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Abstract
Cells deficient in the recQ-like helicase BLM are characterized by chromosome changes that
suggest the disruption of normal mechanisms needed to resolve recombination intermediates and
to maintain chromosome stability. Human BLM and topoisomerase IIα interact directly via amino
acids 489-587 of BLM and co-localize predominantly in late G2- and M-phases of the cell cycle.
Deletion of this region does not affect the inherent in vitro helicase activity of BLM but inhibits
the topoisomerase IIα-dependent enhancement of its activity, based on analysis of specific DNA
substrates that represent some recombination intermediates. Deletion of the interaction domain
from BLM fails to correct the elevated chromosome breakage of transfected BLM-deficient cells.
Our results demonstrate that the BLM-topoisomerase IIα interaction is important for preventing
chromosome breakage and elucidate a DNA repair mechanism that is critical to maintain
chromosome stability in cells and prevent tumor formation.

Introduction
The BLM helicase is a recQ-like, structure-specific helicase with 3’-5’ directionality (1)
mutated in the autosomal recessive chromosome breakage disorder Bloom syndrome (BS)
(2). Those affected are small in stature, sun-sensitive, immunodeficient, and predisposed to
multiple cancers (3). Cytogenetically, BS cells demonstrate increased sister chromatid
exchanges (4), quadriradial structures (4), telomere associations (5) and chromosome breaks
(6). These chromosomal abnormalities resulting from BLM loss first suggested a role for
BLM in processes such as homologous recombination (HR) and double strand break (DSB)
repair

BLM is a component of at least three unique protein complexes, including the BRCA1-
associated complex (7), a telomere-specific complex in telomerase-negative immortalized
cells (8), and the BTB multienzyme complex (9–11). BLM is one of the first proteins to
localize to DSBs, recruit other repair and checkpoint proteins, and ensure proper DSB
processing (12–15). BLM localizes to promyelocytic leukemia protein (PML) bodies and the
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nucleolus (16), as well as to a newly defined class of ultrafine anaphase bridges (UFBs)
(17), a large number of which contain fragile site DNA and where it may function in sister
chromatid decatenation (18). BS cells display excessive numbers of anaphase bridges and
lagging chromosomes, structures that represent incompletely segregated chromosomes most
likely caused by unresolved recombination events that then give rise to chromosome breaks
generated by mitotic spindle forces (19). Indeed, chromosome breakage was the first
distinguishing cytological characteristic observed in BS cells (6).

The elevated chromosome breakage of BS cells is highly reminiscent of that observed in
cells where topoisomerase IIα activity is inhibited (20). Topoisomerase IIα, a type II
topoisomerase that functions as a homodimer, cleaves both strands of a DNA duplex to
allow passage of another DNA duplex, unknotting or decatenating DNA (21). The BLM
ortholog Sgs1 in the budding yeast Saccharomyces cerevisiae binds a type II topoisomerase
(22); both are required for proper chromosome segregation (23). Recent work on telomeric
protein complexes in mammalian cells using the alternative lengthening of telomeres (ALT)
mechanisms also demonstrated a direct interaction of BLM and topoisomerase IIα (8).
These observations suggest that the chromosome breakage of BS cells could result from the
improper resolution of tangled DNA intermediates residual to impaired DNA repair or
recombination earlier in the cell cycle. In this study, we tested the idea that an interaction of
BLM with topoisomerase IIα might regulate these events.

Our results demonstrate that BLM and topoisomerase IIα associate in human cells in a cell
cycle-dependent manner via amino acids 489-587 within BLM. Equimolar topoisomerase
IIα enhances BLM helicase activity in vitro using substrates that resemble early HR
intermediates, but not those resembling late intermediates. A BLM deletion mutant lacking
the topoisomerase IIα binding domain has comparable in vitro helicase activity to BLM but
is not stimulated by topoisomerase IIα and cannot correct elevated micronuclei formation in
transfections of BS cells. In total, these data show that BLM and topoisomerase IIα
interaction is required to prevent chromosome breakage and elucidate a DNA repair
mechanism that is critical to maintain chromosome stability in cells.

