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Abstract
Mutation of BLM helicase causes Blooms syndrome, a disorder associated with genome
instability, high levels of sister chromatid exchanges, and cancer predisposition. To study the
influence of BLM on double-strand break (DSB) repair in human chromosomes, we stably
transfected a normal human cell line with a DNA substrate that contained a thymidine kinase (tk)-
neo fusion gene disrupted by the recognition site for endonuclease I-SceI. The substrate also
contained a closely linked functional tk gene to serve as a recombination partner for the tk-neo
fusion gene. We derived two cell lines each containing a single integrated copy of the DNA
substrate. In these cell lines, a DSB was introduced within the tk-neo fusion gene by expression of
I-SceI. DSB repair events that occurred via homologous recombination (HR) or nonhomologous
end-joining (NHEJ) were recovered by selection for G418-resistant clones. DSB repair was
examined under conditions of either normal BLM expression or reduced BLM expression brought
about by RNA interference. We report that BLM knockdown in both cell lines specifically
increased the frequency of HR events that produced deletions by crossovers or single-strand
annealing while leaving the frequency of gene conversions unchanged or reduced. We observed no
change in the accuracy of individual HR events and no substantial alteration of the nature of
individual NHEJ events when BLM expression was reduced. Our work provides the first direct
evidence that BLM influences DSB repair pathway choice in human chromosomes and suggests
that BLM deficiency can engender genomic instability by provoking an increased frequency of
HR events of a potentially deleterious nature.
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1. Introduction
The genome of a mammalian cell must contend with a variety of types of DNA damage
every day [1,2]. One potentially serious threat is the DNA double-strand break (DSB). DSBs
can arise either directly or indirectly from exposure to chemical or radiological agents, from
metabolism of spontaneous lesions, or at stalled replication forks. It is imperative that DSBs
be dealt with efficiently and accurately to avoid detrimental chromosomal rearrangements.
There are two broad classes of DSB repair pathways that operate in mammalian cells:
homologous recombination (HR), and nonhomologous end-joining (NHEJ) [recently
reviewed in 3–6]. HR classically involves the use of a DNA template to maintain or restore
genetic information, and so HR is considered to be an accurate means of DSB repair. In
contrast, NHEJ is untemplated and is considered to be error-prone since it is often
accompanied by deletion of sequence at the site of the healed DSB. Both HR and NHEJ are
important pathways and defects in either of these pathways can lead to genomic instability
and disease [3,4]. HR is active primarily during late S and G2 phases of the cell cycle, while
NHEJ appears to be active throughout the cell cycle [reviewed in 7]. There remain important
gaps in our understanding of how the choice is made between the HR and NHEJ pathways
for DSB repair, although recent work suggests that regulation of 5' to 3' resection of DNA
ends, an early step in HR, may play an important role in pathway choice [8–11].

Although HR is generally considered to be accurate, there are potential hazards involved in
the execution of HR that must be avoided in order for genome integrity to be preserved. The
use of inappropriate recombination partners, for example, can lead to chromosomal
rearrangements such as translocations and deletions. HR events, particularly those resolving
as crossovers, can also be detrimental merely by occurring at too high a rate since high
levels of such events will likely increase the incidence of loss of heterozygosity (LOH).
LOH has been implicated in carcinogenesis by facilitating the loss of functional copies of
tumor suppressor genes [12–14]. In addition, a distinct “nonconservative” form of HR,
known as single-strand annealing (SSA), does not involve the use of a DNA template and
can generate deletions via the splicing together of repeated homologous sequences with the
concomitant loss of sequence between the repeats [3,6]. To maintain genome stability, DSB
repair in its varied forms must therefore be appropriately regulated qualitatively and
quantitatively.

One protein that has gained some attention in recent years as a regulator of HR is the Bloom
syndrome helicase (BLM). BLM helicase is a member of the RecQ family of DNA
helicases, a highly conserved family of enzymes named for the prototypical RecQ helicase
from E. coli. Five DNA helicases of the RecQ family (BLM, WRN, RecQL, RecQ4, and
RecQ5), have been identified in humans. Mutations in BLM, WRN and RecQ4 lead to
Bloom, Werner, and Rothmund-Thomson syndromes, respectively. Patients with Bloom
syndrome (BS) display growth defects, genomic instability (including translocations and
quadriradials), and a strong predisposition to a broad spectrum of cancers [15]. One
hallmark of BS cells is a greatly elevated frequency of sister chromatid exchanges (SCE)
[15,16]. Numerous studies of the role played by BLM helicase in maintaining genome
stability have collectively revealed multiple roles for BLM in HR regulation [17–23].
Curiously, both pro-HR and anti-HR functions have been assigned to BLM.
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In terms of pro-HR activities, BLM reportedly promotes 5' to 3' strand resection at DSB
ends [9,10], a processing step necessary for the initiation of HR. It has also been reported
recently [24] that BLM may act early in HR by stimulating the DNA strand exchange
activity of Rad51. Annealing of complementary strands of DNA is another activity in BLM's
repertoire [25]. BLM has been implicated in promoting regression of stalled replication
forks to produce a structural configuration conducive to HR-dependent restart of replication
[26,27]. BLM has additionally been shown to catalyze branch migration of Holliday
junction recombination intermediates [28]. In conjunction with BLAP75 and topoisomerase
IIIα, BLM has been shown to potentially play a role in late steps of HR by catalyzing what
has been termed double Holliday junction (DHJ) dissolution [29–31]. In DHJ dissolution,
which to date has been demonstrated only in vitro using substrates that model a DHJ
recombination intermediate, two Holliday junctions are first converged by BLM and then
decatenated by topoisomerase IIIα to separate the two DNA duplexes that are linked by the
DHJ recombination intermediate. Dissolution leads exclusively to noncrossover
recombination products. An alternative to DHJ dissolution is the process of resolution, an
endonucleolytic cleavage of the DHJ that can produce both crossovers and noncrossovers
[5]. BLM's role in DHJ dissolution may normally serve to suppress LOH and SCE, and may
help explain the elevated levels of SCE seen in cells from BS patients [15,16] and the high
levels of LOH and SCE seen in mouse and human cells experimentally depleted of BLM
[32–34].

