SMARCAL1, deleting the entire putative interaction site.
Both of these mutants and wild-type SMARCAL1 were
expressed in E. coli as His-tagged proteins, then bound to
nickel beads and mixed with lysates from E. coli express-
ing all three RPA subunits. While the RPA trimer coimu-
noprecipitated with wild-type HIS-SMARCAL1, RPA did
not efficiently coimmunoprecipitate with either the RQK
or DN mutants, although the RQK mutant showed resid-
ual binding to RPA (Fig. 2C). Similar results were obtained
when wild-type and mutant His-tagged SMARCAL1 pro-
teins were incubated with bacterial lysates contain-
ing only RPA2 (data not shown). Additionally, RPA2 did
not efficiently coimmunoprecipitate with the HA-tagged
RQK and DN mutants when they were expressed in
293T cells (Fig. 2D); mass spectrometry revealed RPA1:
SMARCAL1 peptide ratios of 1:5 and 1:12 in the RQK and
DN mutant immunoprecipitations, respectively (Supple-
mental Table 1). Thus, the N terminus of SMARCAL1
interacts specifically with RPA2, and this domain is re-
quired for the interaction between SMARCAL1 and the
RPA trimer.

Figure 2. In vitro interaction between SMARCAL1 and RPA. (A) Western blot of protein complexes pulled down with nickel beads
from BL21 (DE3) bacteria expressing untagged RPA1, RPA2, or RPA3, with or without His-tagged SMARCAL1. (B) Sequence alignment
of the putative RPA2-interacting motif of SMARCAL1 with the previously known RPA2-interacting motifs of TIPIN, UNG2, XPA, and
RAD52. Similar residues are indicated within boxes. Sequence alignments were performed with ClustalW. The schematic
representation of human SMARCAL1 and the RQK and DN mutants is shown below the sequence alignments. The amino acids
mutated to alanine in the RQK mutant are indicated by asterisks. (C) Western blot of protein complexes pulled down from bacteria
coexpressing RPA1, RPA2, and RPA3 with nickel beads in the presence of either wild-type, RQK, or DN His-tagged SMARCAL1. (D) HA
immunoprecipitates from 293T-Rex cells expressing wild-type, RQK, or DN HA-SMARCAL1 were immunoblotted with antibodies to
HA and RPA2.
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SMARCAL1 is recruited to sites of DNA damage
in an RPA-dependent manner

The interaction between SMARCAL1 and the RPA com-
plex, which binds ssDNA during both DNA replica-
tion and repair of various DNA lesions, suggested that
SMARCAL1 may also function during these processes.
To determine if SMARCAL1 localizes to sites of DNA
damage, we retrovirally expressed an N-terminal GFP-
SMARCAL1 fusion protein in U2OS cells and assayed for
its recruitment to DNA lesions caused by various DNA-
damaging agents. Treatment of cells with hydroxyurea
(HU) generates stalled replication forks and leads to
formation of repair foci that include RPA and g-H2AX.
Cells expressing GFP-SMARCAL1 were treated with 2
mM HU for 12 h to induce replication fork stalling. We
found that GFP-SMARCAL1 was recruited to foci in the
HU-treated cells, and colocalized at these foci with RPA
(Fig. 3A). Similarly, GFP-SMARCAL1 was recruited to
foci generated in cells treated with the topoisomerase I
inhibitor CPT, which causes DNA DSBs when replication
forks encounter the stabilized topoisomerase I–DNA
complex (Fig. 3A).

Microirradiation of cells with a UV-A laser following
incorporation of BrdU into DNA causes photolysis of
BrdU, which generates DNA DSBs at the sites of laser
irradiation. We used laser microirradiation of BrdU-
treated U2OS cells expressing GFP-SMARCAL1 to de-

termine if SMARCAL1 is also recruited to these sites of
DNA damage. Indeed, we found that GFP-SMARCAL1
was recruited to laser-generated stripes, where it colocal-
ized with RPA2 and g-H2AX (Fig. 3A,B). However, while
g-H2AX was generated in all cells that were microirra-
diated, SMARCAL1 was recruited to the laser-generated
stripes in only ;60% of cells (Fig. 3C). This result was
similar to what was observed for a GFP-RPA1 fusion
protein, which is recruited to sites of DNA damage only
during the S and G2 phases of the cell cycle, suggesting
that SMARCAL1 is also recruited during these phases of
the cell cycle (Fig. 3C). RPA recruitment to DSBs is
restricted by the need for resection of the DNA ends
by CtIP to generate ssDNA, which only occurs during S
and G2 (Sartori et al. 2007). To determine whether
SMARCAL1 recruitment to DSBs is also restricted to
resected ends, we transfected GFP-SMARCAL1 U2OS
cells with siRNA against CtIP (Fig. 3D). While knock-
down of CtIP did not affect generation of g-H2AX at sites
of microirradiation, GFP-SMARCAL1 recruitment was
reduced fourfold, which was similar to the reduction
observed for GFP-RPA1, suggesting that SMARCAL1 is
only recruited to DNA DSBs that have been processed to
generate ssDNA (Fig. 3B,C).

