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Abstract
The oncogenic BCR/ABL tyrosine kinase facilitates the repair of DNA double-strand breaks
(DSBs). We find that after γ-irradiation BCR/ABL-positive leukemia cells accumulate more DSBs
in comparison to normal cells. These lesions are efficiently repaired in a time-dependent fashion
by BCR/ABL-stimulated non-homologous end-joining (NHEJ) followed by homologous
recombination repair (HRR) mechanisms. However, mutations and large deletions were detected
in HRR and NHEJ products, respectively, in BCR/ABL-positive leukemia cells. We propose that
unfaithful repair of DSBs may contribute to genomic instability in the Philadelphia chromosome-
positive leukemias.

INTRODUCTION
The bcr/abl chimeric gene is derived from fusion of part of the c-abl gene from chromosome
9 to part of the bcr gene locus on chromosome 22 [t(9;22), Philadelphia chromosome=Ph1],
and is present in most chronic myelogenous leukemia (CML) and a cohort of acute
lymphocytic leukemia (ALL) patients [1,2]. BCR/ABL exhibits two complementary roles in
cancer: stimulation of signaling pathways that render leukemia cells independent of their
environment and modulation of the response to DNA damage causing drug resistance [3,4].
In contrast to normal cells, BCR/ABL-positive cells seem to be better equipped to survive
genotoxic damage due to their enhanced ability to repair DNA lesions, prolonged activation
of the G2/M checkpoint to provide more time for repair, and inhibited pro-apoptotic
mechanisms [5]. Clinical observations and experimental findings have shown that BCR/
ABL stimulates also genomic instability, leading to mutations and chromosomal
abnormalities [6-12]. The accumulation of genetic errors is believed to be responsible for the
transition from a relatively benign CML chronic phase (CML-CP) to the aggressive blast
crisis phase (CML-BC) [13]. Aberrations in pathways regulating the DNA damage response
in BCR/ABL-positive leukemia cells may contribute to this phenomenon.

DNA damage can directly result from genotoxic treatment and genotoxic effects of
compounds such as reactive oxygen species (ROS). Recently we showed that BCR/ABL-
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positive leukemia cells contain elevated levels of DNA double-strand breaks (DSBs)
induced by ROS, whose unfaithful repair may contribute to genomic instability [14].
Unfaithful repair of the “spontaneous” DSBs in CML cells was also reported by others [15].
Since BCR/ABL-positive cells are resistant to genotoxic treatment [4], survivors may harbor
errors leading to genetic instability and malignant progression of the disease. This
hypothesis was tested here.

This work shows that BCR/ABL-positive leukemia cells accumulate more DSBs than
normal counterparts after γ-irradiation. However, the oncogene facilitates homologous and
non-homologous DSBs repair mechanisms, which generate mutations and deletions.
Therefore, we hypothesize that elevated levels of DSBs combined with unfaithful repair
mechanisms may contribute to genomic instability and malignant progression of the Ph1-
positive leukemia cells, which survive genotoxic treatment. This speculation is supported by
the observation that BCR/ABL cells surviving irradiation may carry additional chromosomal
aberrations [11].

METHODS
Cells

The murine growth factor-dependent myeloid cell line 32Dcl3 and BCR/ABL-expressing
clones were described previously [16]. 32Dcl3 cells were electroporated with the expression
plasmid containing DR-GFP recombination substrate and pgk-pur gene [17]. Puromycin-
resistant clones were selected and genomic integration of DR-GFP cassette was detected by
Southern blotting. A clone containing a single copy of DR-GFP was electroporated with
pSRα-p210BCR/ABL-neo or pSRα-neo retroviral construct, and cells were selected in
G418. Three DR-GFP clones expressing BCR/ABL (confirmed by Western analysis) or
displaying resistance to G418 (control) were selected and used for the experiments. Cells
were maintained in the presence of pre-tested optimal concentrations of IL-3 required to
maintain continuous proliferation of parental cells. In these conditions parental and BCR/
ABL-transformed cells displayed similar cell cycle profile.