In terms of potential anti-HR activities, BLM can disrupt the D-loop structure formed
following the initial strand invasion step of HR [35,36]. Although this activity may serve as
a mechanism to avoid the use of inappropriate templates, it is possible that under certain
circumstances displacement of the invading strand from the D-loop by BLM may actually
promote HR via the synthesis-dependent stand annealing (SDSA) pathway [37–39] which
proceeds without the formation of Holliday junction intermediates. In SDSA, one or both 3'
ends from a DSB invades an homologous template, and DNA synthesis is primed from the
invading end. The newly synthesized strand is then displaced from the template and anneals
with complementary sequence from the other end of the DSB. Notably, the SDSA pathway
results almost exclusively in noncrossovers [40]. BLM has also been shown to disrupt
Rad51 nucleofilaments, but only when the filament is in its inactive ADP-bound form [38].
Thus, BLM may wield a type of “quality control” over HR by disrupting inappropriate
events at a very early stage. Finally, the ability of BLM to anneal complementary strands as
well as catalyze branch migration of Holliday junctions may implicate BLM not only in the
regression of stalled replication forks but also in subsequent reversal of regressed forks. By
undoing the so-called “chicken-foot” structure produced by fork regression, BLM may
actually prevent recombination events at stalled replication forks [28].

Although it is clear that BLM helicase is an important regulator of HR, more work is needed
to sort out BLM's varied and seemingly disparate roles. Perhaps surprisingly, most previous
work on human BLM has been carried out using cell-free or plasmid-based systems while
comparatively few studies have been carried out on the impact of BLM on DNA
transactions as they occur within the chromosomes of living human cells. We have
developed an experimental system that allows the study of DSB repair, at the nucleotide
level, within the genome of mitotically dividing human cells. Our system involves the
integration of a DNA substrate engineered so that DNA transactions may restore function to
a selectable marker gene. Expression of endonuclease I-SceI is used to deliver a specific
DSB to the genome within the integrated substrate and we can investigate repair of the DSB
carried out by HR or NHEJ.

Using our system in conjunction with an RNA interference approach to knock-down
expression of BLM, we investigated the role of BLM in DSB repair in cultured human
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fibroblasts. We report here that knockdown of BLM in human cells altered genomic DSB
repair by bringing about a significant shift toward repair via HR that produced deletions
either by crossovers or by SSA. Our work implicates BLM as an important participant in
DSB pathway choice and provides the first direct evidence that BLM deficiency may
contribute to genome instability in somatic human cells by stimulating a specific type of HR
event.

2. Materials and methods
2.1. Cell lines and DSB repair substrate

Cell line pLB4/11, described previously [41,42], and cell line pLB4/20 were derived from
SV40-immortalized normal human fibroblast cell line GM637 (obtained from the NIGMS)
and each line contains a single integrated copy of recombination substrate pLB4 (Fig. 1).
pLB4 contains a tk-neo fusion gene disrupted by the insertion of a 22 bp oligonucleotide that
contains the 18-bp recognition sequence for yeast endonuclease I-SceI. In addition, pLB4
contains a 2.5 kb HindIII fragment containing a complete functional herpes simplex virus
type 1 tk gene. The tk gene and the tk-neo fusion gene are oriented as direct repeats.

Human fibroblast cell line GM8505 (obtained from NIGMS) was derived from a Bloom
Syndrome patient and is null for BLM.

Cells were cultured in alpha-modified minimum essential medium (Sigma) supplemented
with 10% fetal bovine serum. Cells were maintained at 37°C in a humidified atmosphere of
5% CO2.

2.2 Knockdown of BLM expression with siRNA
To knock-down BLM expression, we used two siRNAs, Hs-BLM-1-HPsiRNA936 and Hs-
BLM-3-1HPsiRNA, which were purchased from Qiagen. These siRNAs are referred to as
BLM-1 and BLM-3, respectively. A nonsilencing negative control siRNA was also
purchased from Qiagen (catalog number 1027310). siRNAs were transfected into cells using
HiPerFect Transfection Reagent (Qiagen) following the standard protocol described by the
supplier. siRNA was routinely used at a concentration of 25 nM during transfection.

2.3. Western blotting analysis
Cells were harvested by trypsinization and cell lysates were prepared for Western blotting
analysis by standard procedures. BLM antibody ab476 (Abcam) was used as a primary
antibody, HRP-conjugated anti-rabbit IgG antibody NB730-H (Novus Biologicals) was used
as a secondary antibody. HRP-conjugated tubulin antibody sc-5274 HRP (Santa Cruz
Biotechnology) was used to assess protein loading. HRP signal was detected using an ECL
Advance Western Blotting Detection Kit (GE Healthcare). ImageJ software [43] was used
on scanned images of Western blots to estimate the degree of BLM knockdown.

2.4 Recovery of HR and NHEJ events
Plasmid pCMV3xnls-I-SceI (“pSce”) expresses endonuclease I-SceI and was generously
provided by M. Jasin (Sloan Kettering). We transiently transfected pSce into pLB4/11 or
pLB4/20 cells to induce a DSB at the I-SceI site within the integrated copy of pLB4. We
recovered DSB repair events that occurred by HR or NHEJ under conditions of normal or
reduced levels of BLM expression. To accomplish this, cells were first plated at a density of
1.5 × 105 cells per 35 mm dish in normal growth medium. Twenty-four hours later, cells
were transfected with BLM-silencing siRNA, nonsilencing control RNA, or left untreated.
Twenty-one hours later, cells were fed with fresh medium and after three more hours the
cells were transfected a second time with BLM-silencing siRNA, nonsilencing siRNA, or
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left untreated. After an additional 24 hours, cells were harvested by trypsinization; 2.5 × 105

cells from each dish were removed for electroporation with pSce, while the remaining cells
from each dish were plated into a 25 cm2 flask and incubated an additional 24 hours prior to
harvesting for Western blotting analysis.

For each electroporation with pSce, 2.5 x 105 cells were mixed with 7.5 μg of pSce in 300 μl
of phosphate buffered saline in a 0.4 cm gap cuvette and then exposed to an electric pulse of
700 V, 25 μF using a Bio-Rad Gene Pulser. Cells were allowed to recover by incubation in
growth medium for two days. Cells were then plated at a density of 1 × 106 cells per 75 cm2

flask into medium containing 1000 μg/ml G418 to select for HR and NHEJ events that
restored function to the tk-neo fusion gene on pLB4. Colonies were recovered after 14 days
growth under selection.

2.5. Southern blotting analysis
Genomic DNA samples (8 μg each) were digested with appropriate restriction enzymes and
resolved on 0.8% agarose gels. DNA was transferred to nitrocellulose membranes and
hybridized with a 32P-labeled tk probe as previously described [44].