Purified SMARCAL1 binds to specific DNA structures
in vitro, but its association with RPA in vivo and its
similar pattern of recruitment to sites of DNA damage

Figure 3. Colocalization of SMARCAL1 and
RPA at DNA damage sites. (A) U2OS cells
expressing GFP-SMARCAL1 were stained
with anti-GFP (green) and anti-RPA2 (red)
antibodies following treatment with 2 mM
HU, 10 nM CPT, or microirradiation with UV
laser. (B) GFP-SMARCAL1 U2OS cells trans-
fected with control or CtIP siRNAs were
stained with anti-GFP (green) and anti-gH2AX
(red) antibodies following UV laser microirra-
diation. Merged images have DAPI staining
(blue). (C) Percentage of control or CtIP siRNA-
treated U2OS cells displaying GFP-SMARCAL1
or GFP-RPA1 stripes over the total number of
cells with gH2AX stripes following UV laser
microirradiation. The data represent the aver-
age of two independent experiments. (D) Cell
lysates from cells described in C were immu-
noblotted for CtIP and GAPDH. (E) U2OS
cells expressing wild-type and mutant GFP-
SMARCAL1 constructs were microirradiated
with a UV laser and stained as in B.
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suggested that its interaction with RPA may be required
for its localization in vivo. Thus, we transfected GFP-
SMARCAL1-expressing U2OS cells with siRNA against
RPA2 and assayed GFP-SMARCAL1 recruitment to sites
of damage during HU treatment. Indeed, we found that
cells lacking RPA2 foci also lacked GFP-SMARCAL1
foci, while cells that retained RPA2 foci also had GFP-
SMARCAL1 foci (Supplemental Fig. 1A). Furthermore,
the GFP-SMARCAL1 RQK and DN mutants showed
defective recruitment to both laser stripes and CPT foci
(Fig. 3E; data not shown). In contrast, decreasing or abol-
ishing the SMARCAL1 ATPase activity by introducing
R586W and R764Q mutations, which are both found in
SIOD patients, did not affect SMARCAL1 recruitment to
sites of DNA damage (Fig. 3E). RPA localization is not
dependent on expression of SMARCAL1, as U2OS cells
depleted of SMARCAL1 using either siRNA or retrovi-
rally expressed shRNAs showed normal generation of
RPA foci in response to treatment with HU (Supplemen-
tal Fig. 1B; data not shown). Thus, interaction with RPA,
but not ATPase activity, appears to be required for re-
cruitment of SMARCAL1 to sites of DNA damage.

Depletion of SMARCAL1 leads
to DNA damage sensitivity

Loss of proteins involved in the DNA damage response
frequently leads to increased sensitivity to DNA-damaging
agents. Thus, to verify that SMARCAL1 functions during
the response to DNA damage, we used a cell competition
assay (Smogorzewska et al. 2007) to determine the rel-
ative survival of cells with and without SMARCAL1
following treatment with several DNA-damaging agents.
To this end, U2OS cells were infected with a retrovirus
containing an shRNA targeting either SMARCAL1 or
firefly luciferase (FF), then mixed equally with U2OS cells
expressing dsRed. The mixed cells were treated with
a DNA-damaging agent (5 Gy IR, 7 J/m2 UV, 150 nM
mitomycin C [MMC], or 10 nM CPT) or left untreated.
The relative sensitivity of the shRNA-expressing cells
to the DNA-damaging agents was monitored 7 d later
by flow cytometric analysis of the ratio of uncolored
shRNA-expressing cells to RFP+ cells. Compared with the
control cells, the SMARCAL1 shRNA cells showed in-
creased sensitivity to IR, MMC, and CPT, but not to UV
(Fig. 4A). Similar results were obtained from depletion of
SMARCAL1 using four individual siRNAs (Fig. 4B).
SMARCAL1 levels were reduced to below the limit
of detection by both shRNA and siRNAs (Fig. 4C,D).
We also confirmed the sensitivity of the SMARCAL1
shRNA-expressing cells to IR using a traditional clono-
genic survival assay, demonstrating that the loss of
SMARCAL1-deficient cells following DNA damage is
due primarily to decreased viability (Supplemental Fig.
2). These results suggest that SMARCAL1 is involved in
the response to DNA DSBs and interstrand cross-links,
but not the modified bases generated by exposure to UV.

The fact that SMARCAL1 is recruited to DNA DSBs
through association with RPA, that RPA is required for
homologous recombination, and that SMARCAL1 is re-

quired for resistance to agents that cause DSBs led us to
examine whether SMARCAL1 was involved in homolo-
gous recombination. To this end, we depleted SMARCAL1
from U2OS cells containing the DR-GFP reporter that
allows the detection of gene conversion events (Supple-
mental Fig. 3A; Pierce et al. 1999). This reporter contains
two inactive copies of GFP, one of which has an I-SceI site
within its coding region. Following cleavage with I-SceI,
homologous recombination can be directed by the down-
stream inactive GFP, which generates a functional copy of
GFP by gene conversion and allows for detection of cells
that have undergone successful recombination by flow
cytometry. After depletion of SMARCAL1 from DR-GFP
U2OS cells, using four individual siRNAs, we infected
the cells with adenovirus expressing I-SceI. DR-GFP
U2OS cells transfected with a nontargeting siRNA had
15% GFP+ cells 48 h after infection with I-SceI virus,
while only 2% of cells transfected with siRNA targeting
CtIP, which is required for homologous recombination,
were GFP+ (Supplemental Fig. 3B). We found that three
out of four siRNAs targeting SMARCAL1 had no effect on

