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RMI1 is a member of an evolutionarily conserved complex composed of BLM and topoisomerase III� (TopoIII�). This complex
exhibits strand passage activity in vitro, which is likely important for DNA repair and DNA replication in vivo. The inactivation
of RMI1 causes genome instability, including elevated levels of sister chromatid exchange and accelerated tumorigenesis. Using
molecular combing to analyze DNA replication at the single-molecule level, we show that RMI1 is required to promote normal
replication fork progression. The fork progression defect in RMI1-depleted cells is alleviated in cells lacking BLM, indicating
that RMI1 functions downstream of BLM in promoting replication elongation. RMI1 localizes to subnuclear foci with BLM and
TopoIII� in response to replication stress. The proper localization of the complex requires a BLM-TopoIII�-RMI1 interaction
and is essential for RMI1 to promote recovery from replication stress. These findings reveal direct roles of RMI1 in DNA replica-
tion and the replication stress response, which could explain the molecular basis for its involvement in suppressing sister chro-
matid exchange and tumorigenesis.

The fidelity of DNA replication, which is essential for faithfully
transmitting genetic information from one generation to the

next, is challenged by a broad spectrum of obstacles encountered
by replication forks during replication elongation (27). These ob-
stacles occur naturally from stable protein-DNA complexes, re-
peated sequences forming secondary structures, or collisions be-
tween replication and transcription (27). Replication forks can
also be impeded by exogenous agents, for example, chemicals that
damage the DNA template or that inhibit DNA polymerases (48).
Eukaryotic cells have an elaborate DNA replication checkpoint
pathway to stabilize the replication machinery at stalled forks,
enabling replication to resume once the obstacles are removed (3).
However, under conditions of a prolonged inhibition of replica-
tion, stalled replication forks can collapse, resulting in the disso-
ciation of the replisome from sites of nucleotide incorporation
(28). Unprotected single-strand DNA (ssDNA) gaps at collapsed
replication forks can be processed illegitimately into double-
stranded breaks (DSBs) (28). Under such conditions, homolo-
gous recombination genes are required to repair collapsed repli-
cation forks and to restart DNA replication (33).

BLM is a member of the RecQ family of DNA helicases that
safeguards genome integrity (24). Bloom’s syndrome (BS), which
arises from biallelic mutations in the BLM gene, is characterized
by an early onset of cancer development (21). The hallmark of BS
cells is a 10-fold elevation in the frequency of sister chromatid
exchanges (SCEs) (7), suggesting an antirecombinogenic role of
BLM. Consistent with this idea, the deletion of SGS1, the BLM
homolog in Saccharomyces cerevisiae, causes elevated levels of ho-
mologous recombination and gross chromosomal rearrange-
ments (19, 32, 53, 57). Human cells lacking BLM display elevated
levels of RAD51 and Ku70 foci, indicative of the activation of
homologous recombination and nonhomologous-end-joining
pathways (20, 37). Therefore, BLM maintains genome integrity, at
least in part, by suppressing illegitimate recombination events.

BLM preserves replication fork stability during DNA replica-
tion. BLM interacts with and stimulates the enzymatic activities of
DNA polymerase � and FEN1 endonuclease, both of which are

components of the replication machinery (43, 44, 51). BS cells
exhibit a reduced replication fork rate and an increased frequency
of fork pausing (36), suggesting that BLM participates in normal
replication progression. BLM is also required for cell survival in
response to replication inhibition (17, 18, 30). During replication
stress, BLM is recruited to damaged replication forks (15, 16, 37)
and is phosphorylated by the replication checkpoint kinase ATR
(17). During recovery from replication stress, many active repli-
cation forks fail to resume replication in BS cells (18), indicating
that BLM is required to stabilize stalled replication forks. The
association of DNA polymerases � and � with stalled replication
forks is severely compromised after the hydroxyurea (HU) arrest
of yeast cells lacking Sgs1 and the ATR homolog Mec1 (11). To-
gether, these data support a model in which BLM mediates a
checkpoint response to stabilize the replication machinery at
stalled forks, thereby preventing replisome dissociation and an
irreversible fork collapse.

BLM functions in concert with topoisomerase III� (TopoIII�)
to control recombination events (29, 34). TopoIII� belongs to the
type IA family of topoisomerases (8). This family of topoisomer-
ases, including S. cerevisiae Top3, modulates DNA topology via an
enzyme-bridging mechanism by making transient single-stranded
nicks at single-stranded DNA gaps (9). The TopoIII�-interacting
domain of BLM is required for the suppression of SCEs in BS cells
(26), suggesting that TopoIII� plays an antirecombinogenic role
with BLM. Biochemically, TopoIII� catalyzes the decatenation of
single-stranded DNA catenanes (58). The decatenase activity of

Received 27 February 2012 Returned for modification 18 March 2012
Accepted 18 May 2012

Published ahead of print 29 May 2012

Address correspondence to Grant W. Brown, grant.brown@utoronto.ca.

Supplemental material for this article may be found at http://mcb.asm.org/.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MCB.00255-12

3054 mcb.asm.org Molecular and Cellular Biology p. 3054–3064 August 2012 Volume 32 Number 15

http://mcb.asm.org/
http://dx.doi.org/10.1128/MCB.00255-12
http://mcb.asm.org


TopoIII�, coupled with the helicase activity of BLM, is uniquely
suited to dissolve double-Holliday-junction (DHJ) structures,
which arise during homologous recombination, via a strand pas-
sage mechanism to prevent the exchange between flanking se-
quences (55). The resolution of recombination intermediates via
this strand passage activity of BLM-TopoIII� homologs is con-
served in evolution from Escherichia coli (47), to S. cerevisiae (6),
to Drosophila melanogaster (35), to humans (55) and is presumed
to mimic the in vivo role of BLM-TopoIII� in the suppression of
SCEs. Given that DHJ structures are intermediates that arise dur-
ing homologous recombination, the conservation of the strand
passage activity reflects the evolutionary importance of the RecQ
helicase-topoisomerase III partnership in suppressing illegitimate
recombination in vivo.

In eukaryotes, RMI1 is an essential member of the RecQ-topo-
isomerase III complex (10, 31, 59). RMI1 is a structural protein
that contains a three-helix bundle domain, an OB-fold domain
(OB1) at the N terminus, and a second OB-fold domain (OB2) at
the C terminus (25, 50). The RMI1 N terminus is conserved from
yeast to humans and is responsible for interactions with BLM and
TopoIII� (10, 39, 50). The RMI1 C terminus, which is present
only in metazoans (10), interacts with RMI2 via OB2 (25, 50). The
primary role of RMI1 is thought to be the resolution of recombi-
nation intermediates in concert with BLM and TopoIII�. Bio-
chemically, RMI1 stimulates TopoIII� activity in DHJ dissolution
and in ssDNA decatenation (38, 54, 58). Stimulation requires a
physical interaction between RMI1 and TopoIII� (39, 50, 58). At
the cellular level, RMI1 is required for the recruitment of BLM to
nuclear foci in response to DNA damage (59). Moreover, cells that
are depleted of RMI1 show reduced viability and elevated levels of
SCEs (59), the hallmark of BS cells. These data indicate that RMI1
functions with BLM and TopoIII� to suppress illegitimate recom-
bination.