Materials and Methods
Cell lines and synchronization

All cell lines were obtained directly from ATCC and/or Coriell Cell Repository and used
within 6 months of receipt. The cell lines were authenticated using routine cell biology
programs by these institutions which included certification that each cell line was negative
for mycoplasma, bacteria, fungi contamination; confirmation of species identity and
detection of possible cellular contamination or misidentification using COI for interspecies
identification and STR analysis (DNA profiling) for intra-species identification; conducting
additional test methods, such as cytogenetic analysis (G-banding, FISH), flow cytometry
and immunocytochemistry as well as consistent refinement of cell growth conditions as well
as documentation systems, ensuring traceability. 293T, HeLa, MCF7 and HCT116 are from
ATCC, GM08505 (BLM−/−) from Coriell Cell Repositories, and cultured using standard
techniques.

Synchronization used double-thymidine block and harvest post-release to obtain cells at S-
or G2/M-phases. Cells were treated with 200 ng/ml nocodazole for 16 hrs and released to
harvested G1- or M-phase cells.

Generation of BLM protein segments and mutants
BLM segments were generated by in vitro transcription and translation (IVTT)
(Supplemental Experimental Procedures; 24). pEGFP-BLMΔ489-587 was generated by
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mutation of codons for amino acids 488-489 and 587-588 to BspE1 sites in pEGFP-BLM
using QuikChange PCR (Stratagene), BspE1 digestion, vector re-ligation, correction of
codons for amino acids 488 and 588 (Supplemental Experimental Procedures).

Immunoprecipitations, western assays and immunofluorescence
Immunoprecipitations used nuclear lysates (25) and a BLM-specific antibody (A300-110A,
Bethyl Laboratories). For some immunoprecipitations, DNase I (10 µg/mL) was added prior
to immunoprecipitation. Western blotting used antibodies for BLM, topoisomerase IIα
(Ab-1, Calbiochem), or topoisomerase IIIα (N-20, Santa Cruz Biotechnology). BLM
segment immunoprecipitations used 400 ng of topoisomerase IIα (USB) and 3 µg of
topoisomerase IIα-specific antibody (ab2987, AbCam) (24). Immunoprecipitations of
EGFP-tagged proteins used an anti-GFP antibody (T-19, Santa Cruz Biotechnologies).
Immunofluorescence assays used antibodies for topoisomerase IIα (Ab-1, Lab Vision),
PML (PG-M3, Santa Cruz Biotechnology) or NPM23 (FC82291, Abcam) and viewed using
an Axiovert 200M Zeiss microscope and Axio Vision 4.5 software.

Protein purification and helicase assays
6xHis-tagged BLM proteins were over-expressed in S. cerevisiae lysed using a french press
at 20K psi, cleared by ultracentrifugation and purified by FPLC on nickel resin, Ni-NTA
(Qiagen) and a Q-sepharose column (Sigma). Bubble, X-junction and 3’ overhang substrates
were generated as described (24, 26; Supplemental Experimental Procedures). Helicase
assays used the indicated amounts of BLM and topoisomerase IIα (USB) with 2 fmoles of
substrate (24).

Micronuclei assays
GM08505 cells (BLM−/−) were transfected with Effectene (Qiagen) and treated at 30 hrs
post-transfection with 5 µg/mL cytochalasin B. Cells were fixed with 10% formalin and
stained with anti-β-tubulin (Novus) at 48 hrs and DAPI. Binucleate cells were viewed using
an Axiovert 200M Zeiss microscope and Axio Vision 4.5 software (27).

Results
Interactions of BLM and topoisomerase IIα are cell cycle-dependent and most prominent in
late G2- and M-phases

In S. cerevisiae, the BLM ortholog Sgs1 interacts with topoisomerase II, an interaction
necessary for proper chromosome segregation (22). To determine whether BLM and
topoisomerase IIα associate in human cells, co-immunoprecipitation experiments were
carried out using extracts prepared from the embryonic kidney cell line 293T (Figure 1A)
and HeLa cells (data not shown). An anti-BLM antibody co-immunoprecipitated BLM and
topoisomerase IIα as demonstrated by subsequent western analysis with an antibody for
topoisomerase IIα (Figure 1A). Similar immunoprecipitation and western analyses using
extracts from BS cells did not identify topoisomerase IIα (Supplementary Figure S1). The
reverse co-immunoprecipitation did not yield detectable levels of BLM protein by western
blotting (data not shown), perhaps the result of the BLM and topoisomerase IIα antibodies
used. DNA does not mediate this interaction as the association persists following DNase I
treatment of lysates (Figure 1B).