Figure 4. DNA damage sensitivity of SMARCAL1-depleted
cells. (A) Cell competition assay showing survival of U2OS cells
infected with SMARCAL1 shRNA or FF shRNA retroviruses,
relative to dsRed-expressing U2OS cells, following treatment
with DNA-damaging agents. (IR) 5 Gy IR; (UV) 7 J/m2 UV;
(MMC) 150 nM MMC; (CPT) 10 nM CPT. (B) Cell competition
assay using siRNAs targeting SMARCAL1, ATM, or ATR, or a
nontargeting control siRNA. Treatments are the same as de-
scribed in A. (C) Western blot showing depletion of SMARCAL1
in cells infected with retrovirus expressing SMARCAL1 shRNA.
(D) Western blot showing knockdown of SMARCAL1 in U2OS
cells transfected with four individual SMARCAL1 siRNAs.
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the percentage of GFP+ cells generated after infection
with I-SceI virus, while the fourth siRNA yielded a two-
fold decrease (Supplemental Fig. 3B). As all of the siRNAs
knocked down expression of SMARCAL1 to a similar
extent (data not shown), we conclude that SMARCAL1 is
not required for efficient gene conversion.

Cell cycle progression and replication restart
following DNA damage are delayed
in SMARCAL1-depleted cells

SMARCAL1 ATPase activity has been shown in vitro to
be stimulated by forked DNA structures and DNA
molecules containing a double-stranded–single-stranded
transition with a recessed 39 end (Muthuswami et al.
2000). As similar structures are generated at replication
forks, we investigated whether deficiency in SMARCAL1
affected DNA replication. Analysis of the cell cycle
profile of SMARCAL1-depleted U2OS cells at steady
state revealed no dramatic differences from control
U2OS cells (Supplemental Fig. 4A). However, we did
observe a defect in progression from S phase into mitosis
when we followed BrdU-labeled cells over time (Fig. 5A;
Supplemental Fig. 4B). In this experiment, S-phase cells
were labeled with a 20-min pulse of BrdU, then monitored
for accumulation in mitosis, as measured by phosphory-
lation of histone H3 Ser 10 (P-H3), in the presence of
nocodazole to prevent exit of cells from mitosis. We
found that, 10 h after BrdU labeling, the percentage of
BrdU+ cells that were also positive for P-H3 was approx-
imately twofold lower in SMARCAL1-depleted cells than
in wild-type cells (Fig. 5A; Supplemental Fig. 4B). This
delay in progression to mitosis was exacerbated by
treatment with either 2 Gy IR or 5 nM CPT. In this
regard, we found that, in comparison with control FF
U2OS cells, fourfold to fivefold fewer BrdU+ SMARCAL1-
depleted U2OS cells were also P-H3+ 10 h after IR (Fig.
5A). Similar results were observed for BrdU+ CPT-treated

cells (Fig. 5A). Inhibition of DNA damage response
kinases with caffeine abrogated the difference in BrdU+

P-H3+ cells observed in IR- or CPT-treated cells (Fig. 5B).
In agreement with the delayed progression from S phase
into mitosis of SMARCAL1-depleted U2OS cells, analy-
sis of mitotic cells 10 h after release from thymidine-
induced S-phase arrest into nocodazole revealed that four-
fold fewer SMARCAL1-depleted cells had reached mitosis,
as compared with control cells (Fig. 5C). Taken together,
these results suggest that, although DNA replication
is not detectibly perturbed by depletion of SMARCAL1,
SMARCAL1-depleted cells in S phase are deficient in
responding to DNA DSBs or to replication stress (which
can also cause DSBs), leading to a delayed progression
through G2 into mitosis that can be abrogated by inhibit-
ing DNA damage checkpoints. Consistent with this con-
clusion, we see a slight but reproducible increase (3%) in
the G2 population of SMARCAL1-depleted cells com-
pared with control cells (Supplemental Fig. 4A; data not
shown).

As SMARCAL1 deficiency delays cell cycle progression
after thymidine-induced S-phase arrest, we considered
the possibility that SMARCAL1 could be required during
the restart of stalled or collapsed replication forks. To
assay the ability of SMARCAL1-deficient cells to restart
DNA replication, SMARCAL1-depleted U2OS cells were
arrested in S phase with 2 mM thymidine. Following
release from the thymidine block, cells were pulsed with
BrdU at various time points to measure the percentage of
cells that had restarted DNA replication. Three hours
after release from the thymidine block, approximately
fourfold to fivefold fewer SMARCAL1-depleted cells
had reinitiated DNA replication, as compared with wild-
type cells (Fig. 6A). However, the same percentage of
SMARCAL1-depleted and wild-type cells had reinitiated
replication by 5 h following release from the thymi-
dine block, indicating that reinitiation is delayed in the

