UNIVERSITY OF CINCINNATI

Date: \June 5, 2009

| Beatriz Russell

hereby submit this original work as part of the requirements for the degree of:
Doctor of Philosophy

in Molecular Genetics, Biochemistry and Microbiology

It is entitled:
Interactions with topoisomerase lla enhance the unwinding

activity of the BLM helicase on recombination substrates

and are necessary for preventing chromosome breakage

Student Signature: Beatriz Russell

This work and its defense approved by:

Committee Chair: S02Nna Groden

Carolyn Price

Paul Andreassen

lain Cartwright

James Stringer

Approval of the electronic document:

I have reviewed the Thesis/Dissertation in its final electronic format and certify that it is an
accurate copy of the document reviewed and approved by the committee.

Committee Chair signature: Joanna Groden




Interactions with topoisomerase Ila. enhance the unwinding activity of the BLM helicase on

recombination substrates and are necessary for preventing chromosome breakage

A dissertation submitted to the
Graduate School
of the University of Cincinnati
in partial fulfillment of the

requirement for the degree of

Doctor of Philosophy

In the Department of Molecular Genetics, Biochemistry & Microbiology

of the College of Medicine

by

Beatriz Russell

M.A. Boston University

April 2002

Committee Chair: Joanna Groden, Ph.D.



ABSTRACT

The BLM helicase is a member of the RecQ-like family of 3’-5° ATP- and Mg**-dependent
helicases. Cells deficient in BLM are characterized by increased sister chromatid exchanges,
quadriradial structures and chromosome breaks, chromosome structures that suggest the
disruption of normal mechanisms that resolve recombination intermediates and maintain
chromosome stability. Previously identified interactions between yeast RecQ-like helicases and
topoisomerases suggest cooperation in DNA transactions such as recombination repair and
chromosome segregation. This work demonstrates that human BLM and topoisomerase Ila
interact directly. BLM and topoisomerase Ilo. co-immunoprecipitate from human cells and co-
localize in a cell cycle-specific manner. Their association and co-localization increases in S- and
G,/M- and is predominant in M-phase. In vitro binding assays demonstrate that amino acids
489-587 within the N-terminus of BLM are required for this interaction. /n vitro biochemical
analysis of the decatenation activity of topoisomerase Ila in the presence of BLM revealed no
effect by BLM. On the other hand, BLM helicase activity is enhanced approximately three- and
five-fold by topoisomerase Ilo. on a 3° overhang duplex and bubble substrates, respectively, but
not an X-junction substrate. These data suggest that BLM and topoisomerase Ilo. may be
involved in the processing of early homologous replication intermediates, but not structures that
form later. In vivo, siRNA mediated knock-down of either BLM, topoisomerase Ila, or both in
combination increased chromosome breakage to the same extent compared to a scrambled
control knock-down, suggesting a common pathway that requires BLM and topoisomerase Ila

for protecting the integrity of genomic DNA.

i



In order to determine the importance of the BLM-topoisomerase Ila interaction, a mutant
BLM protein lacking the topoisomerase Ila interaction domain (aa 489-587) was generated,
EGFP-BLM*****_ The mutant protein was unable to co-immunoprecipitate topoisomerase Ila,
although it still localized to nuclear PML foci and the nucleolus as wild-type BLM. To
determine the significance of their interaction on chromosome breakage, the ability of this
mutant to reduce the high endogenous levels of YH2AX foci of BS cells was tested. Transfection
BS cells line with the EGFP-BLM*****” mutant protein did not reduce YH2AX foci formation to
the levels of transfection with a wild-type BLM protein, but exacerbated the number of YH2AX
foci in cells compared to untransfected cells. We propose that in the presence of BLM, cells
commit to a BLM dependent pathway of double strand break repair and the inability of EGFP-
BLM"**¥ mutant to bind topoisomerase Ila. locks the cells in such pathways without being able
to correctly finish the repair. Taken together, these data suggest an involvement of BLM and
topoisomerase Ila in a pathway that prevents chromosome breakage. The in vitro biochemical
data suggest that this pathway may involve the regulation of homologous recombination through

the processing of DNA intermediates occurring at early stages of repair.
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CHAPTER ONE. Literature Review.

Introduction.

Bloom’s syndrome (BS) was first described by Dr. David Bloom in 1954 [1].
Approximately 10 years later, the increased chromosomal breakage and cytological
characteristics of BS cells were reported [2]. BS is a rare autosomal recessive disorder in
which affected individuals show pre- and post-natal growth retardation, sun-sensitive facial
erythema, immunodeficiency, male infertility and female subfertility (Figure 1A). BS
individuals are predisposed to a plethora of cancers often occurring by the age of 25 [3]. These
are not limited to, but most often include, leukemias and lymphomas, colon, breast and skin
cancers [4]. Immunodeficiency may be associated with, although mutational events may also
be related to, the increased incidence of non-Hodgkin’s lymphomas, acute lymphocytic
leukemia and acute non-lymphocytic leukemia in younger BS individuals [5].  Adaptive
immunity is compromised in BS, as a decrease in IgM secretion has been observed in some BS
persons [6,7]. Ear and upper respiratory tract infections are common, making pulmonary
disease the second highest cause of death in BS individuals [7].

Cytogenetically, the hallmark of BS cells is excessive sister chromatid exchange (SCE)
(Figure 1B, Panel a.), approximately 5-10 fold higher than in normal cells [8]. Quadriradial
structures (Qrs) (Figure 1B, Panel b.) formed by unresolved somatic recombination events
between homologous chromosomes are observed in 1% of BS cells [8]; they are extremely rare
in normal cells. These structures represent intra- and inter-chromosomal recombination,
respectively, suggesting that BLM plays a role in regulating recombination events. Increased

somatic recombination can lead to loss of heterozygosity (LOH), the consequence of which is



associated with increased tumor formation. Telomere associations (TAs) (Figure 1B, Panel c.)
are also visible in metaphases of BS cells, a subset of which appear as end-to-end fusions [9].
Finally, chromosome breaks (Figure 1B, Panel d.) and gaps occur in high frequency in BS cells
[2,10]. The appearance of micronuclei is elevated in BS cells and is an indirect measure of
chromosome breaks or inappropriate replication [11]. A retarded rate of DNA chain
elongation is also characteristic of BS cells suggesting defective replication [12]. In total, these
observations provided the first insight into the molecular mechanisms that leads to the
chromosomal instability, hyper-mutability and increased cancer predisposition observed in BS
individuals.

Increased recombination rates of BS cells led to the identification of the gene responsible
for BS [13]. Although the diagnostic feature of BS is high SCE, some individuals possess a
small population of lymphocytes with low SCE. The low SCE lymphocytes were proposed to
have arisen from a recombination event in compound heterozygotes that led to the correction of
one BLM allele through intragenic recombination of two mutant alleles. BLM was identified
using an approach referred to as somatic crossover point mapping in which comparison of
regions of heterozygosity in high SCE cells that were reduced to homozygosity in the low SCE
cells were used to pin-point the position of the BLM locus [13]. BLM was mapped to
chromosome 15q26.1 [14-16].

To date, numerous mutations (64) have been found throughout BLM in BS individuals [4].
Fifty-four of the mutations are nonsense mutations, generating transcripts degraded by

nonsense-mediated mRNA decay. One such mutation, the BIm*"

allele, consists of a 6 bp
deletion and 7 bp insertion creating a nonsense codon; it has been extensively used in human

population studies since it occurs in high frequency among Ashkenazi Jews due to a founder



effect [13,17]. The remaining ten mutant alleles include missense mutations, some of which
affect the nuclear localization of BLM, although the protein remains enzymatically active
(helicase activity), and others that completely abrogate enzymatic activity. Interestingly, these
mutations are grouped in the helicase and RQC domains of BLM [4]. The domains of RecQ-

like helicases are discussed below.



Figure 1. Phenotypic and cytological properties of Bloom’s syndrome. A. Photograph
depicting the small stature of a young BS male (right) next to an average size male (left). B.
Panel a. Sister chromatid exchanges representative of recombination between sister
chromatids. Panel b. Quadriradial structures representative of recombination between

homologous chromosomes. Panel c. Telomere associations. Panel d. Double strand breaks
and gaps in BS metaphase chromosomes. Photographs courtesy of Dr. James L. German.



RecQ-like helicases.

The cloning of BLM revealed a gene with sequence homology to the Escherichia coli (E.
coli) RecQ helicase [13]. The RecQ family of helicases is highly conserved throughout
evolution. The E. coli RecQ protein, which functions in the RecF pathway of recombination, is
the prototypical member of this family and the sole E. coli RecQ helicase. Saccharomyces
cerevisiae (S. cerevisiae) and Schizosaccharomyces pombe (S. pombe) have only one RecQ-like
gene, Sgsl and Rqhl, respectively [18,19]. In contrast to bacteria and yeast, multiple RecQ-
like helicases are found in multicellular organisms; Homo sapiens have five [20] (Figure 2).

Members of the human RecQ-like family of helicases include BLM, mutations in which
lead to Bloom’s syndrome; WRN, the protein mutated in Werner’s syndrome (WS); RecQL4,
the protein mutated in Rothmund-Thomson (RT), RAPADILINO and Baller-Gerold syndromes
[21]; and RecQL1 and RecQLS, neither of which has been associated with a genetic disorder.
Individuals with WS show accelerated aging and have an elevated incidence of sarcomas [5].
Individuals with RT have poikiloderma of the face and develop osteogenic sarcomas [22].
Individuals with RAPADILINO syndrome are characterized by short stature, radial ray defects
and other malformations, but have not been reported to have cancer predisposition [23]. Baller-
Gerold syndrome is characterized by radial aplasia/hypoplasia and craniosynostosis [21].

The enzymatic activity of RecQ-like helicases is ATP- and Mg**-dependent with 3’-5’
directionality. Most need a 3’ overhang to initiate their activity [24], although this is not a
structural requirement for unwinding by some RecQ-like helicases [25]. The helicase domain
spans approximately 350-400 amino acids (blue box in Figure 2) and it is often centrally located

in the protein.



E. coli

S. cerevisiae

S. pombe

Xenopus

Drosophila

H. sapiens

H. sapiens

H. sapiens

I H. sapiens

H. sapiens

E H. sapiens

H. sapiens

RecQ 610 aa

Sgsl 1447 aa

Rqghl 1328 aa

xBLM 1367 aa

DmBLM 1487 aa

BLM 1417 aa
RECQL 649 aa

WRN 1432 aa
RECQL4 1208 aa
RECQL5a 410 aa

RECQL58 991 aa
RECQLS5y 435 aa

Figure 2. Family of RecQ-like helicases. Schematic representation of RecQ helicases
from bacteria, yeast, xenopus, drosophila and humans. The blue box represents the
conserved helicase domain, the cyan box represents the RQC (RecQ C-terminal) domain,
the orange box represents the HRDC (Helicase and RNase D C-terminal) domain, the red
box represents the nuclear localization signal, and the yellow box represents the

exonuclease domain of WRN.



The helicase domain of BLM contains seven motifs conserved among RecQ helicases; 1, Ia, II,
III, IV, V, and VI. Motifs I and II contain Walker A and B boxes, characteristic of ATPases
needed for ATP binding and hydrolysis [24]. Motif Ia and III to VI code for conserved protein
structures unique to RecQ helicases presumably used in substrate binding and unwinding [5].
Carboxy-terminal to the helicase domain is the conserved RQC (RecQ C-terminal) domain that
defines this family [26]; further toward the C-terminus is the HRDC domain (Helicase and
RNase D C-terminal), common to RNA helicases although BLM is not categorized as an RNA
helicase, it can unwind RNA-DNA duplexes [27]. In BLM, this domain is necessary for the
specific recognition and binding to a double Holliday junction [28], a function of BLM that will
be discussed later. Also found in the C-terminus of the majority of RecQ-like helicase is a
nuclear localization sequence (NLS) [26,29]. RecQL4 contains the NLS within the N-terminus
and splice variants of RecQLS5, o and y, do not possess a NLS. RecQ helicases have little
homology outside of the central helicase domain, and their N- and C-termini vary greatly in
length [30] (Figure 2). WRN contains an exonuclease domain at the N-terminus. This activity is
not common to RecQ-like helicases. It has been proposed that the Ku heterodimer allows WRN
exonuclease to digest through regions that contain 8-oxoadenine and 8-oxoguanidine
modifications, suggesting a role for both WRN and the Ku heterodimer in a common DNA repair

pathway [31].

Biochemical properties of BLM.

The helicase activity of BLM is ATP- and Mg**- dependent with 3°-5" directionality [32].
Size exclusion chromatography and electron microscopy demonstrate that BLM forms
predominantly hexameric ring structures with a diameter of 13 nm and a central hole of 3.5 nm.

The most enzymatically active form of BLM has an apparent molecular mass of > 700 kDa [33].



This is consistent with the observation that the majority of helicases work as dimers or hexamers
[34]. BLM does not unwind blunt-ended double helices [25,32], and has poor processivity on
dsDNA with a 3’ tail (Figure 3A). RPA can enhance its processivity two-fold, presumably by
stabilizing regions of single strandedness [35], an enhancement that is specific, as SSB (single-
stranded DNA-binding) protein from E. coli does not have the same effect [35,36].

Other BLM substrates include G4 DNA, or G tetraplex DNA [37], (Figure 3B), a structure
that can form in vivo in regions of the genome with an abundance of G-tracks, such as telomeres
and rDNA gene clusters [37]. Triple helices (Figure 3C) that form when a third DNA strand
binds in the major groove of duplex DNA containing polypurine:polypyrimidine sequences are
also disrupted in vitro by BLM [38].

Most importantly, BLM is proficient in the unwinding of a number of DNA substrates
observed during recombination, including duplex DNA containing a bubble [25] (Figure 3D and
Figure 4A), displacement loops (D-loops) [39] (Figure 3E and Figure 4B) and X-junctions [40]
(Figure 3F and Figure 4C). Double Holliday junctions [41] (Figure 3G and Figure 4D) can be
processed in order to eliminate crossovers by the action of the BTB complex composed of BLM-
topoisomerase [IIa-BLAP75-BLAP18 (BLM-associated polypeptide) [41-43] (Figure 4D). It is
proposed that BLM is able to allow lesion bypass of a stalled replication fork. Biochemical
assays on a model replication fork [44] (Figure 3H and Figure 4E) suggest that BLM is able to
carry out fork regression [44], followed by reverse branch migration thus facilitating the bypass
of DNA damage without initiation of homologous recombination (HR) [40] (Figure 4E). In vitro
substrate processing, therefore, strongly suggests that BLM is able to disrupt structures that form

during HR perhaps to shift the repair of damaged DNA towards mechanisms that do not use



recombination. Additionally, if HR takes place, the BTB complex is able to process double

Holliday junctions eliminating the production of crossovers.
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B. /\

C.
AN

N\
[TTTT [TTTT

Figure 3. In vitro DNA structures recognized and processed by BLM. A. BLM unwinds
double stranded duplexes with a 3’ overhang, B. G-tetraplex or G4 DNA, which form in G rich
sequences and C. triple helices. DNA structures representing early HR intermediates processed
by BLM include D. a duplex with an internal bubble and E. a D-loop. DNA structures
representing late HR intermediates processed by BLM include F. Holliday junctions or X-
junctions and G. double Holliday junctions, which are resolved in vitro by the concerted action
of BLM-topoisomerase Illa-BLAP75-BLAP18. H. Model replication forks representing
stalled replication forks can be subject to reverse branch migration by BLM generating a
“chicken foot” structure.
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Figure 4. In vitro biochemical functions of BLM on homologous recombination intermediates.
A. BLM is able to unwind a bubble substrate. B. BLM can remove the invading strand of a D-
loop leaving a bubble. C. A Holliday junction can be processed in vitro by BLM in a two step
reaction. First, BLM is responsible for unwinding of two of the four strands and second BLM
is able to process the two strand leading to single stranded products. D. A double Holliday
junction is processed by the action of the BTB complex composed of BLM-topoisomerase
[IIa-BLAP75-BLAPI18 to yield non-crossover products exclusively. E. Lesions in DNA can
lead to polymerase uncoupling from the replication fork. In order to reestablish the fork, BLM

promotes fork regression leading to a “chicken foot” structure that allows template switching.
Following replication, BLM initiates reverse branch migration restoring the replication fork.
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Cell cycle regulation and localization of BLM.