2.6. PCR amplification and DNA sequence analysis
A segment of the tk-neo fusion gene spanning the original location of I-SceI site was
amplified from 500 ng of genomic DNA isolated from G418R clones using primers AW85
(5'-TAATACGACTCACTATAGGGCCAGCGTCTTGTCATTGGCG-3') and AW91 (5'-
GATTTAGGTGACACTATAGCCAAGCGGCCGGAGAACCTG-3'). AW85 is composed
of nucleotides 308 to 327 of the coding sequence of the HSV-1 tk gene [numbering
according to 45], with a T7 forward universal primer appended to the 5' end of the primer.
AW91 is composed of 20 nucleotides from the non-coding strand of the neomycin gene
mapping 25 through 44 bp downstream from the neomycin start codon, with an Sp6 primer
appended to the 5' end of the primer. PCR was carried out using Ready-To-Go PCR beads
(GE Healthcare) and a “touchdown” PCR protocol. The annealing temperature was initially
set to 72°C and was progressively decreased in steps of 2°C down to 62°C with two cycles
at each temperature. An additional 20 cycles were run at an annealing temperature of 60°C.
Prior to sequencing, PCR products were treated with shrimp alkaline phosphatase and
exonuclease I (USB). PCR products were then sequenced from a T7 or Sp6 primer at the
Environmental Genomics Core Facility at the University of South Carolina.

2.7. Cell cycle analysis
Cell cycle analysis was performed by flow cytometry using a Beckman Coulter FC 500
cytometer and ModFit LT software version 3.1 (Verity Software House, Topsham, ME)
essentially as described [46], except that a count of 10,000 cells was used for each analysis.

3. Results
3.1. A system for monitoring intrachromosomal DSB repair events in human cells

The centerpiece of our strategy is substrate pLB4 [41,42] shown in Fig. 1. A single copy of
pLB4 was stably integrated in the genome of normal human fibroblast cell line GM637 to
independently derive cell lines pLB4/11 and pLB4/20. A seminal feature of pLB4 is a tk-neo
fusion gene disrupted by a 22 bp oligonucleotide inserted into the tk portion of the fusion
gene. The oligonucleotide contains the 18 bp recognition site for yeast endonuclease I-SceI.
Also contained on pLB4 is a complete, functional tk gene. This “donor” fragment serves as a
potential recombination partner for the tk-neo fusion gene and shares about 1.7 kb of
homology with the tk segment of the fusion gene. A DSB can be introduced into the fusion
gene by transiently transfecting pLB4/11 or pLB4/20 cells with the I-SceI expression
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plasmid pSce. Repair of the DSB can restore function to the neo portion of the tk-neo fusion
gene but, importantly, this restoration does not require accurate removal of the 22 bp
oligonucleotide inserted into the tk portion since neo expression requires only that an
appropriate reading frame be established. Selection for G418R clones following DSB
induction therefore allows recovery of error-prone NHEJ as well as accurate HR between
the fusion gene and the closely linked functional tk gene. Previous studies have confirmed
that both NHEJ and HR events are recoverable in this system, and both noncrossover and
crossover (or SSA) type events are found among recovered HR events [41,42]. We cannot
always distinguish between crossovers produced via Holliday junction intermediates versus
nonconservative products of SSA. For simplicity, we will refer to these latter two types of
events collectively as “homology-dependent deletions” (HDD)1 because in either case the
recovered product displays a loss of sequence between the tk donor and the tk-neo fusion
gene along with an accurate, in-frame joining of the tk donor and fusion gene.

As shown in Fig. 2, there are 13 scattered nucleotide mismatches between the tk portion of
the tk-neo fusion gene and the tk donor sequence on pLB4. These mismatches enhance
sequence analysis of DSB repair products and enable an unambiguous demonstration of
recombination between the tk donor sequence and the fusion gene. The mismatches are
sufficiently sparse so as to preserve substantial stretches of perfect homology, including
410- and 231-bp segments of continuous homology. Critically, these stretches of continuous
homology exceed the minimal amount of homology required for efficient HR [47].

3.2 Knockdown of BLM expression does not alter the recovery of intrachromosomal DSB
repair events

Cells from the pLB4/11 and pLB4/20 cell lines were electroporated with pSce to induce a
genomic DSB within the integrated copy of pLB4. DSB induction and repair were allowed
to occur in conjunction with treatment of cells with two different BLM-silencing siRNAs,
control nonsilencing siRNA, or no siRNA. Western blotting (Fig. 3) was used to confirm
that knockdown of BLM expression was achieved by transfection with BLM-1 or BLM-3
siRNA. We estimate that as much as 80% knockdown was achieved relative to expression
following transfection with nonsilencing siRNA. Treatment of pLB4/11 and pLB4/20 cells
with control or BLM-targeting siRNA did not affect the doubling time or plating efficiency
of cells, and cell cycle analysis performed on samples collected at the time of transfection
with pSce indicated that cell cycle profiles were effectively identical for cells treated with
control siRNA, BLM-targeting siRNA, or no siRNA (data not shown).

Cells were placed under G418 selection in order to recover intrachromosomal DSB repair
events that restored function to the tk-neo fusion gene. As indicated in Table 1, knockdown
of BLM expression in pLB4/11 or pLB4/20 cells did not alter the recovery of G418R

colonies following DSB induction suggesting that the efficiency of DSB repair overall was
not sensitive to reduced BLM levels.

3.3 Knockdown of BLM expression in pLB4/11 cells increases both the percentage of
DSBs repaired via HR and the percentage of HR events that produce deletions

DSB-induced G418R clones recovered following transfection of cells with pSce could have
arisen via NHEJ or HR. Furthermore, both gene conversions (noncrossovers) and HDD
events (crossovers or SSA) were potentially recoverable among HR events. To characterize
G418R clones recovered from pLB4/11 cells, a combination of several approaches was used.

1Abbreviation: HDD, homology-dependent deletion
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For each G418R clone analyzed, a fragment of DNA surrounding the original location of the
I-SceI site in pLB4 was PCR-amplified from genomic DNA using primers AW85 and
AW91 (Fig. 1) and the products were examined by agarose gel electrophoresis (Fig. 4A).
The parental PCR product from cell line pLB4/11 was 1.4 kb in length, so G418R clones that
arose by HR or by NHEJ events with short sequence deletions (or insertions) would produce
products about 1.4 kb in length (Fig. 4A, lanes 1,2,5,6 and 7). Clones producing PCR
products that were visibly shorter or longer than 1.4 kb (Fig. 4A, lanes 3 and 4) likely arose
from NHEJ events with associated deletions or insertions greater than about 40 bp (based on
the resolution achievable on the agarose gels). In addition to sizing PCR products by gel
electrophoresis, the expedient use of three AluI sites located within the tk portion of the tk-
neo fusion gene allowed for a screen for HR events among the PCR products that appeared
to be full-length (Fig. 4B). The two AluI sites closely flanking the I-SceI site (Fig. 2) were
present in the tk-neo fusion gene but were absent from the tk donor gene. Following HR,
these latter two AluI sites were expected to be lost from the tk-neo fusion gene. The absence
of these two AluI sites from the fusion gene produced a diagnostic 990 bp AluI fragment
(Fig. 4B, lanes 1 and 2), and provided a reliable screen for HR. The retention of the AluI
sites near the DSB produced 653 bp and 337 bp fragments upon AluI digestion (Fig. 4B,
lane 3) and suggested NHEJ.