Figure 5. Effects of SMARCAL1 depletion on cell
cycle progression. (A) Analysis of FF control and
SMARCAL1-depleted U2OS cells 10 h after a BrdU
pulse alone (not treated, NT), or a BrdU pulse followed
immediately by IR (2 Gy) or addition of CPT (5 nM).
Nocodazole was added after the BrdU pulse to capture
mitotic cells, which are measured by staining for P-H3.
Shown are the percentages of BrdU+ cells that are also
P-H3+. Values are means and standard deviations from
at least two experiments. P-values were calculated
using a one-tailed t-test. (B) Analysis of FF control
and SMARCAL1-depleted U2OS cells 10 h after a BrdU
pulse followed by 2 Gy IR or addition of 5 nM CPT in
the presence of 5 mM caffeine. The analysis was
performed as described in A. The numbers indicate
the percentage of BrdU+ P-H3+ cells. (C) Analysis of
mitotic cells (P-H3+) 10 h after release from the
thymidine block. Propidium iodide was used to mea-
sure DNA content. Numbers indicate the percentage
of P-H3+ cells.
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absence of SMARCAL1 but can eventually resume, al-
though not necessarily from the same origins (data not
shown). Similar results were obtained with two indepen-
dent siRNAs targeting SMARCAL1 (data not shown).

To investigate replication restart more directly, we
analyzed replication fork progression on single DNA fibers
(Fig. 6B). Cells were pulse-labeled with the thymidine
analog IdU, then treated with aphidicolin for 2 h to arrest
replication forks. Following removal of aphidicolin, cells
were labeled with another thymidine analog, CldU. Rep-
lication forks that were able to restart following aphidico-
lin treatment are visualized as a stretch of IdU incorpora-
tion (Fig. 6C, labeled in green) followed by a stretch of
CldU incorporation (Fig. 6C, labeled in red). Tracts show-
ing only IdU incorporation (Fig. 6C, green only) indicate
stalled or collapsed forks that were unable to restart
replication following removal of aphidicolin. Replication
origins that fired after removal of aphidicolin show only
CldU incorporation (Fig. 6C, red only). As suggested by the
steady-state cell cycle analysis of SMARCAL1 shRNA-
expressing U2OS cells, depletion of SMARCAL1 did not
affect fork progression in the absence of DNA damage
(Fig. 6D). However, the restart of replication forks follow-
ing aphidicolin treatment was significantly decreased in
the SMARCAL1-depleted cells, as indicated by the two-
fold to threefold increase in the percentage of tracts that
showed only IdU incorportation (Fig. 6D). New origin
firing after aphidicolin treatment, however, was not af-
fected by SMARCAL1 depletion (Fig. 6D). Together, these
data show that SMARCAL1 is involved in the restart
of replication following DNA damage at the fork, due
to either a role in preventing the irreversible collapse of
stalled forks or a direct role in mediating the reinitiation
of replication.

Finally, to better define the role of SMARCAL1 in a more
pathologically relevant context, we expressed untagged
SMARCAL1 in human telomerase reverse transcriptase

(hTERT)-immortalized fibroblasts derived from an SIOD
patient (SD31) with mutations in the SMARCAL1 pro-
moter that completely abrogate protein expression (Fig.
7A; Elizondo et al. 2009). SMARCAL1 reconstituted
SD31 cells arrested in 2 mM thymidine for 24 h were
released into media containing BrdU. Three hours after
release from the thymidine block, approximately twofold
more SMARCAL1 reconstituted SD31 cells had reiniti-
ated DNA replication, as monitored by BrdU incorpora-
tion (Fig. 7A). Moreover, SMARCAL1 reconstituted SD31
cells progressed more rapidly into mitosis, as we found
that approximately twofold more reconstituted cells were
P-H3+ 15 h after thymidine release, as compared with the
nonreconstituted cells (Fig. 7B). Reconstitution of SD31
cells with the R586W and R764Q SMARCAL1 mutants,
which have defective ATPase activity, or with the DN
mutant, which lacks the RPA2-binding motif, did not
lead to faster progression into mitosis following thymi-
dine release (Figs. 7B,C). Taken together, these results
indicate that the ATPase activity and RPA binding of
SMARCAL1 are critical for its in vivo function, and that
SIOD might be at least partially caused by defective cell
cycle progression following replication stress.

Discussion

In this study we showed that SMARCAL1 is important
for replication fork restart, cell cycle progression, and the
DNA damage response. SMARCAL1 is recruited to sites
of DNA damage generated by both replication stress and
microirradiation, and this recruitment is dependent on its
interaction with the RPA complex. While SMARCAL1
was shown to facilitate removal of RPA from ssDNA
during reannealing (Yusufzai and Kadonaga 2008), our re-
sults suggest that in vivo it exists in a previously assem-
bled complex with RPA, which implies that it has roles
beyond RPA removal. Moreover, S-phase cells depleted of