Western analysis
To prepare whole cell lysates proteins were solubilized in cold NP-40 lysis buffer (10mM
HEPES, pH 7.5, 150mM NaCl, 1% NP-40, 10% glycerol) with protease inhibitors (1mM
dithiothreitol, 1mM phenylmethylsulfonyl fluoride, 50mM NaF, 1mM Na3VO4, 10 μg/ml
aprotinin and 10 μg/ml leupeptin) and 10 μg/ml RQ1 DNase (Promega, Madison, WI).
Protein samples were separated by SDS-PAGE and analyzed by Western blotting using the
following antibodies: anti-Ku70 and anti-Ku80 (both rabbit polyclonal from Serotec,
Raleigh, NC); mouse monoclonal anti-RAD51 (Upstate USA, Charlottesville, VA); mouse
monoclonal anti-actin (Calbiochem, San Diego, CA).

Examination of HRR efficiency and fidelity
HRR events were measured as described before [16,18] with modification. Cells were
electroporated with 100μg of pCβA-Sce expression plasmid encoding I-SceI endonuclease
and 20μg of pDsRed1-Mito (Clontech, Paolo Alto, CA). Expression of I-SceI causes a DSB
in the specific restriction site included in the DR-GFP cassette, and pDsRed1-Mito encodes
red fluorescent protein with a mitochondrial localization signal to control the efficiency of
transfection. HRR event restores functional GFP expression, which is readily detected by
fluorescent microscope 48h after transfection with I-SceI. HRR efficiency was established as
percentage of cells displaying green nuclear fluorescence and red mitochondrial
fluorescence versus all transfected (red) cells. The efficiency of transfection was 36% and
35% in 32Dcl3 and BCR/ABL-expressing clones, respectively, containing DR-GFP reporter
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cassette. GFP+ cells were sorted and a fragment of the DR-GFP cassette containing a DSB
repair site was amplified by PCR and sequenced as described [14]. HRR mutation frequency
was calculated as: total number of mutated nucleotides/total number of sequenced
nucleotides (20 sequences/group analyzed).

Examination of NHEJ efficiency and fidelity
NHEJ was measured in cell-free extracts as described before [14]. When indicated cell
lysates were deprived of Ku70 and Ku80 by incubation with agarose beads pre-coated with
anti-Ku70 and anti-Ku80 antibodies or with non-immune isotype-matched immunoglobulins
(confirmed by Western analysis). The substrates were pBluescript KS+ linear plasmids
digested XhoI+XbaI or SmaI to generate non-compatible 5′ overhangs or blunt-ends,
respectively. NHEJ products were amplified by PCR using the following primers: 5′ primer:
TGCGCAACTGTTGGGAAG, 3′ primer: TGTGGAATTGTGAGCGGATA. Amplification
products were cloned into the pETBlue Acceptor Vector Kit (Novagen) and sequenced using
5′ primer: ATTTCCATTCGCCATTCAG. An average gain/loss of the bases in the NHEJ
sequences was determined by dividing the sum of acquired/deleted bases by the number of
sequences. Twenty NHEJ products/experimental group were analyzed.

Immunofluorescence
Cells were irradiated with the indicated doses from 137Cs source. Nuclear localization and
co-localization of the indicated proteins was detected by immunofluorescence as previously
described [14]. Briefly, cytospins were fixed and stained with primary antibodies against γ-
H2AX (Upstate Biotechnology, Lake Placid, NY, USA) and RAD51 (PC130, Oncogene
Research Products, Cambridge, MA, USA), or Ku70 (AHP318, Serotec, Inc., Raleigh, NC,
USA). The secondary antibodies conjugated with FITC (Alexa488) or RHO (Alexa568)
were applied (Molecular Probes Inc., Eugene, OR, USA). Negative controls were performed
without primary antibodies. DNA was counterstained with 4′,6′diamedino-2-phenylindole
(DAPI). Specific staining was visualized with an inverted Olympus IX70 fluorescence
microscope equipped with a Cooke Sensicam QE camera (The Cooke Co., Auburn Hills,
MI, USA). At least 50 individual cells were analyzed/experimental group, as described
before [14].