More precise characterization of G418R clones was accomplished by nucleotide sequencing
of representative PCR products. Thirteen scattered nucleotide mismatches between the tk-
neo fusion gene and the donor gene, as indicated in Fig. 2, enabled an unequivocal
demonstration of the occurrence of HR in clones that displayed a transfer of one or more of
these nucleotide markers from the donor sequence to the tk-neo fusion gene. Clones
displaying a sequence deletion (and/or insertion) at the I-SceI site with no transfer of
markers from donor to fusion gene were categorized as having arisen via NHEJ. For clones
arising via HR, the pattern of nucleotide markers present in the sequenced PCR product
aided in distinguishing between HDD and gene conversions. Nucleotide sequence analysis
of clones is discussed in greater detail below.

Southern blotting was also used as an important tool in the characterization of HR events.
As illustrated at the top of Fig. 5, gene conversions and HDD events produced distinct
restriction fragments upon digestion of genomic DNA with HindIII and XbaI. Southern
blotting using a tk-specific probe therefore provided an effective way to distinguish gene
conversions from HDD. A representative Southern blotting analysis of clones arising from
HR events is shown at the bottom of Fig. 5. The G418R clones displayed in lanes 1–6 were
recovered from cells treated with nonsilencing siRNA, while the clones in lanes 7–12 were
recovered from cells treated with BLM-silencing siRNA. The clones in lanes 1, 6–10, and
12 each exhibited the 3.6 kb fragment diagnostic for HDD, while the balance of the clones
displayed the 5.9 kb and 2.5 kb bands expected for gene conversions. Southern blotting also
allowed an assessment of whether any gross chromosomal rearrangements were recovered.
No gross rearrangements were found among 275 HR events examined by Southern blotting.

In total, 338 G418R clones arising from pLB4/11 were characterized unambiguously by a
combination of PCR size and restriction analysis, nucleotide sequencing, and Southern
blotting as described above. The results of the analyses are summarized in the upper portion
of Table 2.

Several aspects of the data presented in Table 2 were striking. First, the fraction of DSB
events accomplished by HR, rather than by NHEJ, was higher for pLB4/11 cells treated with
BLM-silencing siRNA than for cells treated with control siRNA or with no siRNA. This
difference in HR recovery was highly statistically significant (p = 1.3 × 10−4 by a Fisher
exact test) when pooled data for cells treated with BLM-1 and/or BLM-3 siRNA was
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compared with pooled data for cells treated with control or no siRNA. Second, the
percentage of HDD among recovered HR events was higher for cells treated with BLM-
silencing siRNA than for cells treated with control siRNA or with no siRNA. This difference
in HDD recovery was highly statistically significant (p = 8.7 × 10−10) when pooled data for
cells treated with BLM-1 and/or BLM-3 siRNA was compared with pooled data for cells
treated with control or no siRNA. For cells treated specifically with BLM-1 siRNA, HDD
recovery among HR events was greater than for cells treated with either control siRNA or no
siRNA (p = 3.3 × 10−5 or p = 5.7 × 10−3, respectively). For cells treated specifically with
BLM-3 siRNA, HDD recovery was greater than for cells treated with either control siRNA
or no siRNA (p= 7.5 × 10−8 or p= 1.3 × 10−4, respectively). Notably, while BLM depletion
increased the overall frequency of HR events, this increase in HR was due specifically to an
increase in HDD since the absolute frequency of gene conversions actually decreased. In
summary, our results demonstrated that the level of BLM expression can influence both the
balance of HR versus NHEJ, as well as the nature of HR events. The combined effects of
reduction in BLM expression acted to quite substantially increase the fraction of all DSB
repair events in pLB4/11 cells that occurred via HDD. The increase in HDD events was
decidedly statistically significant (p = 5.9 × 10−13 ) when pooled data for cells treated with
BLM siRNA was compared with pooled data for cells treated with control siRNA or no
siRNA.

3.4. Nucleotide sequence analysis of G418R clones
Representative G418R clones recovered from pLB4/11 were examined at the nucleotide
level to gain further insight into the possible influence of BLM expression level on the
nature of DSB repair events. For each clone sequenced, at least 600bp of DNA sequence
were determined from PCR products amplified from the region surrounding the healed DSB.

Twenty-one NHEJ clones recovered from cells treated with control siRNA, and all 16 NHEJ
events recovered from BLM-1 or BLM-3 treated pLB4/11 cells were analyzed by DNA
sequencing, and the results are summarized in Tables 3 and 4. Deletions associated with
NHEJ ranged from 1 bp to 1212 bp, with no evident differences in deletion sizes for events
recovered from control cells versus BLM-knockdown cells. Several NHEJ events from
control and BLM-knockdown cells were associated with an insertion of DNA sequence at
the site of the DSB. Of particular note were clones 17 and 20 from control siRNA-treated
cells (Table 3) which each displayed an insertion of more than 100 bp of sequence derived
from the integrated substrate pLB4. Other than deletions and insertions at the DSB site, no
other sequence alterations were found associated with NHEJ events recovered from either
control or BLM-knockdown cells.

Microhomologies at the sites of DNA end-joining were also examined for NHEJ events
(Table 3 and 4). Curiously, a significantly greater (p = 0.014) number of GC basepairs were
present within the stretches of microhomology associated with NHEJ events recovered from
control cells compared to microhomology used in BLM-knockdown cells.

Among HR events recovered, 21 HDD events from pLB4/11 cells treated with control
siRNA and 13 HDD events from cells treated with BLM-3 siRNA were sequenced (Fig. 6).
With the exception of two HDD events (discussed below), each event represented an
accurate in-frame joining between the tk donor sequence and the tk-neo fusion gene with no
mutations found. All HDD events resulted in a functional “wild-type” tk-neo gene with no
remnant of the 22 bp oligonucleotide insertion that originally contained the I-SceI
recognition site. In HDD clones 1, 7, 8, and 18–20 from control cells, and clone 4 from
BLM knockdown cells, there was a stretch of sequence in which the origin of mismatched
nucleotide markers (Fig. 2) alternated between tk donor and the tk-neo fusion gene. This
alternation was likely due to patchy or discontinuous repair of heteroduplex DNA that
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formed during HR. No notable differences between HDD events recovered from control
versus BLM-knockdown cells were observed.