The expression of BLM is cell cycle-regulated and limited to highly proliferative tissues,
such as lymphoid tissues, skin and gut epithelium [45]. Accumulation of BLM begins in early S-
phase, with protein levels peaking in late S-phase and G2; high levels of BLM persist until
mitosis followed by a dramatic drop in G1 [46]. BLM is a nuclear protein containing a bipartite
NLS in its C-terminus [47]. It is distributed in bright foci in promyelocytic leukemia (PML)
bodies throughout the cell cycle except in S-phase where it is localized the nucleolus [11,48].
PML bodies, also called ND10, are nuclear matrix-associated protein depots where localized
RNA transcription and splicing, DNA replication and DNA repair are reported to take place. In
G1/S-synchronized cells, BLM localizes in the nuclear fraction and the matrix [49]. In S/G2,
BLM is found in the matrix, co-localized with RADS51 and RPA [48]. Mitotic BLM is highly
phosphorylated and retains helicase activity, but is excluded from the nuclear matrix [46].
Dutertre et al. have suggested that mitotic exclusion of BLM from the NP-40 insoluble fraction
(chromatin and matrix) detains BLM from interfering with processes such as chromosome
condensation [50]. On the other hand, in response to DNA damage, BLM is recruited to the NP-

40 insoluble sites to aid in DNA repair [46], increasing the number of BLM foci per cell [48].

Protein binding partners of BLM.

BLM is reported to be a member of two protein super-complexes. BASC (BRCAI-
associated genome surveillance complex) is composed of BRCA1, BLM, the mismatch repair
proteins MSH2, MSH6 and MLHI, the checkpoint kinase ataxia telangiectasia mutated (ATM),
the homologous recombination complex, MRE11, RAD50 and NBS1, and Replication Factor C

(RFC) [51]. This complex is proposed to patrol the genome, mediating repair at the sites of

12



damage. The second super-complex termed BRAFT, includes BLM, RPA, the Fanconi anemia
(FA) core complex (FANCA, C, E, F and G proteins) and topoisomerase Illo.. This complex
possesses DNA unwinding activity and is thought to function in the processing of aberrant
structures resulting from DNA replication or repair [52]. The isolation of this complex provided
the first evidence that FA proteins are involved in DNA repair and established a link between BS
and FA, two chromosome instability disorders.

BLM physically interacts with topoisomerase IIlca; their interaction is necessary for the in
vitro processing of double Holliday junctions in a manner leading exclusively to non-crossover
products [41] (Figure 4D). Two other proteins were later identified as integral components of
the double Holliday junction dissolvasome, BLAP75 and BLAP18 [43,53,54]. These four
proteins comprise the BTB complex. BLAP75 and BLAP18 enhance the BLM/topoisomerase
IIla dissolution of double Holliday junctions in vitro. In vivo, depletion of BLAP75 by siRNA
leads to an increase in SCE similar to BS cells [55]. Depletion of BLAPI8 lead to
destabilization of the BTB complex, chromosome breaks, and sensitivity to methyl
methanesulfonate (MMS).

Recently, double immunoprecipitation assays in cells that employ an alternative lengthening
of telomeres (ALT) pathway, showed that BLM and the TTAGGG repeat factor 2 protein
(TRF2) reside in a complex with the telomerase-associated protein 1 (TEP1), heat shock protein
90 (HSP90) and topoisomerase Ilo.. These three proteins co-localize with BLM and TRF2
during late S- G2/M phases when ALT is proposed to take place and at sites of on-going
replication. [In vitro, HSP90 inhibited the helicase activity of BLM using a telomeric substrate,

while TEP1 and topoisomerase Ila slightly inhibited the initial unwinding kinetics [56]. Future

13



experiments will determine the molecular mechanism employed by these proteins and perhaps
others in the maintenance of telomere ends using ALT.

Many other proteins bind directly or associate with BLM (Table 1). These include
replication protein A (RPA), which stimulates the processivity of BLM [35,36]; RADSI,
involved in the start of HR [57]; FANCD?2, involved in replication blocks due to cross-linking
agents [58]; chromatin assembly factor 1 (CAF-1), necessary for chromatin assembly-coupled
DNA damage repair or replication blockade [59]; p12, the smallest subunit of DNA polymerase
0 recruits BLM to sites of stalled DNA replication and BLM enhances the activity of polymerase
d by allowing the continuation of replication past forked structures [60]; DNA polymerase m
synthesis on substrates that resemble one end of the D-loop is stimulated by BLM [61]; the
mismatch repair proteins MSH2/6 and MLHI, for possible regulation of fidelity during
recombination events [62-65]; TRF1 and TRF2 [66-68], proteins that modulate the activity of
BLM on telomeric substrates; p53, for proper localization of p53 to sites of stalled replication
forks and interaction with RADS1 [69]; WRN, its exonuclease activity is inhibited by BLM [70];
flap endonuclease-1 (FEN1), suggested to process intermediates of DNA replication and repair
[71]; exonuclease 1 (EXO1), for which BLM enhances nuclease activity leading to the
generation of a 3” overhang then used by RADSI1 [72]; ATM, to phosphorylate BLM upon
radiation-induced damage on residue T99 [73]; 53BP1, to recruit BLM to sites of HU-induced
replication arrest [74] and CHK1, phosphorylates BLM on residue T99 in order to mediate the

interaction with 53BP1 [75].
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Table 1. BLM Interacting Proteins.

Interacting protein Function of complex with BLM Reference
RPA Replication/DNA repair [35]
BASC Genome surveillance [51]
FANC core complex Replication repair [52]
FANCD2 Replication repair [58]
RADS1 Replication repair via HR [57]
53BP1 Replication repair via HR [75]
ATM Replication repair via HR [73]
CHK1 Replication repair via HR [75]
YH2AX Replication repair [74]
EXO1 Replication repair via HR [72]
CAF-1 Replication repair via HR [59]
pl2 Replication repair via HR [60]
DNA polymerase 1  Replication repair [61]
FENI1 Replication repair [71]
pS3 Recombination/ Apoptosis [69]
MLH1 Fidelity of end joining events [63,64]
MSH?2/6 Fidelity of end joining events [62,65]
WRN Recombination? [70]
TRF1 Telomere maintenance [68]
TRF2 Telomere maintenance [66]
TEP1 Telomere maintenance [56]
HSP90 Telomere maintenance [56]
TOPO Ila Telomere maintenance [56]
Top2p (yeast) Chromosome segregation [76]
PLK1 Chromosome segregation [77]
TOPO III Double Holliday junction resolution [41]
BLAP75 Double Holliday junction resolution [53]
BLAP18 Double Holliday junction resolution [43]
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Post-translational modifications and response to DNA damaging agents.

Post-translational modifications of proteins further control the activity of proteins via their
localization, association with protein partner(s), or through degradation. These modifications
include phosphorylation, ubiquitination, acetylation, and sumoylation. Phosphatase assays
indicate that a change in electrophoretic mobility of mitotic BLM compared to non-mitotic BLM
is due primarily to phosphorylation [46]. Three kinases have been implicated in the mitotic
phosphorylation of BLM. Western blot analysis of wild type and ATM-deficient cells arrested in
mitosis revealed that ATM is partially responsible for the mitotic phosphorylation of BLM [73],
although the specific residues phosphorylated by ATM were not identified. Also, mitosis
arrested cells treated with roscovitine, a specific inhibitor of Cdc2, display a complete reversal of
mitotic BLM phosphorylation [50], suggesting that Cdc2 is also responsible mitotic
phosphorylation events on BLM. Additionally, the monopolar spindle 1 kinase (MPSI)
phosphorylates BLM during mitosis [77] at S144 to allow interaction with Polo-like kinase 1
(PLK1), a mitotic kinase. Disruption of this interaction, tested via a phosphorylation mutant
(BLM®'**%), leads to disruption of chromosome numbers, suggesting that mitotic phosphorylation
and interaction with PLK1 are necessary for accurate chromosome segregation.

BLM is phosphorylated in response to different types of DNA-damaging agents by the
ATM and ATR (ATM and Rad3-related) kinases, upstream kinases in DNA damage checkpoints
[73,78-82]. Both kinases are members of the phosphatidylinositol-3 kinase family. ATM is
primarily involved in checkpoint activation following damage by ionizing radiation (IR) and
radiomimetic agents, while ATR is involved in the response to ultraviolet light (UV) and

hydroxyurea (HU) [83].
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In response to stalled replication forks induced by treatment of cells with HU, BLM is
phosphorylated at residues T99 and TI122 in an ATR-dependent manner [80,82]. This
phosphorylation event is important for the recruitment of other repair proteins, as a BLM double
phosphorylation mutant, BLM™*™**Ais unable to recruit the MRE11/RAD50/NBS1 complex
to RADS5]1 foci following HU treatment [11,80].

Following exposure to IR and other agents leading to double strand breaks (DSB), BLM
mRNA levels increase about four-fold leading to a ten-fold increase in BLM protein that
localizes to RADS1 foci [57], presumed sites of HR-mediated repair. The increase in protein
levels and localization is concomitant with an ATM-dependent phosphorylation at residue T99
[73,78]. BS cells are sensitive to IR during S- and G2-phases, and show increased chromosome
breaks following irradiation [84]. Interestingly an ATM phosphorylation mutant, BLM™*, is
unable to rescue IR sensitivity of BS cells, suggesting that the phosphorylation status of BLM is
important for its role in IR-induced damage [73].

Finally, BLM is modified by SUMO-1 and SUMO-2 at residues K317, K331, K334 and
K374. Eladad et al. showed that BLM sumoylation was needed for BLM recruitment to PML
bodies. A BLM SUMO-binding mutant, containing arginine mutations at residues 317 and 331
did not accumulate in PML bodies and induced the formation of DNA damage foci containing
BRCAI and YH2AX. Therefore, lack of BLM sumoylation and exclusion from PML bodies

leads to constitutively active DNA damage signaling [85].

Role of BLM in DSB repair and replication fork restart.

Accurate replication and repair of DNA is essential to maintain genome integrity. Double

strand breaks (DSB) are the most deleterious lesions encountered by the genome [86-88]. If not
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repaired, exposed DNA ends are subject to degradation by nucleases leading to deletions. DSB
also lead to loss of chromosome fragments, duplications and translocations, events associated
with tumor formation. DSBs can be generated by endogenous and exogenous agents, such as by-
products of metabolism and IR, respectively. Eukaryotic cells have evolved two distinct
mechanisms to repair DSB. HR is an error-free pathway that uses the information of a
homologous sister chromatid or chromosome to repair the break (Figure 5). This method of
repair is mostly used during S- and G2-phases of the cell cycle due to the availability of a sister
chromatid. = Non-homologous end-joining (NHEJ) is an error-prone pathway that leads to
deletions and is mainly employed in G1.

Homologous recombination.

HR is carried out by the proteins encoded by the RADS2 epistasis group and include
RADS51, RAD52, RAD54 and the MRE11/RADS0/NBS1 (MRN) complex [89]. There are two
models of HR, each of which begins with the formation of a 3’ end that invades the homologous
DNA strand [90]. The action of the MRN complex may be used to resect the 5’ strand leading to
a 3’ overhang. In vitro evidence though, suggests that an exonuclease other than MRE11 may be
involved in the resection since in order to generate a 3° overhang, exonuclease activity in the 5’
to 3’ direction is necessary and MREI1 has 3’ to 5’ exonuclease activity. EXOI1 has been
proposed to function as the exonuclease that fulfills this role [91]. Nevertheless, the MRN
complex is necessary to tether the two ends of the breaks. The generated 3’ overhang is quickly
coated with RPA [92]. RADS?2 binds to the 3’ overhang, protecting the overhang from further
exonuclease digestion. Binding of BRCA2 to RADS1 facilitates RADS1-mediated strand
invasion of the homologous sister chromatid generating a D-loop. The invading 3’ overhang

primes the start of replication using the donor duplex as a template (Figure 4, top panel). In
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synthesis-dependent strand annealing (SDSA), resection, strand invasion, priming and replication
occur in the same manner. Following extension of the invading strand, this strand is displaced
and can anneal to its complementary strand at the other side of the break. The remaining gap is
filled and ligated. This process leads to non-crossover products [93] (Figure 4, left panel).

According to the double-strand break-repair (DSBR) model, the other end of the break is
free to anneal to the displaced donor strand that can also prime replication. The resulting
intermediate, a double Holliday junction, is then resolved to crossover or non-crossover products
[93] (Figure 4, right panel).

HR is also employed in the recovery of stalled replication forks from single strand breaks.
During replication restart, resection, strand invasion, priming and replication occur as previously
described. In this model, if repair begins before the upstream replication fork meets the single
strand break generating a DSB, a second strand to anneal to the displaced donor strand does not
exist, therefore, the recombination intermediate is known as a Holliday junction [94]. Resolution
of the Holliday junction leads to a crossover product (SCE) half the time.

Anti-recombinogenic and anti-crossover roles of BLM in DSB repair.

BS cells show two cytological signs of deregulated HR: Qrs, pairs of homologous
chromosomes undergoing recombination [8]; and SCE, inter-chromosomal exchanges between
sister chromatids [6]. These observations suggest that BLM prevents excessive recombination
and crossover events from taking place. DSBs are process by the action of the proteins involved
in HR leading to the generation of a 3’ overhang that is coated by RADS1. Biochemical
evidence shows that BLM promotes RADS1 filament disruption, to establish repair by non-
recombination mechanisms such as single strand annealing (SSA) or non-homologous end

joining (NHEJ) (Figure 6A). Evidence also shows that BLM can melt the RADS51-associated D-
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loop [95], freeing the 3’ overhang for repair by SSA or NHEJ [91] (Figure 6B). In SSA the ends
of the break are processed by a 5’ to 3’ exonuclease, exposing regions of complementarity that
anneal. DNA synthesis fills in the gaps followed by ligation [90]. The process of NHEJ is
discussed below.