RESULTS
BCR/ABL changes the kinetics of DSBs induced by γ-irradiation in hematopoietic cells

32Dcl3 parental cells and their BCR/ABL-positive counterparts (3 clones/group) were
irradiated with 4Gy to induce DSBs, which were detected by immunofluorescence using γ-
H2AX foci co-localizing with DNA as markers [19-21]. DSBs were calculated here as
percentage of DNA counterstained with DAPI co-stained with γ-H2AX foci. More DSBs
were detected in BCR/ABL cells than parental cells before irradiation (Figure 1A-left panel)
in accordance with previous report [14]. In addition, 10 min after irradiation, BCR/ABL
cells displayed a sharp increase in DSBs, however, after 30min their number dropped to the
levels detectable in parental cells and continued to decrease up to 12h (Figure 1A-left panel).
Parental cells displayed different kinetics of DSBs induced by 4Gy; modest increase was
observed during first 30min followed by a steady decrease up to 6h (Figure 1A-left panel).
The increase in DSBs counts detected in BCR/ABL cells 10min after irradiation was
observed also after lower doses of irradiation (Figure 1A-right panel). This effect was
reduced by ~2-fold (data not shown) if BCR/ABL cells were pre-incubated for 48h with
0.2μM of antioxidant pyrrolidine dithiocarbamate as described before [14].

HRR and NHEJ reaction sites in the nuclei could be potentially visualized by double-
immunofluorescence detecting co-localization of γ-H2AX foci with RAD51 or Ku70,
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respectively [22,23]. Therefore, the kinetics of total cellular involvement of HRR and NHEJ
in reparation of DSBs was estimated by double immunofluorescence examining the levels
DNA associated with co-localizing γ-H2AX and RAD51 or γ-H2AX and Ku70, respectively
(Figure 1B). As expected, NHEJ generally preceded HRR [24]. A sharp increase in total
cellular γ-H2AX and Ku70 co-localization was detected as early as 10min after γ-irradiation,
but BCR/ABL-positive cells displayed much higher co-localization values in comparison to
parental counterparts at 10min and 30min (Figure 1B), probably reflecting much higher
levels of DSBs in the former cells (Figure 1A). The amounts of total cellular γ-H2AX and
Ku70 co-localization gradually decreased in time, and 3h after irradiation these values were
indistinguishable in parental and BCR/ABL cells. A peak of total cellular γ-H2AX and
RAD51 co-localization was observed 3h after γ-irradiation (Figure 1B). Again BCR/ABL
cells displayed much higher levels of co-localization than parental cells at 3h and 6h after γ-
irradiation (Figure 1B).

To assess the relative frequency of NHEJ and HRR in the repair of DSBs pool, we measured
the percentage of γ-H2AX co-localizing with Ku70 and RAD51, respectively (Figure 1C).
Parental and BCR/ABL cells displayed similar kinetics of γ-H2AX co-localizing with Ku70;
interestingly the percentage of γ-H2AX co-localizing with RAD51 was higher in the latter
cells especially at 3h after γ-irradiation.

Altogether the immunofluorescence studies implicate qualitative and quantitative changes in
the kinetics of appearance and repair of DSBs in BCR/ABL cells in comparison to normal
counterparts.

Western analysis revealed a sharp increase of Ku70 and Ku80 protein expression in BCR/
ABL cells during first 3h after γ-irradiation in comparison to parental counterparts (Figure
2). In addition, BCR/ABL cells accumulated more RAD51 protein than parental cells, but
this effect peaked between 3-6h after γ-irradiation.