Considerable biochemical evidence indicates a role for RMI1
in resolving recombination intermediates in concert with BLM
and TopoIII�. These recombination intermediates could arise
during the processing of stalled replication forks or during the
repair of double-strand breaks after a fork collapse. Given that
BLM is intimately involved in maintaining replication fork integ-
rity, we explore the possibility that RMI1 functions in DNA rep-
lication in vivo. We show that RMI1 localizes to subnuclear foci
with BLM and TopoIII�, both spontaneously and during replica-
tion stress. The localization of RMI1 is dependent on the presence
of BLM and TopoIII�. RMI1 functions with BLM to ensure nor-
mal replication elongation and is required for recovery from
aphidicolin-induced replication stress. A proper response to rep-
lication stress requires the physical interactions between RMI1
and TopoIII�. Our data indicate that RMI1 maintains genome
integrity by promoting normal DNA replication elongation and
by facilitating recovery from replication stress in concert with
TopoIII�.

MATERIALS AND METHODS
Chemicals. Doxycycline (catalog number D9891; Sigma) was dissolved in
distilled water (dH2O) to 5 mg/ml and stored at �20°C. A final working
concentration of 5 �g/ml was used, unless indicated otherwise. HU (cat-
alog number H8627; Sigma) was dissolved in dH2O to 2 M and stored at
�20°C. Aphidicolin (catalog number A0781; Sigma) was dissolved in
100% dimethyl sulfoxide (DMSO) to 30 mM and stored at �20°C.

Antibodies. For the production of the polyclonal anti-RMI1 antibody
(antibody 6534), a rabbit was immunized with four injections of full-
length N-terminally His6-tagged RMI1, and the serum was collected at
day 49 of immunization. To affinity purify the serum, 5 mg of purified
His6-RMI1 was subjected to SDS-PAGE and transferred onto a nitrocel-
lulose membrane. The membrane was blocked with 5% milk in Tris-
buffered saline–Tween (TBST) before being incubated with the serum
overnight at room temperature. The membrane was then washed four
times with TBST, and the bound antibody was eluted in 4 M MgCl2 plus
50 �g/ml bovine serum albumin (BSA). The eluate was dialyzed overnight
against 10 mM Tris (pH 7.2) before being aliquoted and stored at �80°C.
Anti-BLM antibody (69D) was a gift from Weidong Wang (National In-
stitutes of Health, Baltimore, MD). Anti-BLM antibody C-18 was pur-
chased from Santa Cruz Biotechnology. Anti-TopoIII� antibody (D6)
was a gift from Ian Hickson (University of Copenhagen). Antitubulin
antibody (DM1A) was purchased from Santa Cruz Biotechnology. Anti-
green fluorescent protein (GFP) antibody was a gift from Laurence Pel-
letier (Samuel Lunenfeld Research Institute). Anti-�H2AX antibody
(JBW301) was purchased from Millipore. Anti-FLAG antibody (M2) was
purchased from Sigma-Aldrich. Anti-V5 antibody (R960-25) was pur-
chased from Invitrogen.

Cell culture. All culture media were supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 100 U/ml penicillin, and 100 �g/ml
streptomycin. U2OS cells were cultured in McCoy’s medium. U2OS
FRT/TO Flip-In stable cells were cultured in McCoy’s medium supple-
mented additionally with 200 �g/ml hygromycin B and 5 �g/ml blastici-
din. HEK293 FRT/TO Flip-In stable cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented additionally with 1�
GlutaMAX (catalog number 35050; Invitrogen), 200 �g/ml hygromycin
B, and 5 �g/ml blasticidin. Transformed BLM-deficient (PSNG13) and
BLM-complemented (PSNF5) fibroblasts were cultured in a minimal es-
sential medium supplemented additionally with 1� GlutaMAX and 350
�g/ml G418 (20).

FRT/TO Flp-In stable cell lines. All U2OS and HEK293 FRT/TO
Flp-In stable cell lines expressing inducible RMI1 or TopoIII� were gen-
erated by using the Flp-In T-REx system (Invitrogen), as described previ-
ously (46).

siRNA interference. Custom small interfering RNAs (siRNAs) were
purchased from Dharmacon. Sequences of siRNA oligonucleotides used
in this study are listed in Table S1 in the supplemental material. The
knockdown efficiency of each siRNA oligonucleotide in Table S1 was
evaluated (see Fig. S1 in the supplemental material). siCTRL, an siRNA
that does not have a target in the human genome, was used as a negative
control. Based on this evaluation, siRMI1-1, siTOP3-3, and siBLM-1 were
selected to knock down their respective protein targets in subsequent
experiments, unless indicated otherwise. All experiments were performed
48 h after siRNA transfection to achieve optimal protein depletion, unless
indicated otherwise.

Transfection reagents. Effectene transfection reagent (catalog num-
ber 301425; Qiagen) was used to carry out plasmid transfection to gener-
ate U2OS and HEK293 FRT/TO Flp-In stable cell lines. Lipofectamine
2000 (catalog number 11668; Invitrogen) was used to carry out plasmid
transfection into HEK293 FRT/TO Flp-In stable cells for immunoprecipi-
tation experiments and to carry out siRNA transfection in U2OS, PSNF5,
and PSNG13 cells. Lipofectamine RNAiMAX (catalog number 13778; In-
vitrogen) was used to carry out siRNA transfection in U2OS FRT/TO
Flp-In stable cells.

Plasmids. To construct plasmids for the generation of stable cell lines,
the RMI1 (catalog number AK022950; NITE Biological Resource Center)
and TOP3A (catalog number 6044661; Open Biosystems) genes were am-
plified from cDNA clones. The PCR products were digested with AscI and
XhoI and cloned into the pcDNA5/FRT/TO-FLAG or pcDNA5/FRT/
TO-eGFP vector to generate N-terminally FLAG- or GFP-tagged gene
constructs that can be integrated into the mammalian genome by the
Flp-In T-REx system (Invitrogen). To generate an RMI1-expressing con-
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struct resistant to siRMI1-1 treatment, eight silent point mutations were
introduced into the RMI1 sequence by QuikChange mutagenesis (Strat-
agene). The RMI1-LLTD and -K166A mutants were constructed by
QuikChange mutagenesis, as described previously (58).