Figure 6. Effects of SMARCAL1 deple-
tion on replication fork restart. (A) Restart
of DNA replication in FF control or
SMARCAL1 shRNA-depleted U2OS was
measured by incorporation of BrdU follow-
ing release from the thymidine block.
BrdU (10 mM) was added 30 min prior to
fixation. 7-AAD was used to measure
DNA content. The percentage of BrdU+

cells is indicated. Results are representa-
tive of three independent experiments. (B)
Schematics of the pulse-labeling experi-
ment for DNA fiber analysis. (C) DNA
fibers were stained with antibodies recog-
nizing IdU (green) or CldU (red). Anti-
ssDNA antibody was used as a control.
(D) Analysis of the percentage of stalled or
collapsed replication forks (green tracts
only) in FF control or SMARCAL1
shRNA-depleted U2OS cells with or with-
out aphidicolin treatment. The percentage
of new origins fired during CldU treatment
(red tracts only) is also shown.
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SMARCAL1 show sensitivity to DNA-damaging agents
that generate DNA DSBs. Additionally, SMARCAL1-
deficient cells progress through late S/G2 more slowly
than wild-type cells and exhibit delayed restart of DNA
replication following replication stress or DNA damage.
Consistent with these results, SMARCAL1 has been
implicated in cellular proliferation, as mouse neuro-
spheres depleted of SMARCAL1 exhibit defective growth
(Deguchi et al. 2008). Together, our results suggest that
SMARCAL1 functions at stalled or collapsed replication
forks to promote their stability or to directly facilitate the
restart of replication.

The previously described ssDNA annealing activity of
SMARCAL1 suggests that its mechanism of action at
replication forks is likely distinct from that of other SNF2
family members. SMARCAL1 may be important for
limiting the amount of ssDNA generated at stalled rep-
lication forks or for regulating fork regression in a similar
manner to bacterial RecG (Atkinson and McGlynn 2009).
Additionally, SMARCAL1 may interact with other com-
ponents of the replication and repair machinery, such as
the WRN helicase, to facilitate its reassembly following
repair of damaged forks. Interestingly, the helicases that
are involved in replication restart in bacteria, PriA, RecG,
and RecQ, are all constitutively associated with the
bacterial RPA homolog SSB (Lecointe et al. 2007), as
SMARCAL1 and WRN are associated with RPA. This
association effectively anchors these proteins at sites of
active DNA replication, as SSB is constitutively associated
with ssDNA present at replication forks, thus allowing
for efficient restart of replication in the event of fork
stalling or collapse. We propose that the interaction of
SMARCAL1 with RPA serves a similar purpose, concen-
trating SMARCAL1 at replication forks constitutively
to allow for a rapid response when the fork stalls or
collapses.

The observation that SMARCAL1-depleted cells are
acutely sensitive to DNA-damaging agents that induce
DSBs during S phase—such as CPT, MMC, and IR—
indicates that SMARCAL1 could play a critical role in

the restart of collapsed replication forks. The restart of
a collapsed replication fork at a DSB requires DNA end
resection and invasion of the 39 ssDNA end into the
homologous DNA duplex to form a D-loop structure,
which serves as a template for resuming DNA synthesis
(Heller and Marians 2006). This pathway, also known as
break-induced replication (BIR), requires the re-establish-
ment of DNA synthesis on both leading and lagging
strands, whereas other homologous recombination path-
ways for DSB repair, such gene conversion, may involve
leading but not lagging strand synthesis after strand in-
vasion and D-loop formation (Wang et al. 2004; Llorente
et al. 2008). Given that SMARCAL1 is important for the
repair of collapsed forks and at the same time is dispens-
able for gene conversion, SMARCAL1 could have a spe-
cific role in the re-establishment and/or progression of
lagging strand synthesis during the restart of collapsed
forks, possibly by stabilizing D-loop structures or recruit-
ing DNA replication factors, similar to phage T4 gp59 or
bacterial PriA proteins (Jones and Nakai 2000). Inter-
estingly, PriA has been shown to interact with recessed
39-OH DNA ends at ssDNA-to-dsDNA transitions, such
as the termini of invading strands in D-loops and of
stalled leading strands at replication forks, and to pro-
mote fork restart by loading the replicative helicase and
DNA primase on the lagging strand (Heller and Marians
2006). As the interaction between SMARCAL1 and re-
cessed 39-OH ends has been shown to stimulate its ATPase
activity in vitro (Hockensmith et al. 1986; Muthuswami
et al. 2000), it may suggest that the activity of SMARCAL1
is stimulated by the same structures as PriA. Defining the
mechanism of action of SMARCAL1 on these structures
will likely be critical for understanding the pathogenesis
of SIOD.

The role of SMARCAL1 in the DNA damage response
uncovered here adds SMARCAL1 to the growing list of
DNA damage response genes such as NBS1 (Nijmegen
breakage syndrome), LIG4 (Ligase IV deficiency), ATR
(Seckel syndrome), MCPH1/BRIT1 (Microcephaly 1), and
others involved in microcephaly and mental retardation

Figure 7. Analysis of cell cycle progression
in SIOD patient fibroblasts reconstituted
with SMARCAL1. (A) DNA replication re-
start in hTERT-immortalized SIOD patient
SD31 fibroblasts and SD31 fibroblasts recon-
stituted with untagged SMARCAL1 was
measured by incorporation of BrdU 3 h after
release from a thymidine block. Results are
means and standard deviations of two in-
dependent experiments. P-value was calcu-
lated using a two-tailed t-test. (B) Analysis of
cell cycle progression in hTERT-immortal-
ized SD31 fibroblasts and SD31 fibroblasts
reconstituted with untagged wild-type or
mutant SMARCAL1 constructs following
a thymidine block. The graph shows the fold
change in P-H3+ cells relative to nonreconstituted hTERT SD31 fibroblasts 15 h after release from a thymidine block into nocodazole.
Values are means and standard deviations from at least two experiments. (*) P = 0.003. The P-value was calculated using a two-tailed
t-test. (C) Western blot showing the expression of wild-type and mutant SMARCAL1 protein in the reconstituted hTERT-immortalized
SD31 fibroblasts.
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syndromes. Clearly, neural development is either exces-
sively sensitive to the presence of DNA damage or
experiences higher levels of spontaneous DNA damage
and, therefore, requires maximal repair capacities relative
to other tissues. Understanding which of these possibil-
ities is responsible for these defects will have important
implications for the treatment of patients suffering from
these disorders.