The ability of BLM to carry out RADS1 filament disruption is only possible when RADS51
is in its inactive ADP-bound form. Once the activation of RADS1 takes place, repair of the
break will proceed through a recombination mediated pathway [96] (Figure 6C). At this stage,
BLM is proposed to melt the D-loop structure after replication has taken place. Following
displacement, BLM pairs this strand with the complementary strand at the other side of the break
through its strand annealing activity [97], restoring the duplex DNA molecule without further
processing by resolvases [91] (Figure 6D). Biochemical evidence also suggests that in the event
that second strand capture and branch migration takes place, the BTB complex can process
double Holliday junction in a manner exclusively leading to non-crossover products (Figure 6E)
[41].

Replication fork lesion bypass activity of BLM.

Slow fork progression, abnormal distribution of DNA intermediates [98], and high
sensitivity to HU and other replication inhibiting drugs [82] in BS cells suggest a role for BLM
in the restart of DNA replication during S-phase. Additionally, the replication forks of BS cells
do not properly recover from HU treatment, leading to an accumulation of DSB [99]. A role in
lesion bypass of stalled replication forks for BLM is supported by biochemical assays on a model
replication fork [44] in which BLM was able to carry out fork regression allowing template

switching and polymerase extension. BLM then carries out reverse branch migration
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reestablishing the replication fork. This biochemical activity bypasses the DNA lesion without
initiating HR [40] (Figure 4E).

Other evidence implicates BLM in S-phase checkpoint arrest. BLM localization to repair
foci permits its association with the ATR/CHK1/53BP1 complex [74], proteins necessary for
checkpoint signaling. ATR-mediated phosphorylation of BLM on T99 is required for binding
53BP1. BLM binding to 53BP1 is also enhanced by CHK1-mediated phosphorylation of 53BP1.
BLM then enhances the interaction between 53BP1 and RADS1 disrupting RADS1 filament
formation [61,75]. Under low replication stress, BLM then attempts to reestablish the fork via
fork regression and reverse branch migration. It has been proposed that under high replication
stress conditions, BLM transmits the signals from the ATR/CHKI1/53BP1 complex to
RADS51allowing repair to take place via HR [74].

Pro-recombinogenic roles of BLM in DSB repair.

The localization of BLM at sites of replication stress with YH2AX occurs within minutes of
treatment with HU suggesting that BLM is one of the first responders to stalled replication forks
[80,100]. BLM is partially responsible for the co-localization of the MRN complex and BRCA1
to the repair foci [69,100,101], proteins that initiate the DNA processing for HR. Once cells
commit to damage repair via HR, BLM is still able to reduce the amount of crossovers generated
by acting in the later stages of HR as described above.

Biochemical evidence also suggests a pro-recombinogenic role for BLM in the
processing of early HR intermediates. An interaction between BLM and EXO1 has been
reported to stimulate EXO1 resection of DNA ends to enable DNA strand exchange by RADS51
[72]. Additionally, BLM stimulates DNA Pol 1 DNA synthesis on substrates that resemble one

end of the D-loop [61] and was also reported to interact with p12, the small subunit of DNA Pol
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d. The latter interaction enhances DNA Pol § strand displacement activity, allowing replication
within structures that are forked [60].

Role of BLM in non-homologous end-joining.

When the homologous sister chromatid is not available, DSB repair proceeds through
NHEJ. In this pathway, the two ends of the break are processed to expose areas of
microhomology by the action of the Ku70/Ku86 heterodimer and DNA-PKcs. XRCC4 and
DNA ligase IV ligate the two ends. This pathway of repair is error-prone leading to small
deletions [87]. NHEJ is most prevalent in G1-phase when it is difficult to find a homologous
chromosome for homologous recombination [89].

NHEJ is highly error-prone in BS cells. Langland et al. found that BS cell extracts were
unable to align areas of nearby microhomology, which in turn led to small deletions [102].
Similarly, Gaymes et al. observed aberrant NHEJ in BS cells in which ligation took place at
distant sites of microhomology resulting in very large deletions [103]. Such studies suggest a

role for BLM in the alignment of microhomologies in NHEJ.
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Figure 5. Pathways of homologous recombination. Double strand breaks arising from ionizing
radiation or single strand breaks during replication are repaired by homologous recombination
by resection of the break leading to a 3’ overhang. The 3’ overhang is used in strand invasion
of the homologous sister chromatid generating a displacement loop (D-loop). In synthesis-
dependent strand annealing (SDSA), the invading strand is displaced and can anneal to its
complementary strand at the other side of the break. The remaining gap is filled and ligated
leading to non-crossover product. According to the double-strand break-repair (DSBR) model,
the other end of the break is free to anneal to the displaced donor strand that can also prime
replication. The resulting intermediate, a double Holliday junction, is then resolved to
crossover or non-crossover products. Figure modified from [90].

23



A.

Double strand break

B.

D-loop formation

X
‘?/

-loop disruption

‘l Filament disruption

C.

Polymerase extension

Repair by NHEJ

or SSA

D.‘

v D-loop disruption

E. S

Second strand
capture
Branch migration

=__

l Annealing

BLAP75-BLAP18

BLM-TOPO llla-
l Dissolution
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(yellow circles) filament disruption allowing the break to be repaired by SSA or NHEJ. B.
BLM can melt the RADS51-associated D-loop, freeing the 3’ overhang for repair by SSA or
NHEJ. C. Activation of RAD51 commits repair via HR allowing polymerase extension. D.
BLM can melt the D-loop structure after replication has taken place and use its strand
annealing activity to pair this strand with the complementary strand at the other side of the
break. This action restores the duplex DNA molecule without further processing by resolvases
(SDSA). E. If second strand capture and branch migration takes place, the BTB complex can
process double Holliday junction in a manner exclusively leading to non-crossover products

(DSBR). Figure modified from [61].
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Role of BLM in telomere maintenance

Cells lacking telomerase activity maintain telomere length through a recombination-
mediated mechanism known as ALT, or alternative lengthening of telomeres [104]. In budding
yeast, ALT mechanisms are characterized by the generation of two types of cells: type I
survivors with amplification of subtelomeric Y’ elements or short telomere repeat tracts at the
termini; and type II survivors with abrupt additions of long tracts of telomere repeats. Both
mechanisms are dependent on RADS2 [105]; type I is also dependent on RADS1; type II is
dependent on RADS50 and Sgs1 [66,106].

Various lines of evidence suggest that in humans, BLM, much like Sgsl, plays a role in
telomere lengthening via an ALT pathway. A small subset of sub-telomere probes co-localize
with BLM and chromatin immunoprecipitation, or ChIP, localizes BLM to telomeric DNA
repeats [107] suggesting the presence of BLM at telomeres. More specifically as it pertains to
the ALT mechanism, transient over-expression of BLM increases ALT-specific telomeric DNA
[66]. In vivo and in vitro experiments with both TRF1 and TRF2, proteins involved in telomere
maintenance, show that these proteins physically interact with BLM to regulate its helicase
activity [67]. This evidence suggests a model in which RPA binding to BLM permits the
unwinding of long telomere duplex regions prebound by TRF2, where TRF2 binding to BLM
enhances its helicase activity [67]. TRFI1 binding to BLM, in contrast to TRF2, selectively
inhibits DNA unwinding by BLM at telomeric repeat sequences in vitro even in the presence of
TRF2 [68] suggesting a dynamic regulation of BLM by the TRF proteins in order to maintain
telomere length in cells that use ALT. Recently, other ALT-specific BLM interacting proteins
have been identified and include TEP1, HSP90 and topoisomerase Ila, although the precise role

of these interactions remains to be elucidated [56].
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Role of BLM in chromosome segregation.

Topoisomerases belong to two families: type I and type II. Type I topoisomerases create a
transient single stranded break on one DNA strand allowing passage of the unbroken strand
through the break to relieve supercoiling. In humans, type I topoisomerases include
topoisomerase I, Illa and III. Type II topoisomerases, functioning as homodimers, cleave both
strands of a DNA duplex to allow passage of another double stranded DNA molecule through the
break, unknotting or decatenating the DNA molecules. In humans, type Il topoisomerases
include topoisomerase Ila and 1IB [108,109].

The interaction between helicases and topoisomerases is not surprising, since unwinding by
helicases leads to tension upstream of the DNA strand that can be released by the action of
topoisomerases. As discussed above, BLM interaction with the type I topoisomerase,
topoisomerase IIlo, promotes the dissolution of double Holliday junctions. The interaction
between type II topoisomerases and RecQ-like helicases is also documented. In yeast, Sgsl
interacts directly with Top2p, an interaction required for faithful chromosome segregation [76].
A temperature-sensitive mutant of Top2 (CHI110 strain) grown at the semipermissive
temperature shows a 10-fold increase in chromosome missegregation, measured by red sectoring
in yeast colonies. The Asgs/ strain showed similar levels of missegregation. Crossing of the
Asgsl strain to CH1110 strain followed by growth at the semipermissive temperature did not
increase chromosome missegregation over that seen in the CH1110 strain, suggesting that Sgsl
and Top2 may function in the same segregation pathway.

In mammalian cells, BLM is localized to fine anaphase bridges with topoisomerase IIlo. and
BLAP75. The PICH protein, which links centromeric regions of DNA, is also contained in

these BLM-DNA bridges. BS cells display excessive levels of anaphase bridging and lagging
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chromosomes [110]. These structures represent incompletely segregated chromosomes and
could give rise to chromosome breaks generated by the mitotic spindle forces [96]. Additionally,
as mentioned earlier, the mitotic phosphorylation of BLM by MPS1 at residue S144 allows BLM
interaction with PLK1, and this event is necessary for BLM’s interaction with PLK1 and perhaps
accurate chromosome segregation [77]. These observations suggest that BLM may also have a

role in chromosome segregation in mammalian cells.

Conclusions.

BS cells are characterized by hyper-recombination in the form of increased SCE and Qrs,
chromosome instability observed as DSB, and sensitivity to genotoxic agents. BLM appears to
exert its genome-stabilizing effect via multiple mechanisms including its lesion bypass activity in
order to reset a stalled replication fork, through interactions with proteins involved in DSBR
including HR and NHEJ, chromosome segregation and telomere maintenance. = The work
presented here will focus on determining reasons why BS cells have increased chromosome
breaks. Therefore, this thesis will investigate the interaction of BLM with a type II
topoisomerase, topoisomerase Ila, in order to understand the processing of DNA structures
found in mitosis (i.e. catenated DNA) and those representing HR intermediates that when
inappropriately processed could result in DSB. This work will also investigate if the interaction
of BLM and topoisomerase Ila is needed in order to prevent the increased chromosome breakage

observed in BS cells.
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CHAPTER TWO. Thesis Rationale and Research Objectives.

Double strand breaks are one of the most deleterious insults to DNA and can lead to point
mutations, small and large deletions, chromosome loss, duplication and translocation [93]. Such
events are also associated with tumors in humans, underlining the importance of proper double
strand break (DSB) repair [87]. All cells have evolved DSB repair mechanisms to maintain the
integrity of DNA via two distinct mechanisms, homologous recombination (HR) and non-
homologous end-joining (NHEJ) [86-88]. Increasing evidence suggests a role for BLM in the
repair of DSBs through either of these pathways. The involvement of BLM in HR ensures that
intermediates are processed in a manner leading to non-crossovers [41]. Immunofluorescence
evidence suggests that BLM is one of the first proteins that co-localize to DSB and that its
presence aids in the recruitment of other repair and checkpoint proteins to the damage site
[69,74,75,80,100] ensuring proper processing of DSBs. In the NHEJ mechanism, BLM is
suggested to be important in the alignment of microhomology [102,103].

Chromosome breakage was one of the first distinguishing cytological characteristics of cells
from individuals with BS [10]. These abnormalities included isochromatid breaks and associated
displaced acentric fragments, or apparently telocentric chromosomal fragments, dicentric
chromosomes, triradials, asymmentric quadriradial configurations and abnormal monocentric
chromosomes. Such chromosome breaks are highly reminiscent of those in cells where the
activity of topoisomerase Ila is inhibited [111]. BS cells display excessive levels of anaphase
bridging and lagging chromosomes [110], structures that represent incompletely segregated
chromosomes and could give rise to chromosome breaks generated by the mitotic spindle forces

[96]. This observation suggests that BLM may be involved in chromosome segregation and its
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function may be necessary to prevent breakage. In Saccharomyces cerevisiae, the BLM ortholog
Sgsl, binds to a type II topoisomerase and their action is required for proper chromosome
segregation [76]. These observations suggested that we test whether the BLM helicase interacts
directly or indirectly with the mammalian type II topoisomerase, topoisomerase Ilo, and whether
the increased chromosome breakage of BS cells results from the disrupted interaction of BLM
and topoisomerase Il

The interaction of a RecQ-like helicase with a type II topoisomerase had not been
demonstrated in mammalian cells, but had been reported in S. cerevisiae [76] and therefore,
posed an interesting line of investigation. This work focuses on determining reasons why BS
cells have increased chromosome breaks. We reasoned there could be at least two possible
explanations as to why. First, as stressed above, defects in HR lead to accumulation of DSB, and
BLM is proposed to function at multiple stages of DSBR. Second, residual tanglement in
chromosomes leads breakage as the chromosomes attempt to migrate to opposite poles during
mitosis. We asked whether BLM and topoisomerase Ila interact in mammalian cells and if this
interaction was direct. In order to establish a potential mechanism of action, we not only assayed
the effect of BLM on the ability of topoisomerase Ila to decatenate DNA substrates, but we also
assayed the effect of topoisomerase Ilaw on the helicase activity of BLM on several of its DNA
substrates representing HR intermediates.

This work tests the hypothesis that the interaction of BLM and topoisomerase Ila is
necessary for proper processing of DNA structures in order to prevent chromosomes breaks. In
vivo and in vitro binding assays were employed to determine the association characteristics of the
two proteins and the mapping of the interaction domain within BLM. Biochemical assays

determined the in vitro effects on the catalytic activities of each protein in the presence of the
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other.  Finally, somatic cell genetic approaches determined the cytological and cell cycle

consequences of the loss or disruption of the BLM and topoisomerase Ilo interaction.
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CHAPTER THREE. The interaction of BLM and topoisomerase Ilo. enhances BLM

unwinding activity on early recombination substrates.

I. Introduction.

Homologous recombination (HR) is a process by which cells repair double strand breaks
(DSBs) with the use of a homologous sister chromatid or homologous chromosome. This
process is highly regulated in cells, as the exchange or loss of genetic material contributes to
genetic variation in daughter cells that may lead to tumor formation. DSBs can be created by
endogenous and exogenous cellular agents such as by-products of metabolism or ionizing
radiation (IR), respectively.