Curiously, two exceptional HDD events displayed a distinct NHEJ-associated deletion
encompassing the I-SceI site in addition to a crossover or SSA event (Fig. 6, bottom). One
clone (1E), recovered from control cells, had a 389 bp deletion and a 19 bp insertion in
addition to a crossover or SSA event. The second clone (2E), recovered from BLM-3
siRNA-treated cells, had a 118 bp deletion in addition to a crossover or SSA event. A
possible mechanism for the generation of these clones is presented in the Discussion below.

Twelve gene conversions from control cells, 19 gene conversions from BLM-1 siRNA-
treated, and 15 gene conversions from BLM-3 siRNA-treated cells were analyzed at the
nucleotide level (data not shown). Each of the 46 clones sequenced revealed an accurate
exchange of sequence information from the tk donor sequence to the tk-neo fusion gene that
resulted in the reconstruction of a wild-type fusion gene in which the 22 bp oligonucleotide
insertion that originally contained the I-SceI site had been eliminated. Based on the
nucleotide mismatches between the donor and fusion gene sequences, we determined that
the minimal lengths of conversion tracts ranged from 3 bp to 343 bp for control cells and
from 3 bp to 924 bp for BLM knockdown cells. For 38 out of the 46 gene conversions
sequenced, only the two mismatched nucleotide markers closest to the DSB were converted,
giving a minimal conversion tract length of 21 bp (the distance spanning the markers). No
notable differences between gene conversion products from control versus BLM-knockdown
cells were observed.

3.5 Knockdown of BLM expression in a second cell line promotes DSB repair via HR
events that produce deletions

As described above, depletion of BLM in cell line pLB4/11 resulted in a substantial increase
in DSB repair events occurring via HDD. We wanted to learn if a similar impact of BLM
depletion could be replicated in another cell line. To this end, we used cell line, pLB4/20,
which was independently derived from GM637 cells and also contained a single integrated
copy of substrate pLB4. DSB repair was monitored in pLB4/20 cells under conditions of
normal and reduced BLM expression, and the results are summarized in the lower portion of
Table 2. We observed that the overall percentage of DSB repair events accomplished by
HDD was considerably lower for cell line pLB4/20 compared with cell line pLB4/11 under
conditions of either normal or reduced BLM expression. Nonetheless, as was the case for
cell line pLB4/11, the percentage of HDD events among recovered HR events was higher
for pLB4/20 cells treated with BLM-silencing siRNA than for cells treated with control
siRNA or with no siRNA. This difference in HDD recovery was statistically significant (p =
0.02) when pooled data for cells treated with BLM-1 or BLM-3 siRNA was compared with
pooled data for cells treated with control or no siRNA. Reduction in BLM expression in cell
line pLB4/20 also increased the fraction of all DSB repair events that occurred via HDD.
The increase in HDD events among all events was statistically significant (p = 0.01) when
pooled data for pLB4/20 cells treated with BLM siRNA was compared with pooled data for
cells treated with control siRNA or no siRNA. We thus concluded that an increase in DSB
repair by HR, and by HDD specifically, is a general consequence of BLM depletion.

4. Discussion
In this paper we report the first direct evidence that the level of expression of BLM helicase
influences the manner in which a DSB is repaired in the genome of human cells. More
specifically, BLM depletion significantly increased the frequency of homology-dependent
DSB repair events that engendered chromosomal deletion.
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The loss of BLM activity in the rare genetic disorder BS leads to genomic instability and a
strong predisposition to a wide spectrum of cancers. BLM defects have also been reported in
cancer cells from patients that do not have BS [48,49], suggesting that the type of genomic
instability associated with loss of BLM has broad relevance to carcinogenesis. A hallmark
characteristic of cells from BS patients is a highly elevated frequency of SCE [15,16]. SCE
are assayed cytologically and so the question of whether SCE are produced by HR events
that resolve as crossovers is an issue that is difficult to address rigorously. There is some
evidence that SCE are produced by HR in chicken DT40 cells [50]. The increase in SCE
seen in BS has been interpreted as evidence for a hyperrecombination phenotype. Additional
evidence for hyperrecombination in the absence of BLM comes from the observation that
genetic knockout of BLM in normal human fibroblasts results in high levels of SCE,
increased rates of LOH, and increased levels of targeted HR between endogenous and
transfected DNA sequence [34]. Knockdown of BLM in the latter study did not lead to an
increase in gross chromosomal rearrangements such as gain or loss of complete
chromosomes. It has also been shown that knockout of BLM in mice results in elevated
levels of SCE, an increase in gene-targeting frequency in ES cells derived from the mice, an
elevated rate of LOH, and an increase in a wide spectrum of cancer [32]. Such studies have
led to the inference that loss of BLM increases the rate of somatic HR and that elevated HR
is an underlying mechanism for cancer predisposition in BS, most likely due to enhanced
LOH. Our current work demonstrates that reduction in BLM expression in human cells can
provoke a shift in DSB repair toward HR, with an increase specifically in HR events that
produce deletions by crossovers or SSA. Our findings thus reinforce the view that an
increase in, or dysregulation of, HR may be a key contributor to the cancer predisposition
associated with loss of BLM.

Our nucleotide-level analysis of DSB repair events recovered from cell line pLB4/11
indicates that BLM deficiency promotes an increased frequency of HR events without an
increased incidence of mutation in the products of such events. Of 80 gene conversions and
HDD events recovered from control or BLM-knockdown cells that were analyzed by DNA
sequencing, 78 events revealed no evidence of mutation in the HR products. We found two
exceptional HDD events, one recovered from control cells and one recovered from BLM
knockdown cells, that each displayed an NHEJ-associated deletion in addition to a crossover
or SSA event between the tk donor and the fusion gene (Fig. 6, clones 1E and 2E). One of
these clones, 1E, also contained a 19 bp sequence inserted at the NHEJ deletion site. The
actual site of homology-dependent joining of the tk donor to the tk-neo fusion gene in each
clone was distinctly removed from the NHEJ deletion endpoint. It is difficult to know
precisely how these clones arose. Perhaps the most plausible explanation we can envision is
that NHEJ producing a deletion (or a deletion plus insertion) occurred initially, followed by
an HR event in the form of a crossover or SSA In this unusual scenario, a DSB provoked an
HR event that occurred after the DSB was actually healed.