Materials and methods

Antibodies

Rabbit polyclonal anti-RPA1 (1:100; Cell Signaling, #2267), anti-
RPA2 (1:1000; Bethyl, A300-244A), and anti-SMARCAL1
(1:1000; gift from C. Boerkoel; Deguchi et al. 2008); goat poly-
clonal anti-CtIP (1:500; Santa Cruz Biotechnologies, sc5970); and
mouse monoclonal anti-HA (1:1000; Covance, clone 16B12),
anti-RPA3 (1:100; GeneTex, clone 1F4), and anti-SMARCAL1
(1:500; Abnova, clone B01) were used in Western blotting.

DNA clones

The Gateway entry vectors pDONR223-SMARCAL1 and
pDONR223-RPA1 were purchased from Open Biosystems (clones
no. OHS1770-97648815 and OHS1770-97651886, respectively).
The Gateway entry vectors pDONR223-SMARCAL1-RQK and
pDONR223-SMARCAL1-DN were obtained from pDONR223-
SMARCAL1 by site-directed mutagenesis of the amino acid se-
quence RQK to AAA (amino acids 17–19 of SMARCAL1) or by
deletion the first 30 amino acids of SMARCAL1, respectively. The
bacterial expression vectors pCOLA-2-HIS-SMARCAL1, pCOLA-
2-HIS-SMARCAL1-RQK, and pCOLA-2-HIS-SMARCAL1-DN
were generated by Gateway recombination between pDON223-
SMARCAL1, pDON223-SMARCAL1-RQK or pDON223-
SMARCAL1-DN, and pCOLA-2 (Novagen). The pCDFDuet-
RPA1 vector was generated by cloning RPA1 into the NcoI and
EcoRI sites of the pCDFDuet-1 vector (Novagen). The pCDFDuet-
RPA2 vector was generated by cloning RPA2 into the MfeI and
XhoI sites of pCDFDuet-1, whereas pCDFDuet-RPA3 was ob-
tained by cloning RPA3 in NdeI and BglII sites of pCDFDuet-1.
The P11d-tRPA vector has been described previously (Henricksen
et al. 1996). The mammalian expression vectors pMSCV-
GFP-SMARCAL1, pMSCV-GFP-SMARCAL1-RQK, pMSCV-
GFP-SMARCAL1-DN, pMSCV-GFP-RPA1, pMSCV-HA-SMARCAL1,
and pMSCV-HA-RPA1 were generated by Gateway cloning between
either pDONR223-SMARCAL1, pDONR223-SMARCAL1-RQK,
pDONR223-SMARCAL1-DN or pDONR223-RPA1, and pMSCV-
N-HA-Flag or pMSCV-N-EGFP. pMSCV-HA-SMARCAL1 and
pMSCV-HA-RPA1 contain a doxycycline-inducible promoter.
pMSCV-SMARCAL1, pMSCV-SMARCAL1-RQK, and pMSCV-
SMARCAL1-DN were obtained by Gateway recombination
between pDONR223-SMARCAL1, pDONR223-SMARCAL1-
RQK, pDONR223-SMARCAL1-DN, and pMSCV-C-EGFP, fol-
lowed by the introduction of a stop codon at the end of the
SMARCAL1 coding sequence. pMSCV-GFP-SMARCAL1-R586W,
pMSCV-SMARCAL1-R586W, pMSCV-GFP-SMARCAL1-R764Q,
and pMSCV-SMARCAL1-R764Q were obtained by site-directed
mutagenesisofpMSCV-GFP-SMARCAL1or pMSCV-SMARCAL1.

Bacterial pull-downs

E. coli BL21 (DE3) bacteria (50 mL) carrying either pCOLA-2-
HIS-SMARCAL1, pCOLA-2-HIS-SMARCAL1-RQK, pCOLA-2-
HIS-SMARCAL1-DN, pCDFDuet-RPA1, pCDFDuet-RPA2,

pCDFDuet-RPA3, or P11d-tRPA were grown at 30°C to OD600 =

0.3 and induced for 5 h with 0.1 mM IPTG. Cell pellets were
resuspended in 1.5 mL of lysis buffer (50 mM Tris at pH 7.5, 500
mM NaCl, 10% glycerol, 0.5% Triton, 1 mM DTT, 10 mg/mL
lysozyme) supplemented with protease inhibitors (Roche). Fol-
lowing sonication (twice at 30 sec), cell lysates were centrifuged
at 14,000 rpm for 20 min. Supernatants from bacteria expressing
HIS-SMARCAL1, HIS-SMARCAL1-RQK, or HIS-SMARCAL1-DN
were then incubated for 2 h at 4°C with 25 mL of Ni-NTA beads
(Qiagen). Bead-bound proteins were then washed twice with lysis
buffer and incubated for 1 h at 4°C with lysates from bacteria
expressing either RPA1, RPA2, or RPA3 singly or the entire RPA
trimer. Imidazole (20 mM final concentration) was added to the
bacteria lysates to prevent aspecific protein binding. Protein
complexes were then washed six times with lysis buffer, eluted
in LDS sample buffer, and resolved on a Nupage Bis-Tris 4%–
12% gradient gel (Invitrogen).