Gateway cloning technology (Invitrogen) was used to generate mam-
malian expression plasmids that express TopoIII� and RMI2 for immu-
noprecipitation experiments. Briefly, the full-length TOP3A gene was am-
plified from the cDNA clone (catalog number 6044661; Open
Biosystems), and RMI2 was amplified from pIRESpuro3-His6-Flag-
hRmi2 (56). The PCR products were cloned into pDONR201 (Invitro-
gen) to make entry clones. The TOP3A and RMI2 genes were then shut-
tled from the entry clone to the pDEST40 (Invitrogen) destination vector
to make pDEST-TOP3A-V5-6His and pDEST-RMI2-V5-6His, which ex-
press C-terminally V5-tagged TopoIII� and RMI2.

All primers used for plasmid constructions were purchased from In-
tegrated DNA Technologies. Their sequences are listed in Table S2 in the
supplemental material. All constructs were confirmed by sequencing.

Immunoprecipitation. HEK293 stable cell lines expressing N-termi-
nally FLAG-tagged RMI1, TopoIII�, or RMI2 were induced with 5 �g/ml
doxycycline for 24 h before being harvested. When necessary, cells were
transfected with pcDNA-TopoIII�-V5-6His or pcDNA-RMI2-V5-6His
24 h prior to doxycycline induction to express C-terminally V5-tagged
TopoIII� and RMI2. After being washed in ice-cold phosphate-buffered
saline (PBS), pellets from approximately 107 HEK293 cells were lysed in
100 �l lysis buffer (50 mM HEPES [pH 8.0], 100 mM KCl, 2 mM EDTA,
0.5% NP-40, 10% glycerol, 0.25 mM Na-orthovanadate, 10 mM NaF, 50
mM �-glycerolphosphate [pH 7.5], 1 mM dithiothreitol [DTT], 1�
Complete protease inhibitor cocktail [catalog number 11836170001;
Roche], and 12 units of Benzonase nuclease [catalog number E1014;
Sigma]) on ice for 30 min. The extract was clarified by centrifugation at
14,000 rpm for 20 min at 4°C, and the amount of total protein in the
supernatant was measured by a Bradford assay (catalog number 23238;
Pierce). The normalized supernatant (1.5 mg of total protein) was incu-
bated with 60 �l of Dynabeads protein A (catalog number 10002D; Invit-
rogen) coupled to 5 �l anti-FLAG antibody (M2; Sigma-Aldrich) or to 2
�l anti-V5 antibody (R690-25; Invitrogen) overnight at 4°C. Immuno-
precipitates were washed two times with lysis buffer prior to being eluted
in 2� sample buffer (166 mM Tris-HCl [pH 6.8], 20% glycerol, 2% SDS,
0.006% bromophenol blue, and 20 mM DTT) and boiled at 95°C for 5
min. Proteins were resolved on 10% SDS-PAGE gels, transferred onto
nitrocellulose membranes, and subjected to immunoblotting analysis
with anti-TopoIII� (D6) (1:5,000 dilution), anti-RMI1 (6534) (1:2,000
dilution), and anti-V5 (1:5,000 dilution; Invitrogen) antibodies.

Fluorescence microscopy for protein localization. U2OS cells were
grown in 8-well CultureSlides (catalog number 354108; BD Falcon). Cells
were fixed with 2% paraformaldehyde in PBS for 30 min and then perme-
abilized with 0.3% Triton X-100 in PBS for another 30 min. Cells were
blocked in blocking buffer (10% donkey serum, 0.5% NP-40, and 0.5%
saponin in PBS) for 30 min at room temperature. For immunostaining,
cells were incubated with a primary antibody overnight at 4°C and with a
secondary antibody for 2 h at room temperature. Rabbit anti-RMI1
(6534) (1:200 dilution) and goat anti-rabbit Alexa Fluor 546 (1:500; Mo-
lecular Probes)-conjugated antibodies were used to detect RMI1 foci.
Goat anti-BLM (C-18) (1:150 dilution) and donkey anti-goat Alexa Fluor
546 (1:500; Molecular Probes)-conjugated antibodies were used to detect
BLM foci. Mouse anti-�H2AX (JBW301) (1:5,000) and goat anti-mouse
Alexa Fluor 546 (1:3,000; Molecular Probes)-conjugated antibodies were
used to detect �H2AX foci. All antibodies were diluted in blocking buffer.
Between each step, cells were washed three times with PBS for 5 min each.
Cells were stained with 0.4 �g/ml 4=,6-diamidino-2-phenylindole (DAPI)
for 20 min to visualize DNA and were mounted with ProLong Gold anti-
fade reagent (catalog number P36934; Invitrogen). For the detection of
GFP-RMI1 or GFP-TopoIII� foci, cells were stained with DAPI and
mounted with ProLong Gold directly after fixation. Confocal images were
taken by using Volocity imaging software (Perkin-Elmer) controlling a

Leica DMI6000 microscope with fluorescein isothiocyanate (FITC), Cy3,
Texas Red, and DAPI filter sets (Quorum Technologies). The maximum z
projections of each image containing 9 z slices with a 0.5-�m step size
were analyzed by using CellProfiler. At least 100 nuclear foci were ana-
lyzed per sample.