The importance of properly recognizing and processing DSBs is underscored by the fact that
mutations in the genes involved in HR lead to genomic instability and cancer in humans. The
proteins encoded by NBSI, MREII and BRCAZ2 perform important functions in the process of
HR. The proteins MRE11, RAD50 and NBS1 associate to form the MRN complex. This
complex functions as a tether between the two ends of the double strand break and it has been
proposed to be necessary for the generation of the 3’ overhang [91]. Mutations in the NBSI gene
lead to Nijmegen breakage syndrome [112]. This syndrome is characterized by increased cancer
incidence, defects in cell cycle checkpoints, radiation sensitivity and immunodeficiency [113].
Mutations in MRE]1 lead to an ataxia telangiectasia-like disorder (ATLD). The BRCAZ2 protein
serves its function in HR by facilitating RADS1 strand invasion [94]. Fanconi anemia, also
characterized by genomic instability and cancer predisposition, results from mutations in the
BRCA2 (FANCDI) gene, or other genes in the Fanconi anemia complementation groups, (A, B,

C,D2,E,F,G,I,J,L,Mand N) [114,115].
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Mutations in the BLM gene lead to excessive HR manifested as elevated levels of sister
chromatid exchanges (SCE), suggesting the importance of BLM in the process of HR [8]. Loss
of BLM leads to Bloom’s syndrome (BS), a recessive disorder in which affected individuals are
predisposed to a plethora of cancers including those epithelial in nature; colon, breast and skin
cancers, and leukemias and lymphomas [4].

The precise role of BLM in DSBR is not yet fully understood. Several lines of evidence
suggest its involvement at multiple stages of repair that either promote or inhibit HR. The
proposed roles of BLM in DSBR are described in detail in Chapter 1 Figure 6. Briefly, in the
early stages of DSBR, BLM is proposed to disrupt RADS51 filament formation, either before or
after D-loop formation, shifting the equilibrium away from recombination repair and towards
SSA or NHEJ [116]. Following polymerase extension of the invading strand, D-loop disruption
by BLM allows repair via the SDSA branch of HR. If second strand capture takes place, DSBR
branch, the BTB complex dissolves the double Holliday junction leading to non-crossovers
[41,43,53].

The evidence presented above suggests an anti-recombinogenic role, but recent
biochemical data propose that BLM could be playing a positive role in HR. BLM is reported to
interact with EXOI1, an interaction that stimulates EXO1 resection of DNA ends in vitro,
presumably enabling DNA strand exchange by RADS1 [72]. Additionally, purified BLM is able
to stimulate DNA Pol 1 DNA synthesis on substrates that resemble one end of the D-loop [61],
and BLM also interacts with p12, the small subunit of DNA Pol 8. The latter interaction
enhances DNA Pol 8 strand displacement activity, allowing replication past forked DNA

structures such as bubbles and D-loops [60].
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BLM carries out its biochemical activities alongside its protein-binding partners. An
interaction of BLM with topoisomerase III is conserved throughout evolution. The interaction
between a type Il topoisomerase and a RecQ-like helicase is documented in the budding yeast
where an interaction of Sgsl and Top2p is required for faithful chromosome segregation [76].
This interaction, not previously reported in mammalian cells until recently in ALT cells by our
laboratory [56], prompted the question as to whether or not this interaction as also conserved in
mammalian cells. Additionally, a similarity in cellular phenotypes in the form of chromosome
breakage in both BS cells [10] and in cells in which the enzymatic activity of topoisomerase Ila
is inhibited [111] further warranted this question and whether or not these proteins are involved
in a pathway that regulates the integrity of DNA.

The work in this chapter focuses on determining if an interaction of BLM with a type 11
topoisomerase is conserved in mammalian cells and the biochemical consequences this
interaction might have. We began by asking whether BLM and topoisomerase Ilo interact in
mammalian cells and if this interaction was direct and if so, what is the biochemical consequence
of their interaction. This work shows that BLM and topoisomerase Ila associate in mammalian
cells in a cell cycle-dependent manner. Their association is enhanced in S- and G,-phases and is
most prominent during mitosis. [n vitro pull-down assays show that the association occurs
through physical interaction via amino acids 489-587 of BLM. In vitro decatenation assays with
human purified topoisomerase Ilo. showed that BLM did not have an effect on the decatenation
activity of topoisomerase Ila. Interestingly, in vitrro BLM helicase activity is enhanced
approximately three- and five-fold by equimolar topoisomerase Ila using early HR intermediates
such as 3” overhangs and bubble substrates, respectively. On the other hand, topoisomerase Ilo

had a mild but inhibitory affect on BLM processing of an X-junction substrate, an intermediate
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observed at later stages. These biochemical data suggest that BLM and topoisomerase Ilo could
be involved in the early processing of HR intermediates, but perhaps not those occurring at later

stages of repair.

II. Materials and Methods.

Cell lines, tissue culture and cell synchronization- Cell lines used in this study include 293T
(human embryonic kidney cell line), HeLa (cervical cancer cell line), MCF7 (breast cancer cell
line) and HCT116 (colorectal cancer cell line). Cells were obtained from the American Tissue
Culture Collection (Rockville, MD). 293T, HelLLa and MCF7 were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Invitrogen) containing 10% fetal bovine serum (FBS)
(Hyclone). HCT116 cells were cultured in McCoy’s Eagle Medium with 10% FBS. All cells
were grown at 37°C in 5% CO,. To obtain cell extracts for cell cycle specific co-
immunoprecipitations, 293T and HCT116 cells were first synchronized with a double-thymidine
block. Cells were treated with 2mM thymidine (Sigma) in DMEM or McCoy’s Eagle Medium,
respectively, for 16 hours followed by removal of the thymidine containing media and two
washes with phosphate buffered saline (PBS) (Invitrogen). The cells were allowed to continue
growth for 8 hours, at which time, thymidine-containing media was added. Following 16 hours
of treatment, the cells were washed with PBS and released into fresh media. To obtain cells at S-
and G,/M-phases, cells were harvested at 1 and 6 hours post-release, respectively. To obtain
cells in G,- or M-phases, 293T and HCT116 cells were treated with 200 wg/mL nocodazole
(Sigma) for 16 hours, released into fresh media and harvested 16 or 6 hours post-release,

respectively.
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Immunoprecipitations- Asynchronous or synchronized 293T and HeLa cells were treated using
hypotonic solution A (10 mM HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl, 0.3 M sucrose, 10%
glycerol, 10 mM NaF, 1 mM PMSF, 1 mM NaVO, and protease inhibitor cocktail (Sigma)) for
10 minutes on ice in order to lyse the cytoplasmic membrane. Intact nuclei were separated from
cytoplasm by centrifugation at 3,400 rpm for 4 minutes at 4°C. Nuclei were lysed in hypotonic
solution A on ice for 10 minutes and sonicated with two 10 second pulses of a Fisher Scientific
550 model sonic dismembrator with the wave amplitude set at 40%. Broken nuclei were further
treated with 500 units of Micrococcal nuclease (USB) and 10 mM CaCl, for 1 hour on ice to
digest the DNA. Proteins were further extracted from remaining chromatin by treatment with
300 mM NaCl and 0.1% triton X-100 on ice for 10 minutes. Lysed nuclei were cleared by
centrifugation at 13,000 rpm for 20 minutes at 4°C. Nuclear extracts (4 mg) were pre-cleared
with protein A/G agarose beads (Santa Cruz Biotechnology) for 1 hour at 4°C with rotation in
Buffer Z (50 mM Tris HCI pH 8, 20% glycerol, 150 mM NaCl, 1 mM DTT, 0.1% NP-40, 500
mM KCI, 1 mM PMSF and protease inhibitor cocktail). The pre-cleared extracts were used in
immunoprecipitations with 10 ug of BLM antibody (A300-110A, Bethyl Laboratories) overnight
at 4°C with rotation. Protein-antibody complexes were bound to protein A/G agarose beads by
incubation at 4°C with rotation for 45 minutes. Agarose beads were precipitated by
centrifugation at 2,000 rpm for 1 minute and washed 2X Buffer Z for 10 minutes at 4°C with
rotation followed by one final wash with 200 mM NaCl (final concentration) for the same
amount of time. Proteins were separated using 4-12% Tris-glycine polyacrylamide gel
electrophoresis (Invitrogen), transferred to PVDF membrane (Millipore) and visualized by

western blotting using antibodies specific for BLM (A300-110A, Bethyl Laboratories, Inc.),
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topoisomerase Ila  (Ab-1, Calbiochem), or topoisomerase IIlaa (N-20, Santa Cruz

Biotechnology).

Immunofluorescence- MCF7 and HCT116 cells were cultured on glass cover-slips in 6 well
plates to 50% confluency. Cells were transfected with 4 ug of pEGFP-BLM expression vector
using Lipofectamine 2000 (Invitrogen) in Opti-MEM media for 5 hours at 37°C and 5% CO,.
Following transfection, cells were synchronized as described above. At appropriate times
following release from synchronization, cells were fixed with 4% formalin for 20 minutes and
washed 3 times with PBS. The cells were then permeabilized with PBT (0.1% Triton X-100 in
PBS) for 10 minutes and blocked for 1 hour in 5% BSA, 6% goat serum in PBT. Cells were
stained for one hour at 37°C and 5% CO, with an antibody against topoisomerase Ilo. (Ab-1, Lab
Vision) used at 1:500 in 2% BSA in PBT. Following three 10 minute washes with PBS, the cells
were stained with a Rhodamine conjugated secondary antibody (Jackson ImmunoResearch) used
at 1:700 in 2% BSA in PBT for 30 minutes at 37°C and 5% CO,. Nuclei were stained with
DAPI after three 5 minutes washes with PBS and viewed using an Axiovert 200M Zeiss

microscope with Axio Vision 4.5 software.

In vitro transcription-translation (IVIT)- IVTT reactions with BLM segments, N (aa 1-587), H
(aa 588-1000) and C (aa 996-1417) were carried out using pET-vectors containing the indicated
BLM segments (pET24D-BLM-N, pET24D-BLM-H and pET30A-BLM-C, generated and
characterized in [63]) and Rabbit reticulosite IVTT reaction kit (Promega) according to
manufacturer’s instructions with [*>S]-methionine (Perkin Elmer). IVTT BLM-N-terminal

segments, 1-587, 101-587, 203-587, 301-587, 401-587 and 1-488 were generated using the TNT
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T7 Quick for PCR DNA kit (Promega) following manufacture’s instructions with [*°S]-
methionine. PCR products for the BLM-N-terminal segments were obtained from the pET-
BLMN vector using the following primers. Segment 1-587, primers BLM N1 (5’-AAGCT
GGATCCTAATACGACTCACTATAGGGAGCCACCATGGCTGCTGTTCCTC-3’) and BLM
NRS587 (5’-GATCTTTACTTGATGGGTTGATAGGC-3’); segment 101-587, primers BLM
N101 (5’-AAGCTGGATCCTAATACGACTCACTATAGGGAGCCACCATG GGTGGATCA

AAATC-3’) and BLM NR587; segment 203-587, primers BLM N203 (5’-AAGCT GGATCC
TAATACGACTCACTATAGGGAGCCACCATGGTAAAGACTGATTTGC-3’) and BLM
NR587; segment 301-587, primers BLM N301 (5’-AAGCTGGATCC TAATACGACTCACTA

TAGGG AG CCACCATGCCACCTTCTCCAGAAG-3’) and BLM NR587; segment 401-587,
primers BLM N401 (5’-AAGCT GGATCC TAATACGACTCACTATAGGG AG CCACCATG
CTTCAGCAGCGGAAC-3’) and BLM NR587; and segment 1-488, primers BLM N1 and BLM

NR488 (5’-GATCTTTACCTTTCAAAAAGATTCTTCC-3’).

Pull-down assays- In vitro pull-down assays with BLM protein segments were carried out with
400 ng of human topoisomerase Ila. (USB) and 30 uL of each IVTT reaction in topoisomerase
[Ia assay buffer (10 mM Tris pH 7.9, 50 mM NaCl, 50 mM KCI, 5 mM MgCl,, 0.1 mM EDTA,
1 mM ATP, with additional 0.05% Triton X-100, 1 mM PMSF and protease inhibitor cocktail)
(USB). Following binding for 2 hours at 4°C, topoisomerase [lo. was immunoprecipitated with 3
ug of topoisomerase Ila-specific antibody (ab2987, Abcam), followed by binding to Protein A/G
agarose beads (Santa Cruz Biotechnology). Rabbit IgG was used as a control (Jackson
ImmunoResearch). Proteins were separated using 4-12% Tris-glycine polyacrylamide gel

electrophoresis (Invitrogen) and visualized by autoradiography.
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Protein expression and purification- The pYES expression vectors containing 6xHis-tagged-
BLM, BLM""* (helicase-dead mutant) or P-galactosidase were overexpressed in the S.
cerevisiae stain JEL1. Transformed yeast were grown in 1L of —Ura DO + minimal base and 2%
glucose in an orbital shaker at 30°C. Protein expression was induced at an ODy,, of 1.2-1.4 by
switching cells to growth in media containing 2% galactose. Cells were grown for an additional
16 hours, pelleted and resuspended in 30 mL of lysis buffer (50 mM KPO, pH 7.0, 500 mM KClI,
10% glycerol, 1 mM PMSF and protease inhibitor cocktail (Sigma)). Cells were lysed using a
french press at 20K psi, cleared by ultracentrifugation and purified by FPLC on nickel resin, Ni-
NTA (Qiagen). An initial 35 mM imidazole wash was followed by a 50 mL gradient from 35
mM to 250 mM imidazole. All 6xHis-tagged proteins eluted off the nickel resin at 121-185 mM
imidazole. Fractions containing desired protein were pooled and dialyzed (50 mM Tris pH 7.
S 10 % glycerol, 100 mM NaCl, 1 mM PMSF and protease inhibitor cocktail). Dialyzed
fractions were loaded on a Q-sepharose column (Sigma) and washed at 100 mM NaCl followed
by a 10 mL gradient from 150 mM to 1 M NaCl. Pure 6xHis-tagged proteins eluted at 221-351
mM NaCl. Fractions containing proteins were dialyzed in final storage buffer (25 mM Tris pH
7.5z, 20% glycerol, 1 mM DTT, 1 mM EDTA, 200 mM NaCl, 1 mM PMSF and protease

inhibitor cocktail) and snap-frozen at -80°C.