Co-immunofluorescence studies determined that BLM and topoisomerase IIα co-localize
within the nucleus. The breast cancer cell line MCF7 was chosen for its transfection
efficiency using a vector expressing EGFP-tagged BLM. GFP fluorescence demonstrated
BLM expression (Figure 1C, panel a), while an antibody for topoisomerase IIα detected
topoisomerase IIα (Figure 1C, panel b). Merged images for both proteins and DAPI nuclear
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staining show co-localization of EGFP-BLM and topoisomerase IIα (Figure 1C, panel c);
staining with a rhodamine-labeled IgG control antibody does not overlap with EGFP
expression (Figure 1C, panel d). These results are consistent with the previously reported
association of BLM and topoisomerase IIα (8).

The independent expression patterns of BLM and topoisomerase IIα are cell cycle-
regulated, with low expression of both proteins in G1-phase followed by increases in S-
phase and peaks in G2/M-phase (28, 29). To test whether the association of BLM and
topoisomerase IIα also varies during the cell cycle, 293T cells were synchronized by double
thymidine block and collected 1-hour post-release to obtain cells in S-phase or 6-hours post-
release to obtain cells in G2/M-phases. Cells were arrested with nocodazole and harvested
16-hours post-release to obtain M-phase cells. FACS analysis confirmed cell
synchronization (Figure 1D, lower panel). Extracts from asynchronous and synchronized
cells were used for BLM immunoprecipitation (Figure 1D, upper left panel). Western
blotting demonstrated the association of BLM and topoisomerase IIα in asynchronous cells
(Figure 1D, upper left panel). The association of the two proteins was observed in S- and
G2/M-phases and most predominantly in M-phase (Figure 1D, upper right panel). The slight
mobility shift of the topoisomerase IIα protein most likely reflects its modification by M-
phase phosphorylation (30, 31). The association of topoisomerase IIIα, a known protein
partner of BLM required for resolution of Holliday structures (32), increased in a similar
pattern. Co-immunofluorescence of BLM and topoisomerase IIα in another cell cycle-
synchronized cell line, HCT116, demonstrated the percentage of BLM and topoisomerase
IIα co-localization (Figure 1E). Co-localization and immunoprecipitation data show
increases in the association of BLM and topoisomerase IIα in S- and G2/M-phases and its
most prominent association in mitosis.

Topoisomerase IIα enhances in vitro BLM unwinding activity of DNA substrates
representing early homologous recombination intermediates

The interaction of BLM and topoisomerase IIα suggests that topoisomerase IIα modulates
BLM helicase activity or that BLM modulates topoisomerase IIα decatenation activity. His-
tagged BLM protein was generated in S. cerevisiae and purified by fast protein liquid
chromatography (FPLC) purification through nickel and Q-sepharose resins. Figure 2A
shows a Coomassie blue-stained gel depicting protein purity; western blotting with anti-
BLM and anti-His antibodies confirmed the protein as BLM (data not shown).

Helicase assays with increasing BLM concentrations show that purified BLM effectively
processes a 3’ overhang substrate (Figure 2B), as 2 fmoles of substrate are almost
completely unwound by 7.5 nM BLM within 15 minutes. Lower concentrations of BLM
fully unwind bubble substrate (1.5 nM) and X-junction substrate (2.5 nM) (data not shown),
repeating previously published findings that bubble and X-junction substrates are more
attractive substrates for BLM than 3’ overhangs (26).