BCR/ABL increases the efficiency, but lowers the fidelity of DSBs repair in hematopoietic
cells

pBluescript plasmid linearized by SmaI or XhoI+XbaI digestion creating blunt-ends or non-
complementary 5′ overhangs, respectively, was used as the substrate to assess the activity of
NHEJ, which generates the products containing multimers of plasmid [25,26]. The substrate
was added to cell lysates from 32Dcl3 parental and BCR/ABL cells and NHEJ products
were analyzed by agarose gel electrophoresis. BCR/ABL kinase was responsible for 2-4 –
fold increase of NHEJ activity (Figure 3, left panel). Deprivation of Ku70 and Ku80 from
cell lysated abrogated the reaction implicating NHEJ mechanism. On average, the presence
of BCR/ABL promoted loss of DNA during NHEJ (Figure 3, right panel). Typical deletions
or additions (range: +14 to −49 bp) were detected in NHEJ products in parental cells. NHEJ
products in BCR/ABL cells contained smaller additions and larger deletions (range: +4 to
−220 bp). Interestingly, repair of blunt-ended DSB substrates (SmaI digests) generated more
extensive deletions in comparison to 5′ non-complementary overhangs (XhoI + XbaI
digests) (p<0.05) implicating the potential problem with simple re-joining by ligation.
Analysis of the junctions of the joints from the deletion products revealed a bias toward
microhomology in NHEJ products from parental as well as BCR/ABL cells.

To obtain additional evidence that BCR/ABL stimulates HRR, a genetic model was applied,
used before in non-hematopoietic cells [14]. Therefore, these studies may not reflect discrete
differences in DNA repair between non-hematopoietic and hematopoietic cells. A single
copy of the DR-GFP cassette containing inactivated GFP gene due to introduction of the
unique I-SceI restriction site containing two stop codons and a truncated version of the gene
containing BcgI restriction site was integrated into the genome of 32Dcl3 cells [17]. A DSB
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is generated in the GFP gene upon transient transfection with I-SceI expression plasmid,
which could be repaired by HRR employing the truncated fragment of the gene as a
template, thus producing a functional gene containing BcgI restriction site and hence GFP+
cells. 32Dcl3 cells containing DR-GFP cassette were transfected with expression plasmids
containing BCR/ABL or empty plasmid; the expression of BCR/ABL protein was confirmed
by Western analysis (not shown). Then these cells were transfected with I-SceI and
pDsRed1-Mito expression plasmids and the efficiency of HRR was measured 48h later by
scoring the percentage of double-positive GFP+Red+ cells in all transfected cells (Red+).
The presence of BCR/ABL kinase caused ~6-fold increase of the percentage of GFP+ cells
implicating activation of HRR mechanism (Figure 4, HRR efficiency). The primers
spanning a fragment of the DR-GFP cassette containing the DSB site were used to amplify
the repair products by PCR in GFP+ cells, which were then sequenced to determine the
fidelity of HRR as described before [14]. The sequences with restored BcgI restriction site
are considered HRR products. HRR products obtained from parental cells were repaired
faithfully (no mutations found), whereas the products from BCR/ABL-positive cells
contained mutations (overall mutation rate: 7 × 10−4) (Figure 4, Mutation frequency).
Analysis of the mutations revealed that 70% of mutations involved T:A → C:G transitions
and mutation of T was detected in 50% cases (Figure 4, Mutation phenotype). These
mutations do not cluster near the DSB site (Figure 4, Mutation distribution).

DISCUSSION
We report here that BCR/ABL transformed hematopoietic cells accumulate more DSBs
induced by γ-irradiation than parental counterparts, and that the lesions in former cells are
repaired more efficiently but less faithfully. Thus, these phenomena may contribute to
genomic instability associated with malignant progression of CML [4,13].