Helicase assays- The 3° overhang substrate was generated by radiolabeling NT38 (5°-

ATGAGAAGCAGCCGTATCAGGAAGAGGGAAAGGAAGAA-3’) at the 5° terminus with

[y-"P]ATP and T4 polynucleotide kinase prior to annealing to NT68 (5’-TTCTTCCTTTCCCT
Y poly p
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CTTCCTGATACGGCTGCTTCTCATCTACAACGTGATCCGTCATGGTTCGGAGTG-3).
The bubble substrate was generated by radiolabeling BT (5’-GACGCTGCCGAATTCTGGCTT
GCTCGGACATCTTTGCCCACGTTGACCCG-3’) at the 5’ terminus with [y-P]ATP and T4
polynucleotide kinase prior to annealing to BB (5’-CGGGTCAACGTGGGCAAAGCCAATGC
GATCGGCCAGAATTCGGCAGCGTC-3’). The X-junction substrate was generated by
radiolabeling X12-1 (5’-GACGCTGCCGAATTCTGGCTTGCTAGGACATCTTTGCCCACGT
TGACCCG-3’) at the 5 terminus with [y-’P]JATP and T4 polynucleotide kinase prior to
annealing to X12-2 (5’-CGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTC
TATGACGTC-3’) and annealing X12-3 (5’-GACGTCATAGACGATTACATTGCTAGGACA
TGCTGTCTAGAGACTATCGC-3’) to X12-4 (5’-GCGATAGTCTCTAGACAGCATGTCCTA
GCAAGCCAGAATTCGGCAGCGTC-3’).  X12-1/2 was then annealed to X12-3/4 at 4°C
overnight as described in Mohaghegh et al. [25]. Oligonucleotides for the fork substrate were a
kind gift from Dr. David Orren, and this substrate was generated by annealing 70lead (5°-
CGTGACTTGATGTTAACCCTAACCCTAAGAATTCGGCTTAAGTGAGTGTGAGGATAT
CATGTACGATAGC-3’) to 5’ terminus [y-"P]ATP labeled 27lead (5’-GCTATCGTACATGA
TATCCTCACACTC-3’) and 5’ terminus [y-"P]ATP labeled 70lag (5’-GCTATCGTACATGAT
ATCCTCACACTCTGAATAGCCGAATTCTTAGGGTTAGGGTTAACATCAAGTCACG-3’)
to 27lag (5’-GAGTGTGAGGATATCATGTACGATAGC-3’). The annealed leading and
lagging duplexes were then annealed to each other at 4°C overnight as described in Machwe et
al. [44]. All substrates were separated from un-annealed products using native 8% PAGE. The
correct size band was excise the gel and transferred to a microfuge tube. The radiolabeled
substrate was eluted from the gel with 150-300 ul of 10 mM Tris 8.0, 10 mM NaCl, depending

on the size of the gel slice, with rotation overnight at room temperature. Helicase assays were
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carried out with the indicated amounts of BLM and topoisomerase Ila. (USB) with 2 fmoles of
substrate, unless otherwise indicated, in 1X helicase buffer (20mM Tris-HCI pH 7.5, 0.1 mg/mL
BSA, 2mM MgCl,, 2mM ATP and 1 mM DTT), at 37°C for the indicated times. In reactions
with topoisomerase Ila, the substrate was pre-incubated with topoisomerase Ilo for 5 minutes
prior to adding BLM. Reactions were terminated with helicase stop buffer (30% glycerol, 50mM
EDTA pH 8, 0.9% SDS, 0.25% bromophenol blue and 0.25% xylene cyanol) and the products of
the reactions were separated using native 12% PAGE for the 3° overhang and bubble substrates,
and native 10% PAGE for the X-junction and model replication fork substrates. All assays were

performed at least three times.

Decatenation assays- Decatenation assays were carried out with the Topoisomerase II Assay Kit
as per manufacturer’s directions (TopoGEN). Catenated DNA was used at 100 ng per reaction
with indicated amounts of topoisomerase Ilo. and BLM, BLM"***, or B-galactosidase for 30
minutes at 37°C. Assays were terminated with supplied stop-dye and treated with proteinase K
(50 ug/mL) for 30 minutes at 37°C before separation using 1% agarose gel electrophoresis and

visualization using ethidium bromide-staining.
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III. Results.
BLM and topoisomerase Ilo. co-immunoprecipitate and co-localize in human cells.

To determine whether BLM and topoisomerase Ilo associate in mammalian cells, co-
immunoprecipitation experiments were carried out using nuclear extracts prepared from
asynchronous 293T and HeLa cells. The anti-BLM antibody co-immunoprecipitated BLM and
topoisomerase Ila. from both cell lysates as shown by subsequent western analysis with
antibodies specific for BLM and topoisomerase Ila (Figure 7A). The inverse co-
immunoprecipitation with an antibody specific to topoisomerase Ila did not yield detectable
levels of BLM protein by western blotting (data not shown). This is likely a result of the great
differences in protein levels of BLM and topoisomerase Ila.. A negative control, IgG, did not
precipitate either protein (Figure 7A).

These immunoprecipitation data were validated using co-immunofluorescence to
determine whether BLM and topoisomerase Ila co-localize. MCF7 cells were transfected with a
vector expressing an EGFP-tagged BLM fusion protein. GFP fluorescence of transfected MCF7
cells demonstrates expression of BLM (Figure 7B, Panel A.). An antibody specific for
topoisomerase Ilo identifies immunostaining of topoisomerase Ila distributed throughout the
nucleus and in discrete brighter foci (Figure 7B, Panel B.). Merged images of Figure 7B Panels
A and B along with DAPI nuclear staining, show co-localization of EGFP-BLM and
topoisomerase Ilo. within the nucleus, confirming immunoprecipitation and western analysis data
(Figure 7B, Panel C.). A rhodamine-labeled IgG control shows that rhodamine signal is specific
to topoisomerase Ilo staining and it does not coincide with EGFP expression (Figure 7B, Panel

D.).
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The association of BLM and topoisomerase Ila is cell cycle-dependent.

The independent expression patterns of BLM and topoisomerase Ila are cell cycle
regulated, with low expression in G,-phase that follows an increase during S-phase and peaks at
G,/M-phases [46,117]. To test whether the association of BLM and topoisomerase Ilo also
varies during the cell cycle, 293T cells were synchronized by double thymidine block and
collected one-hour post-release to obtain cells in S-phase or six-hours post-release to obtain cells
in G,/M-phase. 293T cells were arrested with nocodazole and harvested six-hours post-release
in order to obtain M-phase cells. FACS analysis confirmed cell synchronization of harvested
cells (Figure 8A). Nuclear extracts from asynchronous and synchronized cells were used for
BLM immunoprecipitation. Inputs (Figure 8B, left panel) represent 2.5% of the extracts used for
immunoprecipitation. Consistent with our initial experiments, western blotting demonstrated the
association of BLM and topoisomerase Ilo in asynchronous cells. Following cell cycle
synchronization, the association of the two protein increased in S- and G,/M-phases and, most
dramatically, in M-phase (Figure 8B, right panel). As a positive control, the inputs and
immunoprecipitations were blotted with topoisomerase Illa, a protein documented to associate
and physically bind to BLM (Figure 8B). In order to provide further evidence of the cell cycle
dependent association co-immunofluorescence of BLM and topoisomerase Ila was assayed in
HCT116 cells. Cells were transfected with an EFGP-tagged BLM expression vector. For this
experiment MCF7 cells were not used due to difficulty with synchronization, which did not yield
at least 65% of the cells in the desired cell cycle phase. Association was scored as one or more
co-localizing focus/foci. The histogram in Figure 8C shows that 39.1% of the cells score
positive for BLM-topoisomerase Ila association. This number decreases to 23.3% in G,, most

likely because of minimal expression of both proteins in G,. The co-localization increases to
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55.2%, 63.2% and 81.1% at S, G,/M and M-phases, respectively. Low levels of background
association reaching 8.9% were observed with a rhodamine labeled IgG control.  The co-
localization data obtained support the immunoprecipitation data suggesting that an increase in

BLM and topoisomerase Ila association in S and G, phases, that becomes more prominent in

mitosis.
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Figure 7. BLM and topoisomerase Ila associate in asynchronous cells. A. BLM was
immunoprecipitated from nuclear extracts prepared from 293T and HeLa cells with
rabbit anti-BLM antibody or rabbit [gG. Immunoprecipitated proteins were separated
using SDS-PAGE and analyzed by western blotting with anti-BLM or anti-
topoisomerase Ilo antibodies. B. MCF7 cells were transfected with pEGFP-BLM.
Forty-eight hours post-transfection, cells were fixed and stained with anti-
topoisomerase Ilo antibodies, and DAPI for nuclear staining. Panel a. shows EGFP-
BLM-positive foci; Panel b. shows topoisomerase Ila staining; Panel c. shows merged
EGFP-BLM, topoisomerase Ilo. and DAPI staining; Panel d. shows staining with

rhodamine-labeled mouse anti-rabbit IgG (marlgG) as a negative control.
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Figure 8. The association of BLM and topoisomerase Ila is cell cycle-specific. A.
FACS analysis of representative 293T cells synchronized at different phases of the cell
cycle and used for immunoprecipitations. Cell cycle stage was analyzed by ModFit. B.
Nuclear extracts from 293T synchronized cells were used in immunoprecipitations with
anti-BLM antibody or rabbit IgG. Immunoprecipitated proteins were separated using
SDS-PAGE and analyzed by western blotting with anti-BLM, anti-topoisomerase Ila or
anti-topoisomerase Il antibodies. C. Histogram shows the percentage of cells with
BLM and topoisomerase Ilo co-localized foci at different phases of the cell cycle.
HCT116 cells transfected with pEGFP-BLM. Twenty-four hours post-transfection, cells
were synchronized similarly to the 293T cells and used for immunofluorescence with
anti-topoisomerase Ila antibodies. Histogram shows the average of at least 100 cells
analyzed per cell cycle phase from three different experiments.
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BLM directly interacts with topoisomerase Ilo. through amino acids 489-587 of BLM.

To test whether BLM and topoisomerase Ila interact directly, three segments of BLM
were in vitro transcribed and translated (IVTT): BLM N, extending from the start of translation
to the start of the helicase domain (aa 1-587), BLM H, covering the helicase domain and a small
part of the recQ-like C-terminal domain (RQC) (aa 588-1000), and BLM C, containing the
majority of the RQC domain, the helicase and RNase D C-terminal domain (HRDC) and the
nuclear localization signal (NLS) (aa 996-1417) (Figure 9A). The three [*°S]-labeled segments
were used in in vitro immunoprecipitation assays with human recombinant topoisomerase Ila
protein and an antibody specific to topoisomerase Ila. Topoisomerase Ilo. immunoprecipitates
with the BLM N segments consisting of amino acids 1-587, but not the helicase domain (BLM
H) or the C-terminal domain (BLM C) (Figure 9B).

To define the topoisomerase Ilo interaction domain more specifically, the BLM N-
terminal segment was further broken down into five segments by sequentially removing
approximately 100 amino acids from the start of translation, and one segment from which the last
98 most amino acids were removed (Figure 9C). [*’S]-labeled IVTT products of the six
segments were subject to immunoprecipitations with a Topoisomerase Ilo specific antibody.
The input panel of Figure 9D shows the expected sizes of IVTT products for all the segments.
Most of the products of the IVTT reactions show smaller protein products most likely due to
incomplete transcription or translation. Topoisomerase Ila. immunoprecipitated five of the
segments, each of which contained the last 98 amino-terminal amino acids (489-587). The sixth
segment (aa 1-488) lacking the region 489-587 did not immunoprecipitate with topoisomerase
IIa, suggesting that amino acids 489-587 of BLM are necessary for the interaction with

topoisomerase Ilow (Figure 9D). This region falls within the much larger segment previously
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mapped for S. cerevisiae Sgs1 and Top2 interaction [76]. An IgG control immunoprecipitation
with all six segments showed background immunoprecipitation of all segments.  Although
visually less than the amounts immunoprecipitated with the topoisomerase Ila specific antibody,
we often observed that the BLM protein or its fragments had a tendency to immunoprecipitate
with the IgG control, an issue that we were unable to resolve in these particular

immunoprecipitations.
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Figure 9. The interaction of BLM with topoisomerase Ilo. occurs within the amino-
terminus of BLM. A. Schematic representation of the BLM protein and smaller
segments tested for topoisomerase Ilo. binding. B. [*’S]-methionine-labeled IVTT
proteins representing the amino-terminal (N), helicase (H) and carboxy-terminal (C)
segments were incubated with purified topoisomerase Ilo and immunoprecipitated
(IP) with a topoisomerase Ilo-specific antibody. The input lanes represent 1 uL of
each IVTT reaction. Control reactions were carried out by immunoprecipitating all
three segments with mIgG. C. Schematic representation of N-terminal segments. D.
N-terminal segments were generated via IVTT and tested for their ability to bind
topoisomerase Il as described in B. Input lanes represent 10 uL of each IVTT
reaction; immunoprecipitations (IP) were carried out with 40 ul of each IVTT
reaction.
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BLM does not alter topoisomerase Ilo. decatenation activity.

The direct interaction of BLM and topoisomerase Ila suggested that BLM may modulate
the decatenation activity of topoisomerase Ilow or that topoisomerase IIloo may modulate the
helicase activity of BLM. We first test the in vitro effect of BLM on the ability of topoisomerase
IIa to decatenate DNA.

To carry out these experiments we developed a new purification scheme for BLM that
yields approximately 95% pure protein. This new scheme relies on two purification steps using
fast protein liquid chromatography (FPLC) through a nickel resin followed by a second
purification step through a Q-sepharose resin (Figure 10A). Yeast expression vectors (pYES)
containing 6xHis-tagged BLM, 6xHis-tagged BLM"™*, a helicase dead mutant, and 6xHis-
tagged (-galactosidase, used as a negative control, were used to transform JEL1 yeast. Figure
10B shows a coomassie blue-stained gel of the first purification step loaded with crude yeast cell
lysates (C), the column flow through (F) and the column washes (W) followed by fractions from
the imidazole gradient corresponding to 35-195 nM imidazole. The arrow indicates a protein of
the predicted size for BLM that elutes between 121-185 nM imidazole. All 6xHis-tagged
proteins eluted at this range (data not shown). This round of purification removes two of the
three most prevalent protein contaminants of 86 and 64 kDa in size. The coomassie blue-stained
gel in Figure 10C shows the final purification step through a Q-sepharose column loaded with
the pooled and dialyzed factions from Figure 10B (D), the column washes (W) and fractions
from the NaCl gradient corresponding to 140-700 mM NaCl. This step concentrated fractions
obtained from the previous column and removed the third protein contaminant of 45 kDa. The
arrow indicates protein bands of the predicted size for BLM eluting between 221-351 nM NaCl.

All 6xHis-tagged proteins eluted at this range (data not shown). Figure 10D (left) shows a
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Coomassie blue-stained gel demonstrating the purity of a protein slightly larger than 180 kDa;
western blotting with an anti-BLM antibody confirmed the identity of this band as BLM (Figure
10D, right).