Molecular combing. Asynchronous populations of cells that were 70
to 90% confluent were first labeled with 25 �M 5=-chlorodeoxyuridine
(CldU) for 30 min, washed with 1� prewarmed PBS, and then labeled
with 100 �M iododeoxyuridine (IdU) for another 30 min. Cells were
trypsinized, pooled, and cast into 1% low-melt-grade agarose plugs (cat-
alog number AGA101; Bioshop) to a final concentration of 5 � 106 cells/
ml. The plugs were incubated in 1% N-lauryl sarcosyl plus 1 mg/ml pro-
teinase K at 50°C for 72 h, with fresh proteinase K solution being added
every 24 h to digest proteins. The plugs were washed in Tris-EDTA (TE)
with 0.2 mM phenylmethylsulfonyl fluoride (PMSF) three times and then
in TE without PMSF 3 times, for 30 min each, to remove degraded mate-
rials. Protein-free DNA plugs were incubated with 6.7 �M YOYO-1 (cat-
alog number Y3601; Invitrogen) for 30 min at room temperature. The
plugs were rinsed three times in TE before being melted at 68°C in two
steps, first in 150 �l TE for 20 min and then in 2 ml 100 mM morpho-
lineethanesulfonic acid (MES) (pH 6.0) for another 20 min. The agarose
solution was then treated with �-agarase (catalog number AGA777; Bio-
shop) overnight at 42°C to avoid resolidification. DNA fibers were
combed onto silanized coverslips (12), fixed by incubating the combed
coverslips at 60°C for 90 min, and mounted onto glass slides by using
Instant Krazy Glue. Coverslips were dehydrated in 70%, 90%, and 100%
ethyl alcohol (EtOH) for 5 min each, consecutively. The coverslips were
incubated in 1 M NaOH for 25 min, washed five times in PBS, and rinsed
one time in PBS plus 0.05% Tween 20 (PBST) to denature double-
stranded DNA. Coverslips were blocked in blocking buffer (PBST plus
10% BSA) for 30 min at room temperature. Next, coverslips were incu-
bated first with mixture of anti-CldU (1:40 dilutions) (BU1/75; AbD Se-
rotec) and anti-IdU (1:10 dilutions) (B44; BD Biosciences) antibodies,
then with anti-DNA antibody (1:150 dilutions) (MAB3034; Millipore)
alone, and finally with a mixture of anti-rat IgG–Alexa Fluor 488 (1:75
dilutions) (catalog number A11006), anti-mouse IgG1–Alexa Fluor 546
(1:50 dilutions) (catalog number A21123), and anti-mouse IgG2a–Alexa
Fluor 647 (1:50 dilutions) (catalog number A21241) (all from Molecular
Probes) antibodies. All antibodies were diluted in blocking buffer and
incubated with DNA fibers in a humid chamber for 1 to 2 h at 37°C.
Following each staining step, the coverslips were washed with three times
with PBST for 5 min each. The coverslips were mounted with ProLong
Gold antifade reagent (catalog number P36934; Invitrogen) and imaged
by using an Axioskop inverted microscope with a 63� objective. Individ-
ual coverslips were blinded before image acquisition to avoid bias in the
analysis. The images were processed to maximize the signal intensity, and
fluorescent tracks were measured with Adobe Photoshop. Approximately
100 tracks were measured per sample, and track lengths were converted
from pixels to kilobase pairs using a conversion factor based on combing
	 DNA (2). Experiments were repeated at least twice. Data from indepen-
dent experiments were pooled, and the distribution of track lengths was
plotted as a box plot. The Mann-Whitney U test was used to compare the
distributions of the track lengths.

RESULTS
RMI1 colocalizes with BLM and TopoIII� in response to repli-
cation inhibition. To understand the role of RMI and TopoIII�
during DNA replication, we asked whether either protein formed
nuclear foci in response to DNA replication inhibition. We gen-
erated U2OS stable cell lines that expressed N-terminally GFP-
tagged RMI1 (GFP-RMI1), TopoIII (GFP-TopoIII), or GFP alone
under the control of a doxycycline-inducible promoter (see Fig.
S2A and B in the supplemental material). These cell lines were
treated without drug or with 4 mM HU or 30 �M aphidicolin for
24 h before visualization by confocal microscopy. Approximately
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20% of cells expressing GFP-RMI1 or GFP-TopoIII� exhibited
punctate nuclear foci even in the absence of exogenous DNA rep-
lication stress (no drug) (Fig. 1A and B). The nuclear foci formed
by GFP-RMI1 and GFP-TopoIII� intensified when DNA synthe-
sis was interrupted (HU and aphidicolin) (Fig. 1A and B). Not
only did the percentage of cells having nuclear foci increase by
2-fold, the average number of nuclear foci per cell also increased
dramatically, by almost 5-fold, in response to replication inhibi-
tion (Fig. 1C). The increase in the numbers of foci per cell suggests
that the enhanced formation of RMI1 and TopoIII� foci in re-
sponse to replication stress is not an indirect consequence of cell
cycle arrest. These data indicate that RMI1 and TopoIII� partici-
pate in the DNA replication stress response in vivo.

Since RMI1 and TopoIII� exhibited similar nuclear localiza-
tion patterns, we explored the possibility that the two proteins
localize with each other. In unchallenged U2OS cells and in cells
treated with replication inhibitors, we observed a strong colocal-
ization of RMI1 and TopoIII� foci (Fig. 1D). Moreover, we also
observed a colocalization of RMI1 and BLM foci (Fig. 1E). These

data are consistent with biochemical and genetic evidence
showing that BLM, TopoIII�, and RMI1 function as a complex
(38, 54, 59).

RMI1 localization to nuclear foci is dependent on BLM and
TopoIII�. Using U2OS stable cell lines that expressed GFP-RMI1,
we asked whether RMI1 nuclear focus formation depends on the
presence of BLM or TopoIII�. In cells that were depleted of BLM
or TopoIII� using siRNA, we observed a decrease in the ability of
GFP-RMI1 to form nuclear foci (Fig. 2A and B). The reduction in
numbers of RMI1 nuclear foci was not due to a reduction in the
abundance of RMI1 because GFP-RMI1 was present at similar
levels in all knockdowns (Fig. 2C). The reduction was evident in
both unperturbed cells and cells stressed with replication inhibi-
tors, suggesting that the response of RMI1 to endogenous DNA
replication stress and to replication inhibition requires its inter-
acting partners BLM and TopoIII�.

TopoIII� localization to nuclear foci is dependent on BLM
and RMI1. We next asked whether TopoIII� nuclear focus forma-
tion is dependent on the presence of BLM and RMI1. Using a

FIG 1 RMI1 and TopoIII� form nuclear foci spontaneously and in response to replication fork stress. (A) Representative confocal microscopy images of GFP,
GFP-RMI1, or GFP-TopoIII� foci (green) in the nucleus (blue) (DAPI) in cells treated with no drug, 4 mM HU, or 30 �M aphidicolin (APH). (B and C) Images
from the experiment depicted in panel A were analyzed to determine the percentage of cells that had more than 10 nuclear foci (B) or the average number of foci
per cell (C). (D) A U2OS stable cell line that expresses GFP-TopoIII� was treated with no drug, 4 mM HU, or 30 �M aphidicolin for 24 h before being subjected
to indirect immunofluorescence analysis using an anti-RMI1 antibody. Representative confocal microscopy images are shown, to visualize TopoIII� (green) or
RMI1 (red) foci in the nucleus (blue) (DAPI). (E) A U2OS stable cell line that expresses GFP-RMI1 was treated with no drug, 4 mM HU, or 30 �M aphidicolin
for 24 h before being subjected to indirect immunofluorescence analysis using an anti-BLM antibody. Representative confocal microscopy images are shown, to
visualize RMI1 (green) or BLM (red) foci in the nucleus (blue) (DAPI).
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U2OS stable cell line that expressed GFP-TopoIII�, we found that
the ability of GFP-TopoIII� to form nuclear foci was severely
compromised in the absence of BLM or RMI1 (see Fig. S3A and B
in the supplemental material). Importantly, the reduction in
numbers of TopoIII� nuclear foci was not due to the reduction in
the abundance of TopoIII� because in the stable cell line, GFP-
TopoIII� was present at similar levels in all knockdowns (see Fig.
S3C in the supplemental material). This contrasts with the de-
crease in endogenous TopoIII� levels seen when RMI1 is depleted
(56, 59). Therefore, TopoIII� focus formation is dependent on its
partners BLM and RMI1.