In addition to sequencing HR events, we also examined 37 NHEJ events at the nucleotide
level and found no obvious impact on deletion size or increased mutagenesis associated with
BLM depletion (Tables 3 and 4). Our results differ from two studies in which cell-free
extracts were used to study the impact of BLM deficiency on NHEJ. Gamyes et al. [51]
reported that BLM deficiency increased NHEJ activity and increased the size of deletions
associated with NHEJ, whereas Langlund et al [52] reported that BLM deficiency lessened
the use of microhomologies and actually decreased deletion size associated with NHEJ. In
contrast, Onclercq-Delic et al. [53], using a system to study in vivo DSB repair occurring in
plasmids transfected into cells, reported no impact of BLM deficiency on the efficiency and
fidelity of NHEJ. The latter investigation also reported an increase in DSB repair by HR in
the absence of BLM, consistent with our current findings. Using an intrachromosomal
system conceptually related to ours to study an I-SceI-induced DSB, So et al. [54] observed
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no apparent impact on intrachromosomal NHEJ due to loss of BLM and concluded that
repair of a two-ended DSB by NHEJ makes almost no contribution to the genomic
instability seen in BS cells. We concur that depletion of BLM doesn't appear to overtly
corrupt the NHEJ process in human chromosomes. Rather, we would argue that BLM
depletion allows HR to co-opt DSB repair, and the shift toward HR specifically in the form
of crossovers or SSA is key to the genesis of instability.

We observed that five out of 21 NHEJ clones recovered from control cells had sequence
insertions (Table 3). Two such clones (clones 17 and 20) displayed insertions of 176 bp and
436 bp of sequence copied from the integrated pLB4 substrate. An additional clone (clone
21) displayed an insert size of 11 bp, while clones 18 and 19 each displayed an insert of 5
bp. In contrast, only 2 out of 16 NHEJ clones recovered from BLM knockdown cells (clones
B3-7 and B1-9, Table 4), displayed insertions, and the insert sizes were 5 bp and 1 bp. We
also noticed another possible subtle influence of BLM on the nature of NHEJ events in that
a significantly greater (p = 0.014) number of GC basepairs were present in the collective
microhomologies used in NHEJ in control cells compared to microhomologies used in
BLM-knockdown cells. This suggests the possibility that interactions between DNA termini
are somewhat less dependent on strong base-pairing when BLM is depleted. This finding
may be related to the finding by Langlund et al [52]) that NHEJ in a cell-free extract has a
decreased dependency on microhomology in the absence of BLM. At this time, however, the
true significance of base composition in the vicinity of joined DNA ends is not known.

A shift away from NHEJ and toward HR provoked by BLM reduction would, by itself, be
expected to possibly lead to an increase in HDD events. However, the increase in HDD
engendered by BLM depletion in our studies was not due solely to an increase in HR since
BLM reduction specifically increased HDD without increasing the frequency of gene
conversions in either cell line pLB4/11 or pLB/20 (Table 2). The increase in HDD brought
about by BLM knockdown was actually accompanied by a reduction of both NHEJ and gene
conversions in cell line pLB4/11. The question of whether BLM deficiency merely increases
HR overall, or whether BLM deficiency enhances only a particular type of HR event, such
as crossovers, has been raised previously [55]. We believe that our current work is the first
time that this issue has been addressed experimentally, with our results indicating that BLM
deficiency indeed does not increase all forms of HR equally.

Relevant to this latter point, data presented in a recent study by others [56] was interpreted
as evidence that HR is actually reduced in human cells in the absence of BLM. This
observation was referred to as a “paradox” [56] since one might expect to see an increase in
HR in the absence of BLM based on the elevated levels of SCE seen in BS cells. However,
only gene conversions were recoverable in the experimental system used in the previous
investigation. Our current work, in which gene conversions, crossovers, SSA, and NHEJ
were all potentially recoverable, may resolve the “paradox” by revealing that although
depletion of BLM may reduce the frequency of gene conversions (as seen in cell line
pLB4/11), the overall level of HR actually increases due to an increase in HDD events
(crossovers or SSA). Moreover, a surge in crossover events would be consistent with the
elevated levels of SCE seen in BS cells. It was suggested [56] that increased SCE may result
from increased lesion formation in BS cells rather than a hyperrecombination phenotype per
se. However, our current results clearly show that the nature of repair of a single DSB is
altered by depletion of BLM, and this alteration provokes an increase in a type of HR event
that may potentially produce SCEs.

In our studies, we used an RNA interference approach rather that studying DSB repair in
BLM null cells. The RNA interference approach is better-defined genetically and affords
better controls. BLM null cells, for example, may accumulate multiple mutations upon
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propagation over multiple generations. Significant impacts of transient BLM reduction were
in fact measured in our work without completely knocking-out BLM expression. We
estimated that our most effective knockdown experiments reduced BLM expression by
about 80%. This suggests the possibility of a phenotype for BLM haploinsufficiency.
Indeed, evidence has been reported that heterozygosity for a loss-of-function mutation in
BLM increases cancer risk in humans [57] as well as in mice [58]. Further, McDaniel et al.
[33] showed that genomic instability and cancer predisposition is related inversely to the
level of BLM expression in mice. From such studies, it appears that perhaps a small change
in BLM activity can have a big impact on genomic stability.

On a molecular level, we can envision several mechanisms by which reduction in BLM
expression may increase the likelihood that a DSB will be channeled into a repair pathway
that produces HDD by crossovers or SSA. BLM's reported ability to disrupt D-loops [35,36]
or disrupt Rad51 filaments [38], at least under certain conditions, may explain how
knockdown of BLM can lead to an elevated frequency of DSB repair via HR. Once HR is
initiated there is the potential for the event to proceed via the SDSA pathway, which
produces noncrossovers almost exclusively [40], or via a pathway using a DHJ junction
intermediate which can produce crossovers and noncrossovers. Based on BLM's reported
stimulation of SDSA [37–39], it seems plausible to suggest that depletion of BLM increases
the fraction of HR events proceeding via DHJ intermediates and, hence, further increases the
opportunities for crossovers. BLM, in conjunction with topoisomerase IIIα and BLAP75,
has also been shown to act in vitro to catalyze DHJ dissolution which produces only
noncrossovers [29–31]. BLM depletion would therefore be expected to decrease the
frequency of DHJ dissolution and bring about a concomitant increase in the frequency of
DHJ resolution which can produce both crossovers and noncrossovers. The predicted shift in
the mode of DHJ processing would thus provide an additional means for increasing the
frequency of crossovers. Knockdown of topoisomerase IIIα and/or BLAP75 expression may
help reveal just how much of a contribution DHJ dissolution makes to the impact of BLM
knockdown. Our attempts to knock-down topoisomerase IIIα and BLAP75 have not yielded
informative phenotypes (data not shown).