To determine whether binding of BLM to topoisomerase Ilo altered the decatenation
activity of topoisomerase Ila, a range of purified 6xHis-taged BLM was used with purified
human topoisomerase Ilo (USB) and kinetoplast DNA, the genome from the insect Crithidia
fasciculata composed of catenated DNA micro circles approximately 2.5 Kb in size. To explore
the possibility that the helicase activity of BLM might be required to mediate any change
observed, a helicase dead mutant, BLM""**, was used. Also, to show that our purification
scheme did not contain any protein contaminants affecting the activity of topoisomerase Ila,
bacterial P-galactosidase was used as a negative control. Two units of topoisomerase Ilo
demonstrate almost full decatenation (84.8%) of kinetoplast DNA into its nicked and circular
products that separate during electrophoresis (Figure 11A and B). The size and level of
catenation of kinetoplast DNA prevents it from leaving the well of a 1% agarose gel. The effect
of the 6His-tagged proteins on topoisomerase Ilow decatenation were carried out with 0.1U of
topoisomerase Ilo, an amount that generates approximately 20% decatenation (22.8%) (Figure
11A and B). Addition of BLM, BLM”"** or B-galactosidase, ranging from 0.1 nM to 100 nM,
did not alter the average percent decatenation of 0.1U topoisomerase Ila (Figure 11A and B).
None of the 6His-tagged proteins by themselves had an affect on kinetoplast DNA (Figure 11A).
Figure 11B shows a histogram of the decatenation activity as an average of three independent
experiments. These data suggest that in these in vitro assays, BLM is unable to alter the

decatenation activity of topoisomerase Ilo.
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Figure 10. Purification scheme and validation of purified 6xHis-tagged BLM protein.
A. Purification scheme used for 6xHis-tagged proteins from yeast. Yeast lysates were
obtained by French pressure. SixHis-tagged BLM was purified using FPLC on Ni*
resin followed by Q-sepharose. B. Coomassie blue stained polyacrylamide gel of
protein fractions from Ni > column. C: crude extract; F: flow through; W: wash.
Fractions from 35 - 195 mM immidazole are shown. Arrow shows protein of expected
size for BLM. C. Coomassie blue stained polyacrylamide gel of protein fractions from
Q-sepharose column. D: dialized fraction; W: wash. Fractions from 140 - 700 mM
NaCl are shown. Arrow shows protein of expected size for BLM. D. Coomassie blue
stained polyacrylamide gel of purified recombinant 6xHis-tagged BLM (100 ng) used in

helicase assays (left arrow) and western blot analysis of purified protein with an
antibody specific for BLM (right arrow).

51



>

S 2 :
= g g
<o = __ TOPONOAU 3 TOPOI0AY o TOPONO.U
g & i ALM {niM) = e p-gal (nhd} T".
2 = Dloa[1]s 1e[sohod @ [t [ s [1o[sofed 5 [o.4] 1 | 5 [10] sohod Ny

anmuniEdtlEh adesE e N Catenated DNA
4 Decatenation products:

Top- nicked
Bodtom- circular

100 -

90 +
80 -

HO0.1 UTOPO II + BLM

%0.1 U TOPO II + BLMD795A
70 E0.1 U TOPO II + Beta-gal
60
50 |
40 |
30

20 - - 7 . %
10
0 . . 2 A j— 4 7 A

TOPO II (2U)  TOPO II 0.1 1 5 10 50 100
(0.1U)

Percent Decatenation

Protein concentration (nM)

Figure 11. BLM does not affect the decatenation activity of topoisomerase Ilo.. A.
Decatenation assays were carried out with 100 ng of catenated DNA, the indicated units of
topoisomerase Il (USB) and increasing amounts of purified 6His-tagged BLM proteins (or 3-
galactosidase as a negative control). Decatenation products were separated using gel
electrophoresis with 1% agarose gels. A catenated DNA control (KDNA) demonstrates the
mobility of fully catenated DNA. A decatenated control (TOPO II 2U) demonstrates the
migration of both decatenation products. A decatenation reaction containing 0.1 units of
topoisomerase Ila (TOPO II 0.1U) demonstrates approximately 20% decatenation and is the
starting topoisomerase Ila concentration for all other reactions containing either wt BLM, the
helicase dead mutant, BLM"** or B-galactosidase (B-gal). Control reactions with BLM,
BLM""** and B-gal alone are indicated. B. Graphical representation of results of decatenation
assays as an average of three independent experiments.
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Topoisomerase IIo. enhances the in vitro unwinding activity of BLM using DNA substrates
representing early homologous recombination intermediates.

As our decatenation assays did not show a change in the decatenation activity of
topoisomerase Ila in the presence of BLM, we now assayed the effect of topoisomerase Il on
the helicase activity of BLM. Four in vitro-generated DNA structures were chosen that include
early HR intermediates such as a 3’ overhang and a bubble; an X-junction, a late intermediate of
HR and a model replication fork, in order to determine if topoisomerase Ilo. could aid BLM in
processing of a stalled replication fork inhibiting the start of HR. The purified 6xHis-tagged
BLM protein was used in helicase assays at increasing concentrations with 2 fmoles of each of
the aforementioned substrates in order to determine if this protein behaved similarly to
previously published work. © BLM concentrations ranging from 0.005-10 nM were used in
helicase assays as stated in Figure 12A-D. BLM was effective at processing all of the substrates,
but showed preference for the model replication fork (Figure 12C and E) requiring 0.5 nM BLM
to process one half of the total substrate. The BLM concentration needed to process half of the
bubble substrate was 1 nM (Figure 12B and E), the X-junction was 2.1 nM (Figure 12D and E)
and finally half of the 3’ overhang substrate was processed by 2.5 nM BLM (Figure 12A and E).
A graphical representation of substrate unwinding preference of purified BLM is shown in
Figure 12E. These data corroborate previously published findings that a model replication fork,
bubble substrates and X-junction substrates are more attractive substrates to BLM than a 3’
overhang [25].

The ability of topoisomerase Ila to alter the kinetics of BLM unwinding was examined
on the same substrates. Control experiments were performed to determine if topoisomerase Ila

alone had any significant unwinding effect on any of the substrates. Helicase assays were
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performed in the presence of 4 nM topoisomerase Ilo and 2 fmoles of each substrate. All
reactions were allowed to proceed for 15 minutes at 37°C. Figure 13A-D shows the
autoradiographs of the reaction for which a heat denatured control was loaded to show the
migration of the released labeled strand(s) and a no protein control (0) is loaded to enable
subtraction of any spontaneous substrate dissociation. Quantification of the percent unwinding
by topoisomerase Ila for each substrate is plotted in Figure 13E and amounts to 2.08% for the 3’
overhang, 2.58% for the bubble, 1.26% for the model replication fork and 0.56% for X-junction
substrates.

Data from Figure 12 were used to calculate the concentrations of BLM needed to achieve
approximately 10% unwinding for each of the substrates and was used as the starting
concentration in time-dependent helicase assays. From these time-dependent assays, the specific
activity of BLM for each substrate was calculated, which is defined as the femptomoles of
substrate unwound per minute per nanomolar concentration of BLM (fmol-min'-nM™"). The
nanomolar concentrations of BLM leading to approximately 10% unwinding for each substrate
were then used in a separate set of reactions with equimolar amounts of topoisomerase Ila and a
new specific activity for BLM was calculated. Figure 14 shows representative autoradiographs
of these assays where the radiolabeled strand(s) are colored grey, along with the graphical
representation of the percent unwinding in the absence and presence of topoisomerase Ila.. The
percent unwinding of the 3’ overhang substrate with 1 nM BLM in the presence of equimolar
amounts of topoisomerase Ilo. changed from 16.6 to 52.7% leading to a change in specific
activity from 0.02768 to 0.08787 fmol'min'-nM™", a 3.17 fold increase (Figure 14A and E, and
Table 2). For the bubble substrate, 0.5 nM BLM lead to 13.1% unwinding which increased to

60.7% in the presence of equimolar amounts of topoisomerase Ila leading to a change in specific
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activity from 0.04374 to 0.20245 fmol'min’-nM™, a 4.6 fold increase (Figure 14B and E, and
Table 2). Topoisomerase Ila inhibited BLM unwinding of the X-junction substrate from 7.9%
to 3.2% changing the specific activity of BLM from 0.01774 to 0.00725 fmol'-min"-nM", leading
to a 2.4-fold decrease of BLM specific activity in the presence of topoisomerase Ilo.

For the model replication fork, 0.5 nM BLM unwound 13.7% of the total substrate, an
activity that was increased to 47.7% in the presence of equimolar topoisomerase Ilo.. This led to
an increase in specific activity of BLM from 0.22976 to 0.79583 fmol-min"'-nM"' in the presence
of topoisomerase Ila, a 3.4 fold increase (Figure 14C and E, and Table 2). The pattern of
substrate appearance in Figure 14C is not in accordance with the proposed substrate appearance
in a reverse branch migration reaction. Model replication fork substrates may undergo reverse
branch migration through a “chicken foot” intermediate or a Holliday junction (as in Figure 4E)
[118]. This is supported biochemically through the exclusive release of a 70 lead/70 lag
annealed product and the 27 lead/27 lag annealed product that could only be released if reverse
branch migration proceeded through the “chicken foot” intermediate. Fork regression assays in
Figure 12C show the appearance of both of these products, suggesting that reverse branch
migration is taking place. The release of a single stranded 27 lead oligonucleotide has been
attributed to spontaneous melting of the 27 lead/27 lag product, as BLM does not have activity
on blunt ended double helices [25,32]. The time-dependent assays in Figure 14C, do not show
the appearance of the 27 lead/ 27 lag annealed product suggesting that fork regression has not
taken place. This pattern of product appearance suggests a biochemical activity in which BLM
unwinds the 70 lead/ 70 lag strands with the short complementary fragments still annealed to
them. This activity results in the release of 70 lead/27 lead and 70 lag/27 lag annealed products.

The free 27 mer results from BLM unwinding of the 70 mer/27 mer with a 3’ overhang, although

55



less efficiently since BLM has lower preference of this substrate. Due to this technical

complication a role for BLM and topoisomerase Ila in reverse branch migration cannot be

suggested.
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substrates.
Autoradiographs of BLM (concentrations as shown) with 2 fmoles of each substrate.
A. 3’ overhang; B. bubble; C. model replication fork; or D. X-junction substrates.
Helicase reactions were terminated after 15 minutes at 37°C. Resulting DNA
products were resolved using non-denaturing PAGE. A heat-denatured control (HD)
shows migration of the released radiolabeled strand(s) (gray). E. Percent unwinding
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overhang, bubble and a model replication fork substrates, but not with an X-junction
substrate. A. Autoradiograph of a time- course helicase assay shows enhanced BLM
unwinding activity by topoisomerase Ilo.. Helicase assays were carried out with 2
fmoles of 3’ overhang substrate and 1 nM BLM to obtain 10% unwinding at 12 min (left
panel). Topoisomerase Il (1 nM) was pre-incubated with substrate before starting the
reaction by addition of BLM (1 nM). DNA products were resolved by non-denaturing
PAGE. Lower panel represents graphical quantification of the percent unwinding by
BLM alone or with equimolar amounts of topoisomerase Ila.. The dotted line represents
the amount of unwinding as a function of time with 1 nM BLM and 2 fmoles of 3’
overhang substrate. The solid line represents the percent unwinding by equimolar
equimolar amounts (1 nM) of BLM and topoisomerase Ila. with 2 fmoles of 3° overhang
substrate. Radiolabeled strand (gray). B. Experiment was carried out as in A with bubble
substrate and 0.5 nM BLM and equimolar concentrations of topoisomerase Ila. C.
Experiment was carried out as in A with model replication fork substrate and 0.1 nM
BLM and equimolar concentrations of topoisomerase Ila. D. Experiment was carried
out as in A with X-junction substrate and 0.75 nM BLM and equimolar concentrations of
topoisomerase Ila. E. Histogram showing the percent unwinding of indicated substrates
by BLM, and BLM with topoisomerase Ila at equimolar concentrations.
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Table 2. Specific activity of BLM and BLM/TOPO Ila on recombination substrates.

Specific activity (fmol'min"-nM™)
Substrate BLM BLM and TOPO Ila
3’ overhang 0.02768 0.08787
Bubble 0.04374 0.20245
Replication fork 0.22976 0.79583
X-junction 0.01774 0.00725
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IV. Conclusions.

The data obtained in this chapter demonstrate that mammalian BLM and topoisomerase
IIo associate via a physical interaction mapped to residues 489-587 of BLM. The interaction is
cell cycle-specific increasing in S and G, phases and peaking in mitosis. This evidence led us to
test biochemically the effect that one protein may be having on the catalytic activity of the other.
Taking into account that the most prominent association takes place in mitosis, we first assayed
the effect BLM had on the decatenation activity of topoisomerase Ila.. Decatenation assays with
purified 6xHis-tagged BLM or a helicase dead mutant, BLM""***, ranging in concentrations from
0.1 to 100 nM did not have an affect on the decatenation activity of topoisomerase IIo.. On the
other hand, when the ability of topoisomerase Ila to alter the helicase activity of BLM was
assayed, BLM specific activity was enhanced 3- and 5-fold on the 3’ overhang and bubble
substrates, respectively, in the presence of topoisomerase Ila. Interestingly, a 2-fold decrease in
specific activity of BLM was observed with the X-junction substrate in the presence of
topoisomerase Ilo.. These data suggest that topoisomerase Ilo. modulates BLM unwinding
activity in vitro in a positive manner for DNA structures generated early in the process of HR
suggesting that BLM and topoisomerase Ilo. may enhance HR at early steps. Unwinding of
DNA substrates occurring later, such as Holliday junctions, may be slightly inhibited probably
allowing these intermediates to be processed by the BTB complex leading to non-crossover

products.
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CHAPTER FOUR. BLM and topoisomerase Ilo. interaction is necessary to prevent
chromosome breaks.
I. Introduction.

Cytogenetically, the hallmark of BS cells is excessive sister chromatid exchange (SCE),
occurring at 5-10 fold higher frequency than in normal cells [8]. Telomere associations (TA)
also occur at high frequency in BS cells [68] as do quadriradial structures (Qrs), the latter
formed by unresolved recombination events between homologous chromosomes [8,9].
Chromosome breaks and gaps are common in BS cells [2,10] and include isochromatid breaks,
associated displaced acentric fragments and telocentric chromosomal fragments. These
chromosome fragments without spindle attachments then extrude from the nucleus as small
extra nuclei known as micronuclei [119]. Not surprisingly, BS cells show an elevated number
of micronuclei [11]. BS cells also display excessive levels of anaphase bridging [110],
structures that represent incompletely segregated chromosomes possibly caused by unresolved
recombination events and could give rise to chromosome breaks generated by the mitotic
spindle forces [96].

The data presented in Chapter Three show that BLM and topoisomerase Ila interact directly
and present biochemical evidence that their interaction could potentially enhance the generation
of early HR intermediates, therefore, carrying out a pro-recombinogenic role. In this chapter
genetic tools are employed to determine whether the interaction of BLM and topoisomerase Ila
is necessary to prevent chromosome breakage, a feature common to both BS and topoisomerase-
poisoned cells.