BLM localization to nuclear foci is dependent on TopoIII�
and RMI1. To study whether BLM nuclear focus formation is
dependent on the presence of TopoIII� and RMI1, we depleted
TopoIII� or RMI1 in U2OS stable cell lines that expressed GFP-
RMI1 or GFP-TopoIII�, respectively. We found that the ability of
BLM to form nuclear foci was severely compromised in the ab-
sence of TopoIII� or RMI1 (see Fig. S4A and B in the supplemen-
tal material). BLM levels were comparable in all knockdowns (see
Fig. S4C in the supplemental material), suggesting that the reduc-
tion in numbers of BLM nuclear foci was not due to the reduction
in the abundance of BLM. Therefore, BLM focus formation is
dependent on TopoIII� and RMI1.

RMI1 is required for normal replication fork progression.
The formation of nuclear foci in the absence of exogenous repli-
cation stress suggested that RMI1 might play a role in normal
DNA replication. We examined replication fork progression di-
rectly at the single-molecule level using molecular combing (2).
Asynchronous U2OS cells depleted of endogenous RMI1 (Fig. 3A)
were pulse-labeled with CldU (5=-chlorodeoxyuridine) and IdU
(5=-iododeoxyuridine) consecutively for 30 min each. Individual
DNA fibers were stretched onto silanized coverslips, and the rate
of replication fork progression was calculated by expressing the
length of IdU tracks as a function of time (Fig. 3B and C). We
found that while replication forks moved at 1.34 kbp min�1 in
cells treated with a control siRNA (siCTRL), they slowed to 0.94

kbp min�1 (siRMI1-1; P 
 2.3e�09) and 1.10 kbp min�1

(siRMI1-2; P 
 2.0e�05) in cells depleted of RMI1 (Fig. 3D),
suggesting that RMI1 is required for normal replication fork pro-
gression. Since two independent siRNA oligonucleotides that tar-
get RMI1 resulted in similar phenotypes (siRMI1-1 versus
siRMI1-2; P � 0.05), it is unlikely that the reduced DNA replica-
tion fork rate is an off-target effect. Subsequent experiments used
the siRMI1-1 oligonucleotide (siRMI1).

The shorter IdU tracks observed for RMI1-deficient cells could
be due to a reduced fork rate and/or frequent fork pausing. To
determine whether RMI1 is required to prevent replication fork
pausing, we measured the degree of asymmetry in bidirectional
replication forks (Fig. 3E). Frequent fork-pausing events can lead
to asymmetry in pairs of forks emanating from the same origin
(13, 36, 40, 49). We found no increase in replication fork asym-
metry in RMI1-depleted cells (20% in siCTRL versus 20% in
siRMI1; P � 0.05) (Fig. 3F to H), suggesting that the frequency of
fork pausing is not increased in the absence of RMI1.

The function of RMI1 in fork progression is downstream of
BLM. To investigate the possibility that RMI1 functions with BLM
to promote replication fork progression, we asked whether the
RMI1 fork progression defect could be alleviated in the absence of
BLM. We depleted RMI1 in isogenic human fibroblast cell lines
that differ only in their BLM statuses (BLM�/�, PSNG13; BLM�,
PSNF5 [20]) (Fig. 3I). We found that while the RMI1 depletion led
to a reduction in the rate of replication fork progression in BLM�

cells (1.34 kbp/min for siCTRL versus 0.79 kbp/min for siRMI1;
P 
 1.1e�15), no significant reduction was observed for BLM�/�

cells (1.25 kbp/min for siCTRL versus 1.10 kbp/min for siRMI1;
P 
 0.045) (Fig. 3J). These data are reminiscent of those reported
previously for S. cerevisiae, in which many phenotypes of rmi1
mutants were suppressed by a loss of SGS1 (10, 31), and suggest
that RMI1 functions downstream of BLM in mediating normal
fork progression.

The RMI1-K166A mutant is defective in interacting with
members of the BLM complex. Previous biochemical studies
identified two RMI1 mutants (RMI1-LLTD and RMI1-K166A)
that were defective in binding to TopoIII� (39, 58). To assay their
interactions in mammalian cells, we performed coimmunopre-
cipitation experiments with HEK293 cell extracts from stable cell
lines expressing RMI1 variants (see Fig. S2C in the supplemental
material). Both the RMI1-LLTD and -K166A mutants exhibited
defects in binding to endogenous BLM and TopoIII� (Fig. 4A).
Interestingly, the TopoIII� binding of RMI1-LLTD, but not
RMI1-K166A, was partially restored in HEK293 cells expressing
recombinant TopoIII� (Fig. 4B and C). Therefore, lysine 166 of
RMI1 is required for BLM-TopoIII�-RMI1 complex formation
in vivo.

RMI2 is also a core member of the BLM complex (45, 56).
However, unlike BLM and TopoIII�, which bind to the evolution-
arily conserved N terminus of RMI1, RMI2 interacts with the C
terminus of RMI1 (25, 50). We repeated coimmunoprecipitation
experiments with HEK293 cell extracts from stable cell lines ex-
pressing recombinant RMI1 and RMI2. We found that both the
RMI1-LLTD and RMI1-K166A mutants retained RMI2 binding
ability (Fig. 4D and E). However, RMI1-K166A (39 to 67% reduc-
tion) was more defective than RMI1-LLTD (no reduction) in
RMI2 binding, which suggests a scenario in which the binding of
BLM and TopoIII� promotes RMI1 interactions with RMI2.
Given that the RMI1-K166A mutant is more defective in BLM-