The effects of topoisomerase IIα on BLM activity were then tested. BLM concentrations
that generated approximately 10% unwinding of each substrate were used in helicase assays
with or without topoisomerase IIα, and with 2 fmoles of each substrate. BLM helicase
activity (fmol·min−1·nM−1) was calculated and compared. Recombinant topoisomerase IIα
(USB) possesses no significant unwinding ability with any of the substrates evaluated in this
study (data not shown). One nM BLM led to 16.6% unwinding of the 3’ overhang substrate
in 12 minutes (Figure 2C, left panel and Figure 2D, dotted line). In the presence of
equimolar topoisomerase IIα, unwinding increased to 52.7%, an approximately 3-fold
increase in activity from 0.02768 to 0.08787 fmol·min−1·nM−1 (Figure 3C, right panel and
Figure 3D, solid line). With a bubble substrate, addition of BLM led to 13.1% unwinding in
12 minutes. This increased to 60.7% unwinding with equimolar topoisomerase IIα (an
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approximately 4.6-fold increase in activity from 0.04374 to 0.20245 fmol·min−1·nM−1;
Figure 2E and Supplementary Figure S2). With the X-junction substrate, 0.75 nM BLM led
to 8% unwinding (Figure 2E; Supplementary Figure S3). The presence of topoisomerase IIα
resulted in a reduction of unwinding to 3.2%, a 2.4-fold reduction in activity from 0.01774
to 0.00725 fmol·min−1·nM−1 (Figures 2E; Supplementary Figure S3). These data suggest
that topoisomerase IIα enhances BLM helicase activity with substrates resembling DNA
structures predicted to be early HR intermediates (bubble and 3’ overhang), but not those
resembling structures in later stages (X-junctions). Stimulation of unwinding using a 3’
overhang or a bubble substrate was verified using a fixed concentration of BLM (1 nM) at
varying concentrations of topoisomerase IIα (Supplementary Figure S4). Finally,
topoisomerase IIα does not stimulate a helicase-dead mutant BLM, BLMD795A, confirming
that BLM helicase activity is required for topoisomerase IIα–dependent stimulation of
unwinding (Supplementary Figure S5).

To determine whether binding of BLM to topoisomerase IIα alters the decatenation activity
of topoisomerase IIα, a concentration range of purified BLM was tested with purified
human topoisomerase IIα (USB) and catenated DNA. Addition of BLM or BLMD795A

ranging from 0.1 nM to 100 nM did not alter the average percent decatenation of 0.1U
topoisomerase IIα (Supplementary Figure S6). Neither BLM protein affected catenated
DNA in the absence of topoisomerase IIα (Supplementary Figure S6).

Amino acids 489-587 of BLM are dispensable for helicase activity but required for
topoisomerase IIα binding, enhancing BLM helicase activity and correcting elevated
chromosome breakage

Bhattacharyya et al. demonstrated that BLM and topoisomerase IIα interact directly (8). To
determine the region of BLM that mediates this interaction, three segments of BLM were in
vitro transcribed and translated (IVTT): BLM-N (aa 1-587), BLM-H (aa 588-1000), and
BLM-C (aa 996-1417) (Figure 3A). These three [35S]-labeled BLM segments were used in
immunoprecipitations with human topoisomerase IIα. Topoisomerase IIα
immunoprecipitated with the N-terminus of BLM (amino acids 1-587) but not with the
helicase domain (BLM-H) or the C-terminus (BLM-C) (Figure 3B). The topoisomerase IIα-
interacting region was then refined using six smaller segments of BLM-N (Figures 3C–D).
Topoisomerase IIα was immunoprecipitated with five BLM segments containing the last 98
amino-terminal amino acids (489-587). The sixth segment lacked this region and did not
immunoprecipitate with topoisomerase IIα, suggesting that amino acids 489-587 of BLM
mediate the interaction (Figure 3D). This region is similar to that within Sgs1 necessary for
interaction with yeast Top2 (22). Finally, to demonstrate that this region confers the ability
of BLM to bind topoisomerase IIα, the last 98 amino acids were added to the central domain
of BLM (amino acids 488-1000) using IVTT to immunoprecipitate topoisomerase IIα
(Figure 3E).