The data presented in this chapter show that siRNA-mediated gene knock-down of BLM or

TOPO Ilo in normal cells increased chromosome breakage compared to non-treated, as
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measured by comet assays. Breakage was not increased additively when both genes were
knocked-down simultaneously, suggesting a common pathway for prevention of chromosome
breakage. In order to assess if a physical interaction of the two proteins was necessary to
prevent chromosome breakage, a vector expressing an EGFP-tagged mutant BLM protein was
generated lacking the topoisomerase Ilo interaction domain determined in Chapter Three
(PEGFP-BLM**>%). When transfected in 293T cells, the EGFP-BLM*****” mutant was unable
to co-immunoprecipitate with topoisomerase Ilo unlike the expressed wild-type EGFP-BLM
protein. The lack of association by immunoprecipitation was not due to incorrect
compartmentalization of the mutant protein, as the mutant was able to localize to the nucleus in
small punctate foci with PML and it also localized to the nucleolus. Introduction of the pEGFP-
BLM and pEGFP-BLM**>¥ vectors in the GM08505 cell line (BLM™) was used to determine if
the mutant could rescue the breakage phenotype to the levels of wild-type BLM observed by
YH2AX foci formation. The interaction of the two proteins appeared necessary to reduce the
number of YH2AX foci, as expression of EGFP-BLM***** mutant did not rescue the elevated
levels of YH2AX foci seen in wild-type BLM. Instead introduction of the EGFP-BLM**¥*
mutant seemed to exacerbate the number of YH2AX foci observed in the BS cell tested. These
results provide evidence that BLM and topoisomerase Ila interact to participate in a common
pathway that prevents chromosome breakage. These results suggest that in the presence of
BLM, cells commit to repairing certain types of damage via a BLM dependent pathway. In the
absence of BLM-interacting proteins that aid in this process, in this case topoisomerase Ila, cells

remain unable to complete the repair leading to the persistence of breaks.
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II. Materials and Methods.
Cell lines and synchronization- 293T cells were obtained from the American Tissue Culture

Collection (Rockville, MD). Both cell lines were cultured in DMEM (Invitrogen) containing

10% FBS and grown at 37°C in 5% CO,.

Knock-down and comet assays- HeLa cells were transfected with 30 nM BLM and TOP2 siRNA
(BLM siRNA 1ID: 146899, TOP2 siRNA 1ID: 110840, Ambion) separately or in combination, or a
scrambled control (AM4611, Ambion) using Lipofectamine 2000 (Invitrogen). Forty-eight
hours post-transfection, the cells were harvested and lysed as described in the
Immunoprecipitation section of the Materials and Methods in Chapter Three. BLM and
topoisomerase Ila proteins were visualized by western blotting with anti-BLM (ab476, Abcam)
and anti-topoisomerase Ilow (Ab-1, Calbiochem) antibodies. Alkali comet assays were carried
out two days post-transfection. Following harvesting of cells by trypsinization and a wash with
PBS, cells were embedded in 1% low melting agarose (Sigma) and layered over a microscope
slide. The cells were lysed in alkaline lysis solution (1.2M NaCl, 100 mM Na,EDTA, 0.1% Na-
lauryl sarcosinate, 0.26 M NaOH, pH > 13) at 4°C overnight followed by three 10 minutes
washes in electrophoresis buffer (0.03 M NaOH, 2 mM Na,EDTA, pH 12.3) and electrophoresis
at 0.6 V/cm for 25 minutes. The DNA was stained with propidium iodine (25 ug/ml) and the
comets visualized with Axiovert 200M Carl Zeiss microscope with Axio Vision 4.5 software.
Pictures of the comets were analyzed with CometScore (TriTek Corp.) software

(http://autocomet.com/products cometscore.php) to determine the percent DNA in each comet

tail.
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Generation of pEGFP-BLM***"- pEGFP-BLM****%" was generated by sequential mutations of
amino acids 488-489 and 587-588 into a BspE1 restriction site in the pEGFP-BLM vector, using
Quickchange (Invitrogen) PCR with the following primers: BLM489BspE1F (5’-CCAGGAAG
AATCTTTTTGTCCGGACTTTATTCAATACCCATTTACAG-3’) and BLM489BspEIR (5°-
CTGTAAATGGGTATTCAATAAAGTCCGGACAAAAAGATTCTTCCTGG-3’) for mutation
of amino acid 489, and BLM587BspEIF (5’ -CCACAGCCTGCCTATCAACCCATCCGGAAA
GGTCGGCCAATTAAATCAG-3’) and BLM587BspEIR (5’-CTGATTTAATTGGCCG\ACC
TTTCCGGATGGGTTGATAGGCAGCTGTGG-3’) for mutation of amino acid 587. Products
of the Quickchange reactions were digested with Dpnl to remove the parental methylated vector
and used to transform bacterial DHS5a cells. Vectors carrying mutations were mini-preped using
the QIAGEN Plasmid Mini Kit and mutations confirmed by sequencing. The vector containing
BspE1 restriction sites at both residues 489 and 587 was subject to restriction enzyme digestion
with BspEl, releasing the sequence coding for the topoisomerase Ilo-interaction domain.
Following gel purification of linear pEGFP-BLM*¥>*" vector and religation, correction of
codons for amino acids 488 and 588 was carried out using Quickchange (Invitrogen) PCR with
primers BLM488-588F (5’-CCAGGAAGAATCTTTTTGAAAGGGAAGGTCGGCCAATTAA
ATCAG-3’) and BLM488-588R (5’-CTGATTTAATTGGCCGACCTTCCCTTTCAAAAAGAT
TCTTCCTGG-3’). The PCR reaction products were digested with Dpnl to remove the parental
methylated vector and used to transform bacterial DHS5a cells. The vector carrying the final
mutations was maxi-preped using the QIAGEN EndoFree Plasmid maxi Kit the final product

was confirmed by sequencing.
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Immunoprecipitations- 293T cells were transfected with 4 ug of pEGFP-BLM or pEGFP-
BLM***expression vectors using Lipofectamine 2000 (Invitrogen) in Opti-MEM media for 5
hours at 37°C and 5% CO,. Nuclear extracts were prepared by fractionation as described in the
Immunoprecipitations section of the Materials and Methods in Chapter Three. Nuclear extracts
(1 mg) in Buffer Z were immunoprecipitated using 2 ug of an antibody specific for GFP (T-19,
Santa Cruz Biotechnologies) as described in immunoprecipitations section of the Materials and
Methods in Chapter Three, and visualized by western blotting with an anti-GFP antibody (T-19,

Santa Cruz Biotechnologies) and anti-topoisomerase Ila antibody (Ab-1, Calbiochem).

Immunofluorescence- GM08505 (BLM™) cells were grown on glass coverslips. Cells were
transfected with 2 ug of pEGFP-BLM or pEGFP-BLM**>* vectors using Lipofectamine 2000
(Invitrogen). Two to three days post-transfection, cells were fixed with 4% formalin,
permeabilized and stained with antibodies specific for YH2AX (Millipore) (1:500) or PML (PG-
M3 Santa Cruz Biotechnology) as described in the Immunofluorescence section of the Materials
and Methods in Chapter Three. Nuclei were stained with DAPI and viewed using an Axiovert

200M Zeiss microscope and Axio Vision 4.5 software.

III. Results.

BLM and topoisomerase Ilo. prevent chromosome breakage in a common pathway.
Chromosome breakage is a distinguishing feature of BS cells [10], most likely caused by

the inappropriate resolution of recombination intermediates in the absence of BLM. Our

experiments have demonstrated that BLM and topoisomerase Ilo interact directly and function

synergistically in the resolution of HR intermediates in vitro. As their action may also be
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necessary during the in vivo HR process, we determined the individual and combined
contributions of BLM and topoisomerase Ila to levels of chromosome breakage in the cell.
siRNA-mediated knock-down of each protein alone or in combination was accomplished
in HeLa cells. Western analyses confirmed the knock-down of BLM and topoisomerase Ilo at
48-hours post-transfection. No change in BLM or topoisomerase Ilo. protein levels was
observed in cells transfected with a scrambled control siRNA (Figure 15A). Representative
comet assays of cells transfected with siRNA to BLM, TOP2, both in combination or a scrambled
control are shown in Figure 15B along with hydrogen peroxide treated cells (positive control for
comet formation) and untreated cells (negative control). Figure 15C show quantification of the
percent of DNA in the comet tail of at least 100 cells per transfection or treatment. The
hydrogen peroxide treatment resulted in 72.2% of DNA in the tail; untreated controls and
scrambled control-transfected cells resulted in 10.5 and 14.0% of DNA in the tail, respectively.
BLM, topoisomerase Iloo and BLM/topoisomerase Ilo knock-downs resulted in a higher
percentage of DNA in the comet tail, (36.5, 38.8 and 41.9, respectively) than the negative
controls. The difference between the BLM, topoisomerase Ilo. and BLM/topoisomerase Ila
knock-downs was not statistically significant as determined by ANOVA test. These data suggest
that BLM and topoisomerase Ilo function in a common pathway to prevent chromosome

breakage.
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Figure 15. Comet tail size does not change following siRNA-mediated knock-down of BLM,
topoisomerase Ila, and both in combination. A. Western blot analysis of BLM and
topoisomerase Ilo in HeLa nuclear extracts prepared from cells transfected with siRNAs
targeting BLM, and TOP2¢ or a scrambled control (SC). A non-treated control (NT) shows
normal levels of the two proteins in this cell line. B. Representative comet assays of cells
transfected with the indicated siRNAs. Hydrogen peroxide (H,0,) treated and untreated cells
are shown as positive and negative controls, respectively. C. Histogram showing the percent
of DNA in the comet tails for the indicated siRNA transfections or treatments. Comets were
analyzed 24 hours post-transfection or 1 hour after H,0, treatment, and analyzed using
CometScore (TriTek Corp.). Histograms represent the average of 100 comet tails measured
per sample from at least three different assays.
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Amino acids 489-587 are necessary for binding topoisomerase Ilo.

In order to test whether a direct interaction of BLM and topoisomerase Ila is required to
prevent chromosome breakage, a deletion construct of pEGFP-BLM was generated without the
region of BLM identified in Chapter Three required for topoisomerase Ilo-interaction (pEGFP-
BLM™*¥). 293T cells were transfected with pEGFP-BLM or pEGFP-BLM**>¥ and co-
immunoprecipitations were performed to determine whether the BLM deletion mutant binds
topoisomerase Ilo.. Western blot analysis of nuclear extracts (IN) from pEGFP-BLM*%7%
transfected cells with an anti-GFP antibody revealed a protein with a slightly faster
electrophoretic mobility than that seen in the pEGFP-BLM transfected cells (Figure 16A). This
observation suggests that the BLM mutant is smaller than the wild-type protein, as expected.
Immunoprecipitations with anti-GFP antibodies using lysates from 293T pEGFP-BLM- or
pEGFP-BLM**% _transfected cells show a marked decrease in co-immunoprecipitated
topoisomerase Ila in cells transfected with the mutant versus wild-type BLM (Figure 16A).

In order to verify that the lack of co-immunoprecipitation of topoisomerase Ila by the
EGFP-BLM**°** mutant was not due to lack of co-localization to the nucleus, 293T cells were
transfected with pEGFP-BLM***°%. GFP fluorescence of transfected 293T cells demonstrates
expression of EGFP-BLM*****’ in small nuclear foci (Figure 16B a-b) and within the nucleolus
(Figure 16B c-d), similar to what is normally observed for normal BLM protein [11,48].
Furthermore, co-localization with PML (Figure 16C) shows that this mutant is capable of correct
compartmentalization suggesting that the lack of co-immunoprecipitation observed is due to the

absence of the topoisomerase Ila interaction domain.
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Figure 16. N-terminal amino acids 489-587 of BLM are necessary for topoisomerase Ilo
binding. A. 293T cells were transfected with pEGFP-BLM or pEGFP-BLM**>*" vectors.
Twenty-four hours post-transfection, wild-type and mutant BLM proteins were
immunoprecipitated from nuclear extracts with mouse anti-GFP antibody or mouse IgG
control. Immunoprecipitated proteins were separated using SDS-PAGE and analyzed by
western blotting with anti-GFP or anti-topoisomerase IIo antibodies. B. 293T cells were
transfected with the pEGFP-BLM**~¥ vector. Twenty-four hours post-transfection, cells
were fixed and stained with anti-topoisomerase Ilo. antibodies, and DAPI for nuclear
staining. a. shows asynchronous cells with EGFP-BLM*****” punctate staining, c. shows
asynchronous cells with EGFP-BLM***** nucleolar staining and b,c. show that the EGFP
expression is contained in the nucleus. C. 293T cells were transfected with the pEGFP-
BLM**>% vector. Twenty-four hours post-transfection cells were fixed and stained with
anti-topoisomerase Ila antibodies, PML and DAPI for nuclear staining. a. shows cells with
EGFP-BLM***** punctate staining, b. shows cells stained for PML, c. shows merged

images of EGFP-BLM*** PML and DAPI staining and d. shows merged images of
EGFP-BLM***** 1gG and DAPI staining.
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The topoisomerase Ilo. interaction domain of BLM is required for correction of increased
chromosome breakage in BS cells.

Having verified that the EGFP-BLM**** mutant protein is unable to bind
topoisomerase Ila, and its ability to correctly localize to PML bodies and the nucleolus, the
effect of the loss of the BLM-topoisomerase Ilo interaction on chromosome breakage was
analyzed. BS cells show endogenous YH2AX activation [120] that can be partially rescued by
the reintroduction of wild-type BLM. The BS cell line GM08505 was either left untransfected,
or transfected with pEGFP-BLM or pEGFP-BLM**°%. Representative cells stained for YH2AX
are shown in Figure 17A. Cells showing both nucleolar and punctate EGFP protein expression
are shown. The majority of non-transfected GMO08505 cells displayed between 10 and 20
YH2AX foci (57.14%), 11.44% of the cells had fewer than 10 foci, 20% of the cells showed 21 to
30 and 11.4% showed more than 30 foci (Figure 17B). Transfection with pEGFP-BLM doubled
the percentage of cells with less than 10 foci to 24.24% and cells with 10-20 foci to 62.12%.
Transfection with wild-type BLM decreased the percentage of cells with 21-30 foci by half, to
10.6% and the percentage of cells with greater than 30 foci was reduced to 3.03% compared to
the untransfected cells. These observations suggest that re-introduction of wild-type BLM can
partially correct the breakage phenotype of BS cells. In contrast, transfection of BS cells with
pEGFP-BLM**°% seemed to exacerbate the breakage phenotype observed in the untransfected
BS cells. No cells were observed that contained less than 10 YH2AX foci while the number of
cells with 10-20 foci was greatly reduced (16.66%), compared to untransfected cells. This
reduction was accompanied by a dramatic increase in cells containing more than 30 foci to
64.58%, whereas the percentage of cells with 21-30 foci remained at relatively similar levels to

untransfected cells (18.75%). Interestingly, although this experiment was not designed to assay

74



micronuclei formation, another measure of DNA breakage, 14.58% of cells transfected with
pEGFP-BLM***% displayed micronuclei, whereas only 6.06% of BS cells corrected with
pEGFP-BLM showed micronuclei (data not shown). These results show that in a BLM mutant
lacking the topoisomerase Ila interaction domain, breakage that would normally be repaired by

the action of a BLM dependent pathway does not take place resulting in increased breakage.
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Figure 17. The interaction of BLM and topoisomerase Ila is necessary to revert the
breakage phenotype of BS cells. A. GMO08505 cells (BLM™) were untransfected or
transfected with pEGFP-BLM or pEGFP-BLM**% vectors. Seventy-two hours post-
transfection, cells were fixed and stained with an anti-yH2AX antibody, and DAPI for
nuclear staining. Two representative cells for each transfection condition are shown.
B. Histogram showing the percentage of cells with the indictated number of YH2AX

foci. Percentages represent the average of at least 50 cells from three separate
experiments.
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IV. Conclusions.