FIG 2 RMI1 nuclear focus formation is dependent on the presence of BLM
and TopoIII�. (A) Representative confocal microscopy images of RMI1
(green) foci in the nucleus (blue) (DAPI) following treatment with siCTRL,
siBLM, or siTOPO3A in cells grown with no drug, 4 mM HU, or 30 �M
aphidicolin for 24 h. (B) Images from the experiment depicted in panel A were
analyzed to determine the percentage of cells with more than 10 RMI1 nuclear
foci. (C) A U2OS stable cell line that expresses GFP-RMI1 was treated with
siCTRL, siBLM, or siTOPO3A oligonucleotides for 48 h. Extracts were sub-
jected to immunoblotting analysis, probing for BLM, TopoIII�, and RMI1. An
antitubulin antibody was included as a loading control.
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FIG 3 RMI1-depleted U2OS cells show a replication fork progression defect. (A) Extracts from U2OS cells transfected with siCTRL, siRMI1-1, or siRMI1-2
oligonucleotides for 48 h were subjected to immunoblotting analysis, probing for RMI1. An antitubulin antibody was included as a loading control. (B)
Schematic diagram of a molecular combing experiment to determine the rate of replication fork progression. (C) Representative chromosome fibers used for
replication fork progression analysis. The image is assembled from fibers on different micrographs following the extraction of fibers from the nonfiber
background using Photoshop. A scale bar of 50 kbp is indicated at the top. (D) Distributions of the rates of replication fork progression in U2OS cells transfected
with siCTRL, siRMI1-1, or siRMI1-2 oligonucleotides are represented in a box plot. The median fork rate for each experiment is shown. P values were determined
by a two-tailed Mann-Whitney U test to compare the distributions of fork rates between two samples. (E) Schematic diagram of a molecular combing experiment
to determine the degree of asymmetry in a bidirectional replication fork. (F and G) Representative chromosome fibers displaying symmetrical (F) or asymmet-
rical (G) bidirectional replication forks. The images are assembled from fibers on different micrographs following the extraction of fibers from the nonfiber
background using Photoshop. A scale bar of 50 kbp is indicated at the top. (H) Distributions of the degrees of asymmetry of bidirectional replication forks in
U2OS cells transfected with siCTRL or siRMI1 oligonucleotides are represented in a box plot. The median degree of asymmetry for each experiment is shown.
The P value was determined by a two-tailed Mann-Whitney U test to compare the distributions of the degrees of fork asymmetry between two samples. (I)
Extracts from PSNF5 (BLM�) or PSNG13 (BLM�/�) cells transfected with siCTRL or siRMI1 oligonucleotides were subjected to immunoblotting analysis,
probing for BLM, TopoIII�, and RMI1. An antitubulin antibody was included as a loading control. (J) Distributions of the rates of replication fork progression
in PSNF5 (BLM�) or PSNG13 (BLM�/�) cells transfected with siCTRL or siRMI1 oligonucleotides are represented in a box plot. The median fork rate for each
experiment is shown. P values were determined by a two-tailed Mann-Whitney U test to compare the distributions of fork rates between two samples.
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TopoIII� binding, we focused on the RMI1-K166A mutant to
study how complex formation contributes to RMI1 functions.

The RMI1-K166A mutant fails to form nuclear foci during
replication fork stress. The results from coimmunoprecipitation
experiments prompted us to investigate the ability of the RMI1-
K166A mutant to form nuclear foci. We generated U2OS stable
cell lines that expressed GFP-RMI1 variants containing eight si-
lent mutations that make them resistant to siRMI1 treatment (see
Fig. S5A and B in the supplemental material). Using these cell
lines, we found that the K166A mutation resulted in at least a
5-fold reduction in the numbers of RMI1 nuclear foci in the pres-
ence of HU or aphidicolin (Fig. 5A and B), indicating that the
ability of RMI1 to interact with BLM and TopoIII� is crucial for
RMI1 to respond to replication fork stress.

Reduced TopoIII� protein level in the RMI1-K166A mutant.
Previous studies have shown that the siRNA depletion of RMI1
reduces the TopoIII� protein level (59), suggesting that complex
formation between RMI1 and TopoIII� is crucial for the mainte-
nance of protein expression. We tested this directly by analyzing
TopoIII� protein levels in U2OS stable cell lines that expressed
siRMI1-resistant RMI1 variants (Fig. 5C). We depleted endoge-
nous RMI1 by siRNA treatment before inducing the expression of
GFP, GFP-RMI1, or GFP–RMI1-K166A. The TopoIII� protein
level was reduced by more than 50% in cells depleted of endoge-

nous RMI1 (Fig. 5C, lane 1 versus 2) but was restored upon the
expression of GFP-RMI1 (Fig. 5C, lane 1 versus 4). Interestingly,
the expression of GFP–RMI1-K166A was unable to restore
TopoIII� protein levels (Fig. 5C, lane 2 versus 6). The BLM pro-
tein level was unaffected under all experimental conditions. To-
gether, these data indicate that BLM-TopoIII�-RMI1 complex
formation is a prerequisite for the stable expression of TopoIII�
but not of BLM.

The RMI1-K166A mutant disrupts BLM focus formation.
BLM nuclear focus formation in mitomycin C was disrupted in
cells depleted of RMI1 (59), suggesting a model in which BLM
accumulation at DNA damage sites is dependent on RMI1. To test
this idea further, we asked whether the RMI1-K166A mutant
could support BLM nuclear focus formation. We depleted endog-
enous RMI1 by siRNA knockdown in U2OS stable cell lines that
expressed siRMI1-resistant GFP, GFP-RMI1, or GFP–RMI1-
K166A. We observed BLM nuclear foci in cells expressing GFP-
RMI1 but not in those expressing GFP alone (Fig. 5D and E, and
see Fig. S6A in the supplemental material), indicating that GFP-
RMI1 is able to support BLM nuclear focus formation. In contrast,
the percentage of cells harboring BLM nuclear foci decreased dra-
matically in cells expressing GFP–RMI1-K166A, to the level seen
for cells expressing GFP alone. Importantly, the reduction in
numbers of BLM nuclear foci was not due to changes in BLM

FIG 4 RMI1-LLTD and -K166A mutants are defective in binding to the BLM complex. (A) Extracts from cells expressing the indicated epitope-tagged proteins
were immunoprecipitated (IP) with an anti-FLAG antibody to precipitate the FLAG-tagged RMI1 protein variants. Ten percent of the input extracts (I) and the
precipitate (P) were fractionated on SDS-PAGE gels. Immunoblots were probed with anti-BLM, anti-TopoIII�, and anti-RMI1 antibodies. (B) Extracts from
cells expressing the indicated epitope-tagged proteins were immunoprecipitated with an anti-FLAG antibody to precipitate the FLAG-tagged RMI1 protein
variants. Ten percent of the input extracts and the precipitate were fractionated on SDS-PAGE gels. Immunoblots were probed with anti-TopoIII� and
anti-RMI1 antibodies. (C) Extracts from cells expressing the indicated epitope-tagged proteins were immunoprecipitated with an anti-V5 antibody to precipitate
V5-tagged TopoIII�. Ten percent of the input extracts and the precipitate were fractionated on SDS-PAGE gels. Immunoblots were probed with anti-TopoIII�
and anti-RMI1 antibodies. (D) Extracts from cells expressing the indicated epitope-tagged proteins were immunoprecipitated with an anti-FLAG antibody to
precipitate the FLAG-tagged RMI1 protein variants. Ten percent of the input extracts and the precipitate were fractionated on SDS-PAGE gels. Immunoblots
were probed with an anti-V5 antibody to detect C-terminally V5-tagged RMI2 or with an anti-RMI1 antibody. The amount of RMI2 relative to that of RMI1 in
the precipitate was calculated as a percentage and is indicated below the immunoblot. (E) Extracts from cells expressing the indicated epitope-tagged proteins
were immunoprecipitated with an anti-V5 antibody to precipitate the RMI2 protein variants. Ten percent of the input extracts and the precipitate were
fractionated on SDS-PAGE gels. Immunoblots were probed with an anti-V5 antibody to detect RMI2-V5 or with an anti-RMI1 antibody. The amount of RMI1
in the precipitate relative to that in the input extracts was calculated as a percentage and is indicated below the immunoblot. WT, wild type.
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abundance (Fig. 5C, lane 2 versus 4 versus 6). Together, these data
indicate that BLM-TopoIII�-RMI1 complex formation is crucial
in driving the recruitment of BLM to nuclear foci.