A deletion construct of pEGFP-BLM was generated without the topoisomerase IIα-
interaction domain (pEGFP-BLMΔ489-587) to test the requirement for BLM and
topoisomerase IIα interaction in preventing chromosome breakage. 293T cells were
transfected with pEGFP-BLM or pEGFP-BLMΔ489-587; co-immunoprecipitations
determined whether GFP-BLMΔ489-587 binds topoisomerase IIα. Western blot analysis of
nuclear extracts from pEGFP-BLMΔ489-587-transfected cells with an anti-GFP antibody
identifies a protein with the predicted shift in electrophoretic mobility (Figure 4A).
Immunoprecipitations with anti-GFP antibodies using lysates from pEGFP-BLM- or
pEGFP-BLMΔ489-587-transfected cells show a marked decrease in co-immunoprecipitated
topoisomerase IIα in cells transfected with the mutant versus wild-type BLM (Figure 4A).
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To rule out a change in cellular localization that prevents co-immunoprecipitation of
topoisomerase IIα and the EGFP-BLMΔ489-587 mutant, cells were transfected with pEGFP-
BLMΔ489-587 or pEGFP-BLM and evaluated for subcellular localization. GFP fluorescence
demonstrates EGFP-BLMΔ489-587 in small nuclear foci and within the nucleolus similar to
wild-type BLM (Figure 4B) (16, 33, 34). EGFP-BLMΔ489-587 co-localizes with PML and
the nucleolar marker NPM23, demonstrating similar localization of the deletion mutant and
wild-type BLM (Figure 4B). There were no significant differences in helicase activity
between the two BLM proteins using a 3’ overhang substrate (Figure 4C).

Topoisomerase IIα stimulates the helicase activity of BLM and amino acids 489-587 of
BLM are required for the interaction of the two proteins. We then asked whether
topoisomerase IIα and BLM binding is required for topoisomerase IIα to stimulate BLM.
BLMΔ489-587 was expressed in S. cerevisiae, purified as previously described and used in 3’
overhang time-dependent helicase assays with BLM as a control. Equimolar topoisomerase
IIα stimulates BLM helicase activity as shown previously but does not stimulate
BLMΔ489-587 helicase activity (Figure 5A). Increasing concentrations of topoisomerase IIα
do not alter the unwinding capability of BLMΔ489-587 (Figure 5B) and demonstrate that the
BLM topoisomerase IIα interaction domain is required for topoisomerase IIα stimulation of
BLM unwinding activity.

Finally, we asked whether the loss of the BLM-topoisomerase IIα interaction affects
chromosome breakage as evaluated by the correction of elevated micronuclei formation in
BS cells counted at M-phase. BS cell line GM08505 was transfected with pEGFPpEGFP-
BLM, pEGFP-BLMD795A a helicase-dead BLM mutant) or pEGFP-BLMΔ489-587. Mock-
transfected BS cells or cells transfected with vector have similarly high numbers of
micronuclei. Transfection of pEGFP-BLM into BS cells partially corrects this damage
(34.3% recovery) (Figure 6). In contrast, transfection of pEGFP-BLMD795A or pEGFP-
BLMΔ489-587 does not significantly correct micronuclei in comparison to the wild-type
BLM-transfected controls.

Discussion
Our experiments demonstrate an interaction between BLM and topoisomerase IIα that
occurs in a cell cycle-dependent manner in S-, G2/M- and most prominently in M-phase.
This interaction is mediated by residues 489-587 of BLM, a domain that falls within a larger
region in the S. cerevisiae recQ-like helicase Sgs1 that interacts with Top2 (22). Equimolar
topoisomerase IIα modulates BLM helicase activity in vitro using some recombination
intermediate substrates. Deletion of the BLM topoisomerase IIα interaction region prevents
BLM from interacting directly with topoisomerase IIα and extinguishes the ability of
topoisomerase IIα to enhance BLM unwinding of substrates without altering innate helicase
activity. Finally, the deletion mutant is unable to correct chromosome breakage as measured
by micronuclei formation in BS cells.