More DSBs detected in BCR/ABL cells after γ-irradiation may result from an additional
effect of ROS induced by radiation and BCR/ABL kinase [14,27,28]. This hypothesis is
supported by the observation that BCR/ABL leukemia cells contain more “spontaneous”
ROS-dependent DSBs [14]. Moreover, elevated levels of DNA damage induced by
etoposide, MNNG, and UVC treatment were also reported [29-31]. Although the level of
DSBs in BCR/ABL transformed cells could be higher than in non-transformed counterparts,
the former cells were able to repair the excess of these lesions at the same time as the latter
ones implicating stimulation of DSBs repair mechanisms. These findings are contradictory
to the report of Bedi and colleagues that demonstrated that BCR/ABL cells did not facilitate
DSBs repair after γ-irradiation [32]. This discrepancy might reflect the fact that Bedi and
colleagues irradiated the cells in 0°C followed by 37°C repair incubation, while we, and
others used continuous incubation in 37°C. Since generation of DNA lesions and activation
of DNA repair pathways usually depend on modulation of the repair pathways (which occur
in 37°C rather than in 0°C) we believe that our results reflect the kinetics of DSBs repair in
human body.

NHEJ and HRR appear to be more active in BCR/ABL-transformed cells in comparison to
normal counterparts in accordance with previous reports [15,16]. Time-dependent
engagements of NHEJ and HRR mechanisms in repair of DSBs after γ-irradiation are
accompanied by accumulation of Ku70 and RAD51 proteins in cell lysates obtained from
BCR/ABL cells in comparison to parental cells. Elevation of Ku70/80 and RAD51 after
DNA damage was reported before [33,34]. Although these proteins are susceptible to
caspase 3 and proteasome-dependent degradation [35-37], experiments with the use of Z-
VAD-FMK and epoxomycin revealed that caspase 3 and proteasomes did not contribute to
the low levels of Ku70/80 and RAD51 in parental cells (data not shown). Therefore, other
mechanisms seem responsible for accumulation of these proteins in γ-irradiated leukemia
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cells. It has been reported that BCR/ABL induces downmodulation of DNA-PKcs [38], one
of the key proteins in NHEJ, suggesting that NHEJ does not play an important role in DSB
repair in CML. Conversely, we detected similar expression levels of DNA-PKcs protein in
normal and BCR/ABL cells before and after irradiation (data not shown). The reason for this
discrepancy is not known; it may depend on different cell lysis protocol, which in our case
includes DNAse digestion to release the proteins associated with DNA into a soluble
fraction of cell lysate.

Immunofluorescent co-localization studies revealed time-dependent increase of the number
of total cellular NHEJ and HRR events 10-30min. and 3h after γ-irradiation, respectively, in
BCR/ABL cells in comparison to parental counterparts. However, while the increase of the
number of total cellular NHEJ events in BCR/ABL cells may depend on the elevated levels
of DSBs, the increase of the frequency of HRR events appear to be dependent on qualitative
changes in DSBs repair. The latter statement is based on the observation that the frequency
of γ-H2AX foci co-localizing with RAD51, which implicate the assembly of HRR elements
on a DSB [22], is significantly higher in BCR/ABL cells in comparison to normal
counterparts. This effect might depend on BCR/ABL kinase-mediated modification of HRR
machinery, for example RAD51 Y315 phosphorylation [16] which accelerates nuclear
localization of RAD51 (data not shown).

Detection of γ-H2AX + Ku70 and γ-H2AX + RAD51 foci implicates the assembly of repair
proteins, but it does not ultimately indicate that DSBs are actually repaired by NHEJ and
HRR, respectively. Specific DSBs repair assays confirmed that BCR/ABL leukemia cells in
comparison to normal cells displayed enhanced capability of HRR and NHEJ. However,
DSBs repair was less faithful in former cells generating large deletions and point mutations
in NHEJ and HRR products, respectively. Low fidelity of DSBs repair, including large
deletions and point mutations, was reported before by our group using non-hematopoietic
cells transformed by BCR/ABL [14].