The RMI1-K166A mutant shows a replication fork progres-
sion defect. We asked whether the role of RMI1 in promoting
normal replication fork progression requires BLM complex for-
mation. We repeated the molecular combing experiment with
U2OS stable cell lines that were depleted of endogenous RMI1 by
siRNA treatment while expressing siRNA-resistant GFP, GFP-

RMI1, or GFP–RMI1-K166A. The expression of siRNA-resistant
GFP-RMI1 resulted in a significant, but not complete, suppres-
sion of the fork progression defect caused by the depletion of
endogenous RMI1 (Fig. 5F, and see Fig. S6B in the supplemental
material). We found that cells that expressed GFP–RMI1-K166A
(1.10 kbp/min) exhibited an intermediate fork rate between those
that expressed GFP (1.02 kbp/min; P 
 0.001) and those that
expressed GFP-RMI1 (1.26 kbp/min; P 
 0.03) (Fig. 5F). These
data suggest that BLM complex formation is important, but per-

FIG 5 The RMI1-K166A mutant is defective in nuclear focus formation and does not support BLM nuclear focus formation. (A) Representative confocal
microscopy images are shown, to visualize GFP, GFP-RMI1, or GFP–RMI1-K166A (green) in the nucleus (blue) (DAPI) in cells treated with no drug, 4 mM HU,
or 30 �M aphidicolin for 24 h. Note that there was no siRNA treatment; therefore, endogenous RMI1 was present in all cases. (B) Images from the experiment
in panel A were analyzed to determine the percentage of cells with more than 10 nuclear foci. (C) U2OS stable cell lines that express GFP, GFP-RMI1, or
GFP–RMI1-K166A were treated with siCTRL or siRMI1 oligonucleotides for 48 h. Extracts were subjected to immunoblotting analysis to probe for BLM,
TopoIII�, and RMI1 protein levels. An anti-GFP antibody was included to distinguish GFP-RMI1 from endogenous RMI1 protein levels. An antitubulin
antibody was included as a loading control. (D) U2OS stable cell lines that express GFP, GFP-RMI1, or GFP–RMI1-K166A were transfected with the siRMI1
oligonucleotide for 24 h before being treated with no drug, 4 mM HU, or 30 �M aphidicolin for an additional 24 h. Indirect immunofluorescence analysis using
an anti-BLM antibody was performed to visualize RMI1 (green) or BLM (red) foci in the nucleus (blue) (DAPI). (E) Images from the experiment depicted in
panel D were analyzed to determine the percentage of cells with more than 10 BLM nuclear foci. (F) Distributions of the rates of replication fork progression in
U2OS cells that express GFP, GFP-RMI1, or GFP–RMI1-K166A are represented in a box plot. The median fork rate for each experiment is shown. P values were
determined by a two-tailed Mann-Whitney U test to compare the distributions of fork rates between two samples.
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haps not essential, for RMI1 to promote normal replication fork
progression.

RMI1 is required for recovery from aphidicolin-mediated
replication fork stress. Our data indicate that the binding of
RMI1 to BLM and TopoIII� is critical for the formation of BLM-
TopoIII�-RMI1 nuclear foci in response to replication fork stress.
We asked whether RMI1 foci correlated with improved recovery
from aphidicolin-induced replication fork stress. We knocked
down endogenous RMI1 in U2OS stable cell lines that expressed
siRMI1-resistant GFP, GFP-RMI1, or GFP–RMI1-K166A (Fig.
6A). We then treated these cells with 30 �M aphidicolin for 6 h
before recovery in aphidicolin-free medium for an additional 24
h. Since �H2AX localizes to nuclear foci at sites of DNA strand
breaks (41), we measured the persistence of �H2AX nuclear foci as
an indicator of the presence of unrepaired DNA damage. Imme-
diately after the removal of replication stress (0 h of recovery),
more than 40% of cells in all cell lines exhibited at least 15 �H2AX
nuclear foci, consistent with previous reports that replication ar-
rest induces histone H2AX phosphorylation and subnuclear local-
ization (52). After 24 h of recovery, these nuclear foci disappeared
in cells that expressed GFP-RMI1 but not in those that expressed
GFP alone, indicating that RMI1 is necessary for recovery from
aphidicolin-induced replication fork stress (Fig. 6B and C). Inter-
estingly, cells that expressed the GFP–RMI1-K166A mutant ex-
hibited elevated numbers of �H2AX nuclear foci at a level similar
to those that expressed GFP alone 24 h after recovery. These data
suggest that the localization of RMI1 to nuclear foci is a critical

step in promoting the repair of DNA damage that results from
DNA replication fork stress.

DISCUSSION

RMI1 is important for the optimal strand passage activity of BLM-
TopoIII� in vitro (38, 54, 58). Strand passage activity is likely
critical for a number of cellular processes during DNA replication
and repair in which Holliday junctions feature. Here we have in-
vestigated the role of RMI1 in DNA replication in vivo. We found
that RMI forms nuclear foci with BLM and TopoIII� in unper-
turbed cells and that the abundance of these foci increased during
replication stress. Cells depleted of RMI1 exhibited a reduced rep-
lication fork rate, which was alleviated in the absence of BLM,
suggesting that RMI1 functions downstream of BLM in promot-
ing normal replication fork progression. In the absence of RMI1,
cells were defective in recovery from aphidicolin-induced DNA
damage, and a proper response to replication fork stress required
a physical interaction between RMI1, BLM, and TopoIII�. To-
gether, these data indicate that RMI1 functions in normal DNA
replication progression and with the RMI1 binding partner BLM
and that TopoIII� mediates recovery from replication fork stress.