Our previous work identified topoisomerase IIα and BLM in a telomere-specific complex in
cells using ALT mechanisms. This interaction, however, does not enhance in vitro BLM
activity with telomeric 3’ overhangs and telomeric D-loops, although it occurs in late-S and
G2 phases of the cell cycle when ALT occurs (8). Unwinding of these substrates
demonstrates an initial but unsustained inhibitory effect at high equimolar BLM and
topoisomerase IIα concentrations (30 nM) (8). Our experiments support the functional
specificity of BLM-topoisomerase IIα interactions and their role in mediating the resolution
of unique substrates within the cell.
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siRNA-mediated knock-down of either BLMTOPO2A or both increases DNA damage
similarly suggesting common pathways for these proteins to repair DSBs and prevent
chromosome breakage (Figure S7). More specifically, micronuclei studies show that the
regulation of chromosome breakage is dependent upon the direct interaction of BLM and
topoisomerase IIα, as a BLM mutant lacking the topoisomerase IIα binding domain, EGFP-
BLMΔ489-587, cannot correct the elevated chromosome breakage of BS cells to the same
levels as wild-type BLM after transfection (Figure 6). BLM helicase activity is also
necessary for breakage correction. Immunolocalization data show that the inability of the
mutant to revert the increased breakage phenotype of BS cells is not attributable to
inappropriate compartmentalization but rather to the absence of the interaction (Figure 4A
and B). Under normal circumstances, BLM facilitates efficient repair of DSB via HR, but
commits cells to such a pathway. When DSBs occur in cells without BLM, cells can repair
damage using other pathways such as non-homologous end joining or single-strand
annealing pathways (35, 36). HR can also occur, albeit inefficiently, leading to the elevated
basal levels of breakage in BS cells. When BLM is unable to bind topoisomerase IIα, repair
is incomplete and chromosome breakage ensues. This work demonstrates that BLM and
topoisomerase IIα cooperate to prevent chromosome breakage, perhaps via the resolution of
early HR DNA intermediates accumulated from residual DSBs occurring earlier in the cell
cycle.

More specific biochemical data suggest that BLM and topoisomerase IIα process early HR
intermediates but not those that occur later (Figures 2, S3 and S4). Topoisomerase IIα
increases BLM specific activity with 3’ overhang more than 3-fold and with bubble
substrate almost 5-fold, but inhibits the specific activity of BLM with X-junction substrate.
These findings suggest that BLM and topoisomerase IIα may enhance the generation of the
3’ overhang needed for strand invasion or process ends of a D-loop structure (same as one
end of bubble or forked DNA structure) to facilitate melting and allow replication from the
invading strand.

The main role of topoisomerase IIα is the decatenation of chromosomes before anaphase.
Failure to fully decatenate chromosomes prior to or in mitosis leads to DNA breakage (20).
The mitotic decatenation checkpoint, distinct from the G2/M DNA damage checkpoint in
which topoisomerase IIα senses the catenation or tangling of sister chromatids following
DNA replication (37), delays the onset of mitosis until chromosomes have been fully
decatenated by topoisomerase IIα (38). One molecular mechanism controlling this
checkpoint relies on ATR-mediated PLK1 inhibition (39) and cyclin B1 nuclear exclusion
(38); BRCA1 and WRN, another recQ-like helicase, also maintain this checkpoint (38, 40).
Interactions of BLM with topoisomerase IIα, BRCA1, WRN, PLK1 and ATR have been
reported previously (7, 41, 42) and by association implicate BLM in this decatenation
checkpoint. Although the most prominent association of BLM and topoisomerase IIα occurs
in mitosis, our in vitro decatenation assays demonstrate no effect of BLM on topoisomerase
IIα decatenation. This does not, however, eliminate a role for BLM and topoisomerase IIα
in decatenation activities as other proteins or modifications may be required to facilitate
decatenation and were not tested here.