The data obtained in this chapter provide evidence that BLM and topoisomerase Ilo
function in a common pathway that prevents chromosome breakage. siRNA-mediated gene
knock-down of BLM or TOPO Il in normal cells led to a level of chromosome breakage that
was not increased additively when both genes were knocked-down simultaneously.  The
generation of the mutant BLM protein, EGFP-BLM*****  lacking the topoisomerase Ilo.
interaction domain, showed that this region is needed to co-immunoprecipitate topoisomerase
IIo. Transfection of a BS cell line with a vector expressing wild-type BLM protein partially
rescued the level of YH2AX focus formation, an affect that was not observed when BS cells were
transfected with the mutant vector (pEGFP-BLM***~%"). Instead, expression of the EGFP-
BLM"**¥ mutant, exacerbated the number of YH2AX foci in cells compared to untransfected
cells. These data suggest that in the presence of BLM, cells commit to BLM dependent
pathways of double strand break repair. The inability of the EGFP-BLM*****" mutant to bind
topoisomerase Ila locks the cells in such pathways without the ability to completely or correctly
finish DNA repair leading to the observed increase in YH2AX focus formation. Taken together,
these data suggest an involvement of BLM and topoisomerase Ilo in a pathway that prevents

chromosome breakage.
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CHAPTER FIVE. Thesis Summary and Discussion.

BS is a rare autosomal recessive disorder in which affected individuals show pre- and
post-natal growth retardation, sun-sensitive facial erythema, immunodeficiency, male infertility
and female subfertility. BS individuals are predisposed to a plethora of cancers often occurring
in individuals by the age of 25 [3]. Cytogenetically, the hallmark of BS cells is excessive sister
chromatid exchanges (SCE), [8], quadriradial structures (QRs) [8], telomere associations (TA)
[9] and chromosome breaks [2,10]. The chromosomal abnormalities found in BS cells are
caused by the lack of BLM protein and propose a role for BLM in processes such as homologous
recombination (HR), telomere maintenance and double strand break repair (DSBR). The BLM
protein is an ATP- and Mg**- dependent structure specific helicase with 3°-5’ directionality [32].
Its substrates include model replication forks [44], X-junctions [40], double Holliday junctions
[41], G4 DNA, or G tetraplex DNA [37], DNA duplexes containing a bubble [25], D-loops [39],
and DNA duplexes with a 3’ overhang [32], DNA structures appearing as intermediates in HR
and telomeres.

In vivo, characteristics of BS cells such as slow DNA replication fork progression,
abnormal distribution of DNA intermediates [98], and high sensitivity to HU and other DNA
replication inhibiting drugs [80,82] suggest a role for BLM in the restart of DNA replication
during S-phase, a process that can occur through recombination pathways. BLM exerts an anti-
recombinogenic role through processing of early HR intermediates allowing repair to follow by
other non-recombination pathways [95]. Once the cells are committed to repair by HR,
biochemical evidence supports a pro-recombinogenic role for BLM by the processing of early

HR intermediates that allow proficient generation of a 3’ overhang used for strand invasion [72],
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and proficient strand displacement activity that allows polymerase replication within structures
that are forked [60].

Other evidence suggests that BLM may also play a role in chromosome segregation. BS
cells display excessive levels of anaphase bridging and lagging chromosomes [110], structures
that represent incompletely segregated chromosomes and could give rise to chromosome breaks
generated by the mitotic spindle forces [96]. In fact, chromosome breakage was one of the first
distinguishing cytological characteristics observed in BS cells [10]. In the budding yeast, S.
cerevisiae, the BLM ortholog Sgs1, binds to a type II topoisomerase and their action is required
for proper chromosome segregation [76].

Together, these observations suggested that we test whether the BLM helicase interacts
directly or indirectly with the mammalian type II topoisomerase, topoisomerase o, and whether
their interaction is necessary for chromosome segregation or any aspect of HR repair, both of
which could lead to chromosome breakage if not properly processed.

The data in Chapter Three show that the interaction between BLM and topoisomerase Ilo
is conserved in mammalian cells in a cell cycle-dependent manner. The association of BLM and
topoisomerase Ilo occurred in S-, G,/M- and most prominent in M-phase (Figures 7 and 8).
These observations suggest that the association of BLM and topoisomerase Ilo could be
necessary to carry out processes in these phases of the cell-cycle, and perhaps most importantly
in M-phase.

In vitro binding assays using distinct segments of BLM were employed to determine the
topoisomerase Ila interaction domain within BLM. This interaction occurs via BLM amino
acids 489-587, a small segment in the N-terminus directly preceding the helicase domain (Figure

9). Its proximity to the helicase domain may allow topoisomerase Ilo to mediate changes in the
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activity of BLM, providing further support for testing the effect of topoisomerase Ilo. on the
helicase activity of BLM. This small fragment falls within a larger fragment previously
identified in yeast Sgs1 ortholog [76].

The biochemical data obtained provide evidence that BLM and topoisomerase Ilo. may be
involved in processing early HR intermediates but not those that occur later HR (Figure 14).
Topoisomerase Ila increased the specific activity of BLM on a 3’ overhang more than three fold
and on a bubble substrate almost five fold (Table 2). BLM and topoisomerase Ila interaction
may enhance the generation of the 3’ overhang needed for strand invasion. In this model, BLM-
topoisomerase Ilo and an exonuclease would work synergistically in the processing and
generation of the 3’ overhang. An interaction between BLM and EXOI has been reported to
stimulate EXO1 resection of DNA ends to enable DNA strand exchange by RADS51 [72],
therefore, we propose that the action of BLM and topoisomerase Ila could enhance the activity
of EXO1 (Figure 18B). The biochemical data also show that topoisomerase Ila. enhances the
unwinding of a bubble substrate. Following RADS51 strand exchange, BLM-topoisomerase Ila
could be involved in the processing of the ends of the D-loop structure (the same as one end of a
bubble or a forked DNA structure), facilitating melting of the D-loop to allow replication from
the invading strand. This is supported by the ability of BLM to stimulate DNA Pol n DNA
synthesis on substrates that resemble one end of the D-loop [61]. Additionally, BLM was
reported to interact with p12, the small subunit of DNA Pol §, and this interaction enhances
DNA Pol § strand displacement activity allowing replication through DNA structures that are
forked [60]. It still needs to be determined if the BLM-topoisomerase Ila. complex can enhance
the activities of EXO1 or DNA Pol § in vitro. Additionally, co-immunoprecipitation of EXO1

and DNA Pol & with BLM and topoisomerase Ila in situations of replication stress (HU
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treatment) or double strand breaks (IR treatment) will help strengthen this model and should be
considered in the future. Preliminary co-immunoprecipitation experiments show that under
replication stress, the BLM-topoisomerase Ila interaction remains (data not shown).

The data obtained with the model replication fork were unfortunately inconclusive as fork
regression did not take place (Figure 14C), but are consistent with other data obtained. We
propose that the biochemical activity taking place in Figure 14C is BLM unwinding of the 70
lead and 70 lab strands (a forked substrate) instead of fork regression. The increase in specific
activity upon the addition of topoisomerase Ilo. would represent an enhancement of a forked
substrate, similar to one end of the bubble substrate. If fork regression had occurred in this
assay, the change in specific activity of BLM in the presence of topoisomerase Ilo. would most
likely be absent, since the “chicken foot” intermediate is most similar to the X-junction substrate.

Although the biochemical data presented here suggest that topoisomerase Ilo may not
influence the activity of BLM on intermediates produced later in the process of HR, the
combined action of BLM and topoisomerase Ila on the dissolution of double Holliday junction
is worth examining. Double Holliday junctions are catenated structures [121], and the main
activity of topoisomerase Ila is decatenation, therefore BLM and topoisomerase Ilo may be
involved in the dissolution of these structures. If not resolved properly, these structures are
proposed to remain during mitosis leading to the fine anaphase bridges [110].

Evidence of a prominent interaction between BLM and topoisomerase Ilo. in mitosis
prompted the determination of what effect BLM has on the activity of topoisomerase Ila. The
main role of topoisomerase Ilow is chromosome decatenation, which needs to be completed
before the onset of anaphase. Failure to fully decatenate chromosomes prior to or in mitosis is

associated with increased DNA breakage [111]. The in vitro decatenation assays did not provide
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any evidence that BLM is able to change the decatenation activity of topoisomerase Ila (Figure
11). This does not, however, preclude a role for BLM and topoisomerase Ilo. in mitotic
decatenation as our in vitro assay conditions may have been suboptimal. Failure of our
decatenation assays to show any change in catalytic activity of topoisomerase Ilo. may be related
to unknown post-translational modifications of either protein or the lack of other proteins in the
assay. Indeed, other proteins have been reported to co-localize with BLM to fine anaphase
bridges including topoisomerase IIla., BLAP75 and the PICH protein, that links centromeric
regions [110]. Additionally, BLM is modified in mitosis, by MPS1 phosphorylation at residue
S144, which in turn, allows its interaction with PLK1. Phosphorylation at BLM S144 is
necessary for PLKI1 interaction and for accurate chromosome segregation [77]. The
identification of a mitotic BLM complex that includes topoisomerase Ilo may help more fully
define the role of BLM in mitotic chromosome segregation.

The co-localization and direct interaction of BLM and topoisomerase Ila and their
synergistic effect on resolution of in vitro HR intermediates lead to the examination of their
interaction as related to chromosome breakage, as defects in the process of HR lead to the
accumulation of DSBs.  siRNA-mediated knock-down of either BLM or TOPO Ila increased
chromosome breakage as shown by comet assays compared to wild type cells; breakage was not
increased above these levels when the two were knocked-down simultaneously (Figure 15).
These results suggest that BLM and topoisomerase Ilo function in a common pathway to prevent
chromosome breakage.

To determine if the prevention of chromosome breakage was mediated by a direct
interaction of BLM and topoisomerase Ila, a deletion construct of pEGFP-BLM lacking the

previously mapped topoisomerase Ila-interaction domain was generated (pEGFP-BLM***%),
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This deletion mutant was unable to co-immunoprecipitate topoisomerase Ilo from 293T nuclear
lysates (Figure 16). Because the lack of interaction could potentially be due to the inappropriate
targeting of the mutant protein to the nucleus, immunofluorescence was used to determine the
cellular compartmentalization of the mutant protein. Results in Figure 17 show that this mutant
protein is localized to the nucleus in small punctate foci with PML and also in the nucleolus,
similarly to wild-type BLM. Therefore, the lack of topoisomerase Ilo. co-immunoprecipitation is
most likely due to the loss interaction. These results not only validate the strategy used to map
the interaction domain, but also strengthen the idea that the in vivo association of BLM and
topoisomerase Ilo is mediated via a physical interaction rather than via a larger protein complex.

The BS cell line GM08505 was used to determine whether the ablation of the BLM-
topoisomerase Ilo interaction affected levels of chromosome breakage. BS cells show
endogenous YH2AX activation [120] that can be partially rescued by the reintroduction of wild-
type BLM, a phenomenon also observed with partial reduction of SCE in BS cells by the re-
introduction of wild-type BLM [122]. Non-transfected GMO08505 cells showed high levels of
YH2AX foci formation (Figure 17). Transfection with a wild-type BLM reduced the average
number of YH2AX foci per cell. Conversely, transfection with a vector expressing the
topoisomerase Ilo-binding mutant did not reduce the average number of YH2AX foci per cell,
but instead exacerbated it. These data are consistent with a model in which the presence of
BLM commits cells to BLM dependent pathways repair. The inability of the EGFP-BLM**¥>*’
mutant to bind topoisomerase Ilo locks the cells in such pathways without the ability to
completely or correctly finish DNA repair leading to the observed increase in YH2AX focus

formation.
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Micronuclei, small extra nuclei containing chromosomal fragments extruded from the
nucleus, are a general feature of BS cells [11]. Experiments in Figure 17 showed some cells that
had excluded micronuclei. The percentage of cells excluding micronuclei in the pEGFP-
BLM**¥_transfected cells was more than the pEGFP-BLM-transfected cells. Unpublished
results from our laboratory show that a phosphorylation site mutant of BLM (BLM"™"%) is
unable to reduce micronuclei in BS cells (Keirsey et al., unpublished results). This site is a
putative ATM/ATR phosphorylation site within our mapped topoisomerase Ilo-binding domain.
Two other BLM phosphorylation sites that fall within the topoisomerase Ilo-binding domain
have been identified. S517 and S579 have been verified by mass spectrometry and site-directed
mutagenesis as phosphorylated in vitro by CHK1 and CHK2 (Keirsey et al., unpublished results).
Future experiments will determine how phosphorylation of BLM during the damage response
affects topoisomerase Ila binding and how these phosphorylation site mutants affect the function
of BLM and topoisomerase Ilo in chromosome breakage.

As a whole, the data presented in this work suggest an involvement of BLM and
topoisomerase Ilo in a pathway that prevents chromosome breakage via the regulation of HR
intermediates that occur at an early stage. Figure 18A proposes that in situations of DSBs, cells
lacking BLM can repair the damage by using other pathways such as NHEJ or SSA [91]. HR
could also occur, albeit inefficiently leading to the observable basal levels of breakage in BS
cells. The presence of BLM leads to efficient repair of DSB via HR, but commits cells to such a
pathway. The inability of BLM to bind topoisomerase Ila leads to lack of or incomplete repair
increasing the amount of YH2AX foci observed. The involvement of BLM and topoisomerase
IIoe in repair could lead to EXO1 enhanced resection of DNA ends to enable DNA strand

exchange by RADSI, and/or the enhancement of DNA Pol 0 strand displacement activity
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allowing replication of the invading strand through DNA structures that are forked (Figure 18B).
These results suggest a pro-recombinogenic role for BLM and topoisomerase Ila. Although
evidence supports both pro-and anti-recombinogenic roles of BLM, at the current time it is
unclear how exactly these biochemical activities of BLM come together physiologically. It is

clear however, that a combination of these is necessary for the maintenance of genomic integrity.
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Figure 18. Model for BLM and topoisomerase Ila involvement in double strand break
repair. A. In situations of DSBs, cells lacking BLM can repair the damage by using
other pathways such as NHEJ or SSA. HR could also occur, albeit inefficiently leading
to the observable basal levels of breakage in BS cells. The presence of BLM leads to
efficient repair of DSB via HR, but commits cells to such a pathway. The inability of
BLM to bind topoisomerase Ila leads to lack of, or incomplete repair. B. The
interaction of BLM and topoisomerase Ila is proposed to enhance EXO1 resection of
DNA ends to enable DNA strand exchange by RADS1 (represented as yellow circles),
and/or could enhance DNA Pol 6 strand displacement activity allowing replication of

the invading strand through DNA structures that are forked. Normal functions of BLM
in the resolution of the intermediates that form would then follow.
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