Protein purification and mass spectrometry

Retroviruses generated from pMSCV-HA-SMARCAL1 or
pMSCV-HA-RPA1 under control of a doxycycline-inducible pro-
moter were transduced into 293T-Rex cells, which contain the
tet repressor. Following selection of transduced 293T-Rex cell
lines with 1 mg/mL puromycin and generation of stable cell
lines, cDNA expression was induced by treating 4 3 15-cm
plates of 293T-Rex stable cells for 24 h with 2 mg/mL doxycy-
cline. 293T-Rex cells were then treated with DNA-damaging
agents (10 Gy IR or 30 J/m2 UV), or left untreated, and harvested
for protein lysates in 1.5 mL of low-salt buffer (50 mM Tris at pH
7.5, 150 mM NaCl, 1% NP40) supplemented with protease
inhibitors (Roche) and phosphatase inhibitors cocktail set I and
II (BD Pharmingen). Cell lysates were gently rocked for 1 h at 4°C
and then centrifuged at 14,000 rpm for 25 min. Cell pellets were
then resuspended in high-salt buffer (50 mM Tris at pH 7.5, 500
mM NaCl, 1% NP40) and rocked for 1 h at 4°C. After centrifu-
gation, the high- and low-salt extracts were mixed together and
the salt concentration was adjusted to 150 mM NaCl. Protein
complexes were then immunoprecipitated overnight using pro-
tein A beads coated with anti-HA antibody (Sigma), washed five
times in low-salt buffer, and then eluted in 3 3 50 mL buffer
with HA peptide (500 mg/mL; Sigma). The elution was TCA-
precipitated and analyzed by tandem mass spectrometry using
the CompPASS (Computational Proteomic Analysis Software
Suite) platform as described previously (Sowa et al. 2009).
Endogenous SMARCAL1 and RPA2 complexes were immuno-
precipitated from 293T-Rex cell lysates prepared as described
above using protein G beads (Co-IP kit, Pierce) cross-linked to
SMARCAL1 (Bethyl, A301-616A) and RPA2 (Bethyl, A300-244A)
antibodies (3 mg). After five washes with low-salt buffer, protein
were eluted from the beads with 3 3 50 mL of IgG elution buffer
(Pierce) and were analyzed by Western blotting.

Cell culture and RNAi

The human embryonic kidney fibroblast cell line 293T was
maintained in DMEM supplemented with 10% fetal bovine
serum. The human osteosarcoma cell line U2OS was maintained
in McCoy’s medium supplemented with 10% fetal bovine
serum. SD31 fibroblasts derived from an SIOD patient (gift
from C. Boerkoel) were immortalized with a pWSL blasticidin
retroviral vector expressing hTERT and maintained in DMEM
containing Glutamax and 15% fetal bovine serum. hTERT-
immortalized SD31 cells were transduced with the retrovi-
ral vectors pMSCV-SMARCAL1, pMSCV-SMARCAL1-RQK,
pMSCV-SMARCAL1-DN, pMSCV-SMARCAL1-R586W, or
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pMSCV-SMARCAL1-R764Q and selected with 1 mg/mL puro-
mycin for 48 h to obtain stable clones. The SMARCAL1 shRNA
sequence (GAACTCATTGCAGTGTTTA) was embedded in a
mir30 context in a pMSCV-PM vector. CtIP (catalog no. MQ-
011376-00), RPA2 (catalog no. MQ-017058-00), SMARCAL1
(catalog no. MQ-013058-01), and nontargeting siRNAs (catalog
no. D-001206-14-05) were siGenome reagents purchased from
Dharmacon. ATM (oligo nos. HSS181472, HSS181473, and
HSS181474) and ATR (oligo nos. HSS182584, HSS182585, and
HSS182586) siRNA were Stealth Select RNAi reagents pur-
chased from Invitrogen. SMARCAL1 siRNAs were transfected
individually, while CtIP, RPA2, ATM, ATR, and nontargeting
siRNAs were transfected as a pool.

Immunofluorescence

The GFP-SMARCAL1 wild-type and mutant fusion proteins
were detected using rabbit polyclonal anti-GFP antibody
(1:1000; Invitrogen, A11122). g-H2AX and RPA2 were detected
using mouse monoclonal antibodies from Millipore (1:1000;
clone JBW301) and Abcam (1:100; ab2175), respectively, and
appropriate secondary antibodies conjugated with Alexa 488 or
Alexa 594. For micorirradiation experiments, cells were treated
with 10 mM BrdU for 24 h prior to laser irradiation using a Zeiss
Observer.Z1 inverted microscope with a Palm microbeam laser
microdissection workstation. Following microirradiation, cells
were incubated for 1 h at 37°C, fixed with 4% formaldehyde, and
permeabilized with 0.5% Triton-X. For foci experiments, cells
were treated with 2 mM HU or 10 nM CPT overnight, then
analyzed as described above. Images were taken using an
Olympus Fluoview confocal microscope.