As mentioned above, HDD may be produced by the nonconservative HR pathway referred
to as SSA [3,6] rather than through crossovers produced via Holliday junction intermediates.
In SSA, 5' DNA end-resection uncovers complementary sequences of direct repeats. The
complementary strands anneal, DNA single-strand tails are clipped, and gaps are filled.
Although we cannot rigorously determine whether most recovered HDD events arose via
crossovers or SSA, several considerations are pertinent to this matter. In general, the
reported functions of BLM do not lend themselves to a ready explanation of how BLM
depletion would lead to a specific increase in SSA with concomitant decreases in both NHEJ
and gene conversions as observed for cell line pLB4/11 (Table 2). We also note that the I-
SceI DSB in pLB4 is positioned within the tk portion of the fusion gene rather than between
the homologous repeated tk sequences on pLB4. This placement of the DSB is not well-
suited for promotion of SSA. Further, in the absence of DSB induction, cell line pLB4/11
gives rise spontaneously to G418R segregants generated both by gene conversions and
HDD, with DSB induction by I-SceI inducing both types of events to the same extent, about
100- fold (data not shown). It is difficult to reconcile this latter observation with the notion
that most HDD are produced via SSA. Finally, it appears that HDD clone number 7 from
control cells, as well as HDD clones 1E and 2E (Fig. 6) cannot be explained by SSA since a
nucleotide marker from the tk-neo fusion gene is present upstream from the DSB site in each
of these clones. We therefore posit that most HDD events recovered in our experiments
represent crossovers rather than SSA. We do note a recent report in which an inference is
made that BLM depletion in Drosophila leads to an increase in SSA [59]. A salient point is
that regardless of the particular mechanism for the genesis of the HDD events in our study,
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BLM depletion shifted DSB repair toward repair by a type of HR event that places a human
cell at greater risk for sequence loss or rearrangement. We also emphasize that the events
that we classify as HDD are indeed driven by homology and are distinct from the events we
classify as NHEJ. It is therefore clear that BLM depletion stimulates a type of homology-
dependent repair at DSBs.

Further dissection of the molecular mechanism(s) by which BLM deficiency destabilizes the
genome are warranted, but the present work takes an important step by establishing that
BLM deficiency corrupts DSB repair in human cells in a way that increases the frequency of
HR events that are likely to be detrimental. Our current work adds to an emerging picture of
BLM as a key and limiting factor in the regulation of DNA transactions in human cells.
Future studies will undoubtedly further elucidate the diverse roles that BLM and other RecQ
family members play in the maintenance of genome integrity.
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Fig. 1.
Recombination substrate pLB4. pLB4 contains a tk-neo fusion gene that is disrupted by a 22
bp oligonucleotide containing the 18 bp recognition site for endonuclease I-SceI. The
sequence of the 22 bp oligonucleotide is shown, with the 18 bp I-SceI recognition site
denoted in uppercase. The sites of staggered cleavage by I-SceI are indicated. pLB4 also
contains a HindIII (H) fragment containing a complete tk “donor” gene to serve as a
potential recombination partner for the fusion gene. The tk donor sequence is shaded to
represent the small degree (<1%) of mismatch with the tk portion of the fusion gene (see
Fig. 2). The direction of transcription of both the tk-neo fusion gene and the tk donor is from
left to right as drawn. PCR primers AW85 and AW91 are indicated by short horizontal
arrows above the fusion gene and are located 1.4 kb apart. A hygromycin resistance gene
(hyg) is also contained on pLB4 to allow for stable transfection.
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Fig. 2.
Alignment of tk-neo fusion gene sequence with tk donor sequence from pLB4. Nucleotides
308 to 1622 [numbering according to reference 45] of the tk portion of the tk-neo fusion
gene are aligned with the corresponding donor sequence from pLB4. The span of tk
sequence shown is the tk portion of the PCR product generated by primers AW85 and
AW91 and used in subsequent analyses. Mismatches between the donor and tk-neo fusion
gene sequences are highlighted. The 22 bp oligonucleotide containing the 18 bp I-SceI
recognition sequence inserted in the tk-neo fusion gene (absent from donor) is depicted in
boldface, with the actual I-SceI recognition sequence in uppercase. AluI recognition sites
(agct) are underlined and are indicated by downward arrows.
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Fig. 3.
Knockdown of BLM expression. Cell line pLB4/11 was transfected with BLM-1 or BLM-3
siRNA directed against human BLM or with a control nonsilencing siRNA. 48 hours post-
transfection, whole cell lysates were prepared and displayed on a Western blot (50 μg
protein per lane). BLM and tubulin were visualized with appropriate antibodies. Protein
extracts are from: BLM-deficient GM08505 cells (lane1), pLB4/11 cells untreated (lane 2)
or treated with control nonsilencing siRNA (lane 3), BLM-1 siRNA (lane 4), or BLM-3
siRNA (lane 5).
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Fig. 4.
Representative PCR analysis. Genomic DNA samples isolated from G418R clones were
amplified using PCR primers AW85 and AW91 shown in Fig. 1. (A) Lengths of PCR
products were estimated by agarose gel electrophoresis. The parental PCR product was 1.4
kb, and clones generating similarly sized PCR products likely arose from HR or from NHEJ
with small deletions or insertions. PCR products visibly shorter or longer than 1.4 kb were
indicative of relatively large deletions or insertions at the DSB site. (B) PCR products that
appeared to be 1.4 kb in length were further analyzed by digestion with AluI. Clones that
arose from HR would have lost the two AluI sites closest to the DSB (see Fig. 2) and would
therefore produce a 990 bp fragment (lanes 1 and 2). Clones producing 653 bp and 337 bp
fragments (lane 3) retained the AluI sites near the DSB. Retention of one or both of the AluI
sites near the DSB was consistent with NHEJ. See text for details.