These experiments suggest that BLM and topoisomerase IIα, each independently required
within the cell, are also required to interact physically to accommodate the resolution of
chromosome breakage. The facilitation of BLM unwinding by topoisomerase IIα may
permit the efficient unwinding of structures found at anaphase bridges where BLM localizes.
Multiple roles for BLM in the homologous recombination (HR) repair pathway have been
previously described, including early functions in the stimulation of the resection of DNA
double-strand break ends or in the displacement of invading strands within DNA loops, and
late functions in the dissolution of double Holliday junctions (43). Another BLM function
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described here is facilitated by interactions with topoisomerase IIα and is required for the
correction of chromosome breaks as measured by micronuclei formation in BS cells. There
is also some residual activity of the deleted BLM mutant in the correction of micronuclei as
comparisons to the helicase-dead BLM mutant show some recovery in transfected cells.

The discovery of genetically determined chromosome breakage was made almost 50 years
ago following the cytogenetic analysis of cells from a child with BS (6). These results were
published in 1965 and demonstrated for the first time, in any species, constitutional
chromosome breakage, that is breakage not caused by environmental mutagenic agents (6).
The characterization of the BS disease gene, BLM, and the functions of the BLM helicase in
nucleic acid transactions have suggested that through its disruption, or through the
disruption of its interaction with topoisomerase IIα, chromosome breakage can be
manipulated in ways that may be beneficial in therapeutic settings. Certainly, topoisomerase
inhibitors in cancer treatment regimens are common although toxic, and can be improved by
nuanced understandings of how protein interactions are regulated to escalate chromosome
breakage and cell death more subtly.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BLM and topoisomerase IIα associate and co-localize in human cells
(A) BLM was immunoprecipitated from 293T nuclear extracts with a rabbit anti-BLM
antibody. Rabbit IgG was used as a control. Proteins were separated using SDS-PAGE and
analyzed by western blotting with anti-BLM or anti-topoisomerase IIα antibody. (B) 293T
cells were transfected with pEGFP-BLM and BLM immunoprecipitated as in A, with or
without DNase I. (C) MCF7 cells were transfected with pEGFP-BLM, fixed and stained
with an anti-topoisomerase IIα antibody and DAPI for nuclear staining. Panel a. shows
EGFP-BLM-positive foci; panel b. shows topoisomerase IIα staining; panel c. shows
merged images and DAPI staining; panel d. shows staining with rhodamine-labeled mαIgG
and DAPI staining. (D) Nuclear extracts from synchronized 293T cells were used in
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immunoprecipitations. Western blotting with an anti-topoisomerase IIIα antibody was used
as a positive control. Inputs are shown in the left panel; immunoprecipitations in the right
panels. The bottom panel shows FACS analysis of representative cell populations used for
immunoprecipitations. (E) The percentage of BLM foci that co-localize with topoisomerase
IIα foci during cell cycle phases in HCT 116 cells is shown graphically.
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Figure 2. BLM helicase activity is enhanced by topoisomerase IIα using 3’ overhang and bubble,
but not X-junction, substrates
(A) Coomassie blue-stained polyacrylamide gel of purified recombinant 6xHis-tagged BLM
(100 ng) used in helicase assays. (B) Graphical representation of percent unwinding of 3’
overhang substrate by indicated BLM concentrations. BLM was incubated with 2 fmoles of
3’ overhang substrate and resulting DNA products resolved by non-denaturing PAGE. Heat-
denatured controls (HD) show migration of released radio-labeled strand (grey). (C)
Autoradiograph of a time-course helicase assay with indicated amounts of BLM and
topoisomerase IIα with 2 fmoles of 3’ overhang substrate. (D) Quantitation of percent
unwinding of 3’ overhang substrate. Dotted line represents unwinding by 1 nM BLM. The
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solid line represents unwinding by 1 nM BLM with equimolar topoisomerase IIα. (E) This
bar graph shows the percent unwinding by BLM alone or BLM with equimolar
topoisomerase IIα of 3’ overhang, bubble and X-junction substrates. The time point is 12
minutes.
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Figure 3. BLM interaction with topoisomerase IIα occurs within the BLM amino-terminus
(A) Schematic representation of BLM segments tested for topoisomerase IIα binding. RQC
identifies the RecQ C-terminal domain, HRDC represents the helicase and Rnase D C-
terminal domain, and NLS the nuclear localization sequence. (B) [35S]-methionine-labeled
IVTT proteins representing the amino-terminal (N), helicase (H) and carboxy-terminal (C)
segments were incubated with topoisomerase IIα and immunoprecipitated (IP) with
topoisomerase IIα-specific antibody. Input lanes represent 2% of each IVTT reaction.
Control reactions used mαIgG immunoprecipitations. (C) Schematic representation of N-
terminal segments. (D) [35S]-methionine-labeled N-terminal segments were generated via
IVTT and tested for binding. Input lanes represent 20% of each IVTT reaction. Control
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reactions used mαIgG immunoprecipitations. (E) [35S]-methionine-labeled IVTT proteins
representing the amino-terminal (N) and binding domain tagged to the flanking helicase
domain (488-1000) were tested for binding. Input lanes represent 10% of each IVTT
reaction. Control reactions used mαIgG immunoprecipitations.
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Figure 4. Amino acids 489-587 in BLM are necessary for interaction with topoisomerase IIα but
are not required for localization or helicase activity
(A) 293T cells were transfected with pEGFP-BLM or pEGFP-BLMΔ489-587. Post-
transfection, wild-type and mutant BLM proteins were immunoprecipitated from nuclear
extracts with mouse anti-GFP antibody or mouse IgG control, separated using SDS-PAGE
and analyzed by western blotting with anti-GFP or anti-topoisomerase IIα antibody. (B)
GM08505 BS cells were transfected with pEGFP-BLM or pEGFP-BLMΔ489-587. Cells were
stained with anti-PML antibodies and anti-NPM23 antibodies to recognize PML bodies and
the nucleolus, and DAPI for nuclear staining. EGFP-BLM or EGFP-BLMΔ489-587 co-
localization with PML and NPM23 is shown. (C) Helicase activities of BLM and
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BLMΔ489-587 using 3’ DNA overhang substrates are equivalent. BLM proteins were
incubated with 2 fmoles of substrate; resulting products were resolved by PAGE and
visualized by autoradiography (top). A heat-denatured control (▲) shows migration of the
released radio-labeled strand (grey). The broken line represents unwinding by 1 nM BLM.
The solid line represents unwinding by 1 nM BLMΔ489-587.
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Figure 5. Amino acids 489-587 in BLM are necessary for enhancing BLM unwinding by
topoisomerase IIα
(A) Autoradiograph of time-course helicase assays with 2 fmoles of 3’ overhang substrate
and indicated amounts of BLM or BLMΔ489-587 (left panel) or wild-type BLM (right panel)
with and without topoisomerase IIα. Quantification of percent unwinding by BLMΔ489-587