Cell competition assay

Cell competition assays were carried out essentially as described
previously (Smogorzewska et al. 2007). Briefly, U2OS cells
expressing FF shRNA or SMARCAL1 shRNA were mixed in
a 1:1 ratio with dsRed-expressing U2OS cells, then plated in trip-
licate. The following day, cells were exposed to 5 Gy IR, 7 J/m2

UV, or 10 nM CPT, or left untreated. CPT was washed off the
cells after 24 h. After 7 d, cells were analyzed on a BD LSRII flow
cytometer. The ratio of colorless cells to dsRed+ cells in the
untreated population was set to 100%, and the ratios observed in
the treated populations were normalized to the untreated ratio.
SMARCAL1-deficient cells were considered sensitive to a DNA-
damaging agent when the percentage of colorless cells in the
treated population, following normalization to the untreated
population, was <90% of the percentage observed in the FF
population. Competition assays using siRNAs were carried out
using a similar protocol, except that the siRNAs were trans-
fected into U2OS cells expressing GFP and the competition was
carried out against dsRed U2OS cells transfected with a pool of
nontargeting siRNAs. Pools of ATM and ATR targeting siRNAs
were used as controls.

Clonogenic survival assay

FF and SMARCAL1 shRNA-expressing U2OS cells were plated
onto 10-cm dishes at a concentration of 300 cells per dish. The
following day, cells were treated with 0, 2, or 4 Gy IR. Two weeks
later, the cells were stained with Coomasie blue and the number of
colonies was counted. Each condition was analyzed in triplicate.

Gene conversion analysis

U2OS cells containing the DR-GFP gene conversion reporter
(Pierce et al. 1999) were transfected with SMARCAL1, CtIP, or

control siRNAs 48 h prior to infection with adenovirus express-
ing I-SceI restriction enzyme. The percentage of GFP+ cells was
analyzed by flow cytometry 72 h after adenoviral infection.

Cell cycle progression and replication restart

FF control or SMARCAL1 shRNA U2OS cells were labeled with
BrdU for 20 min, then washed and cultured in medium contain-
ing 100 ng/mL nocodazole. DNA-damaging agents (2 Gy IR or 5
nM CPT) were administered immediately following BrdU label-
ing, when appropriate. Mitotic cells were detected using an
antibody against P-H3 (Millipore, clone 3H10) and Alexa 488-
conjugated antirabbit secondary. BrdU+ cells and DNA content
were detected using an APC BrdU Flow Kit (BD Pharmingen),
according to the manufacturer’s protocol. Alternatively, U2OS or
hTERT-immortalized SD31 cells were cultured with 2 mM
thymidine for 18 h or 24 h, respectively, to arrest them in S
phase, then released into media containing nocodazole. Mitotic
cells were detected as described above, but DNA content was
detected with propidium iodide rather than 7-AAD. For analysis
of restart of BrdU incorporation, U2OS or hTERT-immortalized
SD31 cells released from thymidine block were incubated with
10 mM BrdU for 30 min or 1 h, respectively, prior to harvesting at
the indicated time points.

Pulse-labeling of replication forks and DNA fiber analysis

Exponentially growing cells were labeled with 50 mM IdU for 20
min, then 50 mM CldU for 20 min. Half of the samples were
treated with 10 mM aphidicolin for 2 h between the two pulses.
Extended DNA fibers were prepared using a modification of the
procedure described previously by Jackson and Pombo (1998).
Briefly, labeled cells were trypsinized and resuspended in ice-
cold PBS at 1 3 106 cells per milliliter. Two milliliters of this
suspension were spotted onto a clean glass slide and lysed with
10 mL of spreading buffer (0.5% SDS in 200 mM Tris-HCl at pH
7.4, 50 mM EDTA). After 6 min, the slides were tilted at 15° to
horizontal, allowing the DNA to spread. Slides were air-dried,
fixed in methanol and acetic acid (3:1) for 2 min, and refrigerated
overnight before immunolabeling. DNA was denatured with 2.5
M HCl for 30 min at room temperature. Slides were rinsed three
times in PBS and blocked in PBS + 0.1% Triton X-100 (PBS-T) +

10% goat serum for 1 h at room temperature. Rat anti-BrdU
(1:100; Abcam ab6326) and mouse anti-BrdU (1:100; Becton
Dickinson 347580) were then applied to detect CldU and IdU,
respectively. After a 1-h incubation, slides were washed three
times in PBS and stained with Alexa Fluor 488-labeled goat anti-
mouse IgG1 antibody and Alexa Fluor 594-labeled goat anti-rat
antibody (1:350 each; Invitrogen). Slides were mounted in Pro-
long Plus (Invitrogen) and held overnight at 4°C. Replication
tracks were imaged on a Nikon TE2000 microscope fitted with
a 1003 1.4 NA oil objective and measured using NIS Elements
software. Continuity of DNA fibers was verified by staining with
an anti-DNA antibody (1:300; Millipore MAB3034) and an
appropriate secondary antibody (1:350; Alexa 647-labeled goat
anti-mouse IgG2a [Invitrogen]).
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