Wang et al. Page 20

DNA Repair (Amst). Author manuscript; available in PMC 2012 April 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Southern blotting analysis of HR events. At the top of the figure are schematic illustrations
of a gene conversion and an HDD event that each produces a functional tk-neo fusion gene.
In the illustration of gene conversion, the conversion tract is denoted by the shaded segment
of the tk portion of the fusion gene. The conversion tract eliminates the I-SceI site by
transfer of sequence from the tk donor. For HDD, the joining together of donor and fusion
gene sequences is denoted by the abutment of shaded and unshaded tk sequence. HDD,
which can be produced via Holliday junction intermediates or via SSA, eliminates the I-SceI
site as well as vector sequences (including the hyg gene) between the donor and the fusion
gene. Expected fragments produced by digestion of genomic DNA with HindIII (H) and
XbaI (X) are shown. At the bottom of the figure are Southern blots displaying genomic
DNA samples (8 μg) from G418R colonies recovered from pLB4/11 cells treated with
control siRNA (lanes 1–6) or BLM-3 siRNA (lanes 7–12). DNA fragments were visualized
using a probe specific for tk to distinguish gene conversions from HDD. The samples in
lanes 1, 6–10, and 12 displayed a single 3.9-kb band diagnostic for HDD, while the samples
in lanes 2–5 and 11 displayed the 2.5 and 5.9 kb bands diagnostic for gene conversions.
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Fig. 6.
HDD events. At the top of the figure is a schematic illustration of the 13 mismatches
between the tk-neo fusion gene and the tk donor sequence on pLB4. These mismatches
served as markers that aided in the analysis of recombination events. The location of the I-
SceI site in the fusion gene is denoted by ▽. Listed below the schematic are representations
of 20 HDD clones recovered from pLB4/11 cells treated with control nonsilencing siRNA,
12 HDD clones from cells treated with BLM-3 siRNA, and two exceptional HDD clones.
For each HDD clone, the identity of each of the nucleotide markers is shown. Also, for each
clone an “X” is placed between two markers to designate an approximate location of joining
of the tk donor to the fusion gene; all markers downstream from the location of the “X” in
each clone originated from the fusion gene. Exceptional HDD clone 1E, recovered from
control cells, had an NHEJ-associated deletion spanning nucleotide positions 970 through
1358 of the tk-neo fusion gene (numbering as in Fig. 2) and an insertion of 19 bp as shown.
Exceptional HDD clone 2E, recovered from BLM-3 siRNA-treated cells, had an NHEJ-
associated deletion spanning nucleotide positions 960–981 of the fusion gene.
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Table 1

Recovery of DSB repair events from pLB4/11 and pLB4/20 cells

siRNA Useda Cells Plated Into G418 (105) G418R Colonies Colony Frequency (10−3)b

pLB4/11 cells

 None 7.55 3587 4.75

 Control 6.23 2549 4.09

 BLM-1 7.72 3651 5.07

 BLM-3 5.09 2312 4.54

 BLM-1 + BLM-3 1.61 826 5.13

 Mockc 4.45 2 0.004

pLB4/20 cells

 None 7.50 2640 3.52

 Control 7.50 2970 3.96

 BLM-1 7.50 3071 4.10

 BLM-3 7.82 2964 3.79

 Mockc 3.00 0 <0.003

a
For each case, with the exception of the BLM-1 + BLM-3 mixture used on pLB4/11 cells, the data presented is a pool from three independent

experiments. The data presented for the BLM-1 + BLM-3 mixture is from a single experiment.

b
Calculated by dividing the number of G418R colonies by the number of cells plated into G418 selection.

c
In “mock” experiments, cells were treated with no siRNA and were electroporated with phosphate-buffered saline containing no pSce.
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Table 3

NHEJ events recovered from pLB4/11 cells treated with control siRNA

Clonea Deletion size (bp)b Microhomologyc Insertiond

1 1 (972) A --

2 1 (972) A --

3 22 (952–973) AGG --

4 28 (947–974) GGG --

5 43 (932–974) GG --

6 46 (935–980) T --

7 58 (933–990) GC --

8 79 (910–988) ATGCC --

9 205 (770–974) G --

10 208 (925–1132) CCG --

11 229 (864–1092) GC --

12 244 (731–974) GGGT --

13 472 (934–1405) C --

14 604 (758–1361) GAGC --

15 885 (450–1334) CGTGCCGC --

16 889 (605–1493) CC --

17 12 (966–977) GGG, 0 176 bp, HSV upstream from tk

18 279 (966–1244) AAATT

19 363 (804–1166) CAGTG

20 1193 (383–1575) G,0 436 bp, inverted tk sequence

21 1212 (375–1586) GAGGCTGGGAG

a
G418R clones are listed in order of deletion size with the exception that the five clones containing sequence insertions are grouped together at the

bottom of the list.

b
Number of nucleotides deleted at the induced DSB. The nucleotide positions of the deletion endpoints are indicated in parentheses, using the

nucleotide numbering system shown in Fig. 2.

c
Shown is the sequence homology shared by the DNA termini that were joined. In the case of clones with sequence insertions at the DSB,

microhomologies associated with end-joining events at both ends of the inserted sequence are indicated when such a determination was possible. A
“0” indicates that no homology was present.

d
For each of the five clones with sequence insertions, a description of the sequence inserted or the actual sequence itself is presented. For clones 17

and 20, the source of the inserted sequence appeared to be the integrated copy of pLB4. In clone 17, herpes virus sequence on pLB4 mapping just
upstream from the tk gene was inserted, while in clone 20 a sequence from the tk gene was inserted with an inverted orientation.
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Table 4

NHEJ events recovered from pLB4/11 cells treated with BLM-silencing siRNA

Clonea Deletion size (bp)b Microhomologyc Insertiond

B1-1 4 (971–974) 0 --

B1-2 4 (969–972) 0 --

B3-1 7 (966–972) A --

B3-2 7 (966–972) A --

B1 3 22 (956–977) AGCT --

B1-4 22 (960–981) T --

B1-5 193 (780–972) CAGG --

B1-6 274 (902–1175) CAT --

B3-3 289 (970–1258) TA --

B3-4 367 (624–990) GCC --

B3-5 445 (939–1383) CATATCGGGG --

B1-7 949 (587–1535) C --

B1-8 1030 (557–1586) CCA --

B3-6 1161 (486–1646) 0 --

B3-7 0 GTGTA

B1-9 14 (961–974) T

a
G418R clones are listed in order of deletion size with the exception that the two clones containing sequence insertions are grouped together at the

bottom of the list. The clones with names beginning with “B1” were recovered from cells treated with BLM-1 siRNA, while “B3” clones were
recovered from cells treated with BLM-3 siRNA.

b
Number of nucleotides deleted at the induced DSB. The nucleotide positions of the deletion endpoints are indicated in parentheses, using the

nucleotide numbering system shown in Fig. 2.

c
Shown is the sequence homology shared by the DNA termini that were joined. A “0” indicates that no homology was present.

d
For the two clones with sequence insertions, the actual sequence inserted is shown.
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