RMI1 functions as a complex with BLM and TopoIII� in
vivo. Biochemical analyses have demonstrated that RMI1 is essen-
tial for the optimal activities of BLM and TopoIII� in vitro (5, 54,
58), suggesting the importance of complex formation for cellular
activities. Here we provide evidence that BLM, TopoIII�, and
RMI1 function as a complex in vivo. First, BLM, TopoIII�, and

FIG 6 U2OS cells that express the RMI1-K166A mutant display persistent �H2AX foci after aphidicolin treatment. (A) U2OS stable cell lines that express GFP,
GFP-RMI1 or GFP–RMI1-K166A were transfected with the siRMI1 oligonucleotide for 48 h. Afterwards, cells were treated with 30 �M aphidicolin for 6 h before
recovery in drug-free medium for an additional 24 h. Extracts were subjected to immunoblotting analysis after recovery, probing for BLM, TopoIII�, and RMI1
protein levels. An antitubulin antibody was included as a loading control. (B) U2OS stable cell lines that express GFP, GFP-RMI1, or GFP–RMI1-K166A were
transfected with the siRMI1 oligonucleotide and grown for 48 h. Cells were then treated with 30 �M aphidicolin for 6 h before recovery in drug-free medium for
an additional 24 h. Representative confocal microscopy images are shown, to visualize �H2AX (red) in the nucleus (blue) (DAPI) at 0 and 24 h after the removal
of aphidicolin. Cells that were not treated with aphidicolin were included as a control for the background level of �H2AX foci. (C) Images from the experiment
depicted in panel A were analyzed to determine the percentage of cells with more than 15 �H2AX nuclear foci.
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RMI1 nuclear foci colocalize with one another. Second, nuclear
focus formation by BLM, TopoIII�, and RMI1 was interdepen-
dent. Last, the RMI1 mutant that was defective in binding to BLM
and TopoIII� did not support BLM complex nuclear focus for-
mation. Therefore, we propose that BLM, TopoIII�, and RMI1
exist as a complex in vivo and that recruitment to subnuclear foci
occurs simultaneously instead of sequentially.

RMI1 promotes normal DNA replication fork progression.
Using single-molecule analysis of two different cell lines, we pro-
vide direct evidence that RMI1 is involved in promoting replica-
tion fork progression, as cells that lacked RMI1 exhibited reduced
replication fork rates. The replication defect that we observed is
not likely an indirect effect of RMI1 depletion on BLM protein
levels, as these remained at wild-type levels. Rather, we propose
that the depletion of RMI1 impacts either the DNA helicase activ-
ity of BLM (which RMI1 stimulates [5]), the decatenase activity of
TopoIII� (which RMI1 stimulates [58]), or the DHJ dissolution
activity of the BLM-TopoIII�-RMI1 complex (38, 54), but note
that none of these possibilities are mutually exclusive. DNA rep-
lication defects during an unperturbed S phase could account for
the reduced viability and increased numbers of SCEs in cells de-
pleted of RMI1 (59). Given the emerging role of DNA replication
stress in early stages of oncogenesis (22), it is possible that the
increased risk of acute myeloid leukemia associated with muta-
tions in RMI1 (4) is the result of the DNA replication fork defects
that we detected when RMI1 was depleted.

Of particular interest, we find evidence that the role of RMI1 in
DNA replication is distinct from that of BLM. The decrease in the
replication fork rate that we detected by DNA combing was
greater in cells depleted of RMI1 than in BLM�/� cells. Addition-
ally, BS cells exhibit an elevated frequency of fork pausing associ-
ated with a low replication rate (36), consistent with dual roles in
maintaining replication progression and preventing the collapse
of stalled replication forks (1). We did not observe an elevated
frequency of fork pausing in RMI1-depleted cells, suggesting that
RMI1 is not directly involved in stabilizing stalled replication
forks and providing further evidence that the replication defects
that we observed following RMI1 depletion are not due to BLM
dysfunction. Finally, the deletion of BLM suppressed the replica-
tion defect in RMI1 knockdown cells, again indicating that BLM
and RMI1 are functionally distinct. Since BLM failed to form sub-
nuclear foci in RMI1 knockdown cells, these data also indicate that
the inhibition of fork progression that we observed following
RMI1 depletion depends on BLM but not on the formation of
BLM-TopoIII�-RMI1 subnuclear foci.

Genes that are involved in homologous recombination,
RAD51, XRCC2, and BRCA2, are involved in a general modula-
tion of replication elongation rather than a localized rescue of
stalled forks (14), much like RMI1. RAD51 and BRCA2 promote
replication progression by preventing the accumulation of ssDNA
gaps and protecting nascent DNA from MRE11-mediated degra-
dation, an S-phase-specific role that is independent of DSB repair
(23, 42). Given that RMI1 also participates in homologous recom-
bination at the resolution steps, it is possible that RMI1 promotes
replication fork progression during elongation in a manner simi-
lar to that of RAD51 and BRCA2.

The BLM-TopoIII�-RMI1 interaction is critical for the DNA
replication stress response. RMI1 foci, which colocalize with
BLM and with TopoIII� foci, showed a dramatic increase in abun-
dance in the presence of the replication inhibitor HU or aphidi-

colin, indicating that RMI1 functions with BLM and TopoIII�
during replication stress in vivo. By mutating lysine 166 of RMI1,
which is required for the proper folding of the RMI1 N terminus
(50) and for TopoIII�-RMI1 interactions in vitro (39, 58), we
found that lysine 166 is essential for BLM and TopoIII� interac-
tions in vivo. We were able to probe the importance of these inter-
actions for RMI1 subcellular localization and function. The
RMI1-K166A protein failed to form nuclear foci following aphidi-
colin treatment, indicating that complex formation is necessary
for proper RMI1 localization in response to replication stress.
When we analyzed �H2AX, we found that DNA damage resulting
from replication stress persisted in the absence of RMI1. DNA
damage persistence was not rescued by the expression of the
RMI1-K166A mutant, indicating that the physical interaction of
RMI1 with BLM and TopoIII� is essential for RMI1 to promote
recovery from DNA replication stress in vivo. This agrees well with
data from previous biochemical studies which found that the in-
teraction between BLM, TopoIII�, and RMI1 is important for the
role of RMI1 in stimulating the decatenase activity of TopoIII�
(58) and the DHJ dissolution activity of BLM-TopoIII� (39, 58).
We therefore hypothesize that the inability of the RMI1-K166A
mutant to localize to subnuclear foci with BLM and TopoIII�
leads to compromised BLM-TopoIII� activity in resolving recom-
bination intermediates that arise during replication stress and re-
sults in the persistence of DNA damage. However, it is interesting
that the RMI1-K166A mutant also compromised the localization
of BLM to nuclear foci following replication stress, suggesting that
the BLM subnuclear localization is also dependent on complex
formation. Given that BLM also participates in recovery from rep-
lication stress, we envision a scenario in which a failure to recruit
BLM to repair foci contributes to the persistence of aphidicolin-
induced DNA damage in cells that express the RMI1-K166A mu-
tant. Together, these data indicate the importance of BLM-
TopoIII�-RMI1 complex formation in vivo and indicate that just
as complex formation is required for robust enzymatic function in
vitro, it is required for the response to replication stress in vivo.
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