or wild-type BLM with equimolar topoisomerase IIα is shown. Only wild-type BLM is
stimulated by topoisomerase IIα. Minus ATP (-ATP) control indicates ATP-dependent
unwinding of substrate and (▲) depicts completely unwound heat-denatured substrate. (B)
Increasing concentrations of topoisomerase IIα (0 – 10 nM) do not stimulate BLMΔ489-587
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but stimulate wild-type BLM. Helicase assays were carried out with different concentrations
of topoisomerase IIα and a fixed concentration of BLM (1 nM) for 10 mins.
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Figure 6. Amino acids 489-587 in BLM are necessary for correcting chromosome breakage in BS
cells
GM08505 cells (BLM−/−) were mock-transfected or transfected with a pEGFP-vector,
pEGFP-BLM, pEGFP-BLMD795A or pEGFP-BLMΔ489-587 vector. Post-transfection, cells
were treated with cytochalasin B to arrest binucleate cells in mitosis. Eighteen hours post-
cytochalasin B block, cells were fixed and stained with anti-β-tubulin and DAPI for nuclear
staining. Percentages represent the average percent recovery of micronuclei frequency over
empty vector control. Averages reflect at least 300 cells from three independent blinded
experiments. Only BLM transfection significantly reduced micronuclei frequency in BS
cells (*). The panels on the right show BS cells with BLM foci in green within DAPI-stained
nuclei and red β-tubulin. Top panel is representative of BLM transfections; lower panel is
representative of BLMΔ489-587 transfections. Arrow identifies a micronucleus.
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