Interestingly, the phenotype of point mutations identified here in HRR products in BCR/
ABL leukemia cells (A→G and T→C) is different from that previously described in BCR/
ABL-transformed non-hematopoietic cells [14]. AT mutator phenotype suggests the
involvement of error-prone DNA polymerases during HRR, such as pol η, which
preferentially makes errors when copying A and T template nucleotides [39]. On the other
hand, a high frequency of T→C substitutions implicated pol ι, which has the unprecedented
characteristic of preferring to insert G instead of A opposite a template T [40]. The
involvement of these error-prone polymerases and also pol ζ in recombinational repair has
been shown previously [41-43]. In addition, we cannot exclude the mutagenic role of pol β,
which expression is elevated in BCR/ABL cells [9], and may eventually replace other
polymerases usually involved in DNA replication during HRR [44].

Mutations in the HRR products from BCR/ABL cells do not cluster near the DSB site, but
are on average about 340 bp from the site. Interestingly, conversion tracts described before
in embryonic stem cells for neo reporter averaged only about 60 bp [45] with 80% of the
recombinant having tracts of 58 bp or less [46], while 230 bp long tracts were reported in
Chinese hamster ovary cells [47]. Therefore, this suggests that BCR/ABL cells display more
extensive gene conversion, which increases the chance of genetic aberrations. Longer gene
conversions were observed in cells lacking XRCC3 [47]. Since BCR/ABL might
downregulate XRCC3 [16], this could contribute to longer gene conversions.

The molecular explanation for more extensive degradation of DSBs preceding NHEJ in cell
lysates from BCR/ABL cells is unknown. Although the presence of Ku proteins is usually
associated with stabilization of broken DSB ends [48], the aberrant regulation of
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exonucleases such as WRN may be responsible for more extensive DSBs end-processing.
BCR/ABL stimulates the expression of WRN [49], which exonuclease activity is greatly
enhanced upon interaction with Ku proteins [50]. In addition, 20% of NHEJ products
generated by BCR/ABL cell lysates from blunt-ended DSBs lose more that 100 bp. A
similar observation was described in aggressive human bladder carcinoma, which was
associated with functional Mre11/Rad50/Nbs1 complex but not with Ku70, DNA-PKcs and
XRCC4 [51]. Mre11 and Nbs1 are stimulated in BCR/ABL cells (data not shown) and may
eventually contribute to such phenomenon. However, a significant surplus of γ-H2AX foci
co-localizing with Ku70 and RAD51 (especially at 3h after irradiation) suggests that some
DSBs may be initially processed by HRR mechanisms and finished by NHEJ. For example,
sporadic degradation of the single-stranded 3′ DNA tails, which initiate HRR [52], may
arrest recombination at early stage and allow the switch to NHEJ, thus generating larger
deletions.

In summary, BCR/ABL leukemia cells display facilitated, but unfaithful HRR and NHEJ,
which may contribute to accumulation of generic errors leading to malignant disease
progression.
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Figure 1. BCR/ABL modified the kinetics of DSBs accumulation and repair
32Dcl3 (Parental) and BCR/ABL-32Dcl3 (BCR/ABL) cells were irradiated with 4Gy (A-
left panel, B-D) or with the indicated doses (A-right panel) and the nuclear foci were
detected: (A) γ-H2AX foci co-localized with DNA counterstained with DAPI; (B) double-
stained γ-H2AX + RAD51 foci or γ-H2AX + KU70 foci co-localized with DNA; and (C)
KU70 or RAD51 foci co-localized with γ-H2AX foci. (*p<0.01, in comparison to Parental
group). (D) Representative nuclear staining for γ-H2AX and Ku70 or γ-H2AX and RAD51
foci at the indicated time after irradiation with 4Gy; yellow foci represent co-localization.
Nuclei borders are marked in blue.
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Figure 2. BCR/ABL affects the expression of DSBs repair protein after γ-irradiation
Expression of the proteins directly responsible for NHEJ (Ku70, Ku80) and HRR (RAD51)
was examined at various times after 4Gy of γ-irradiation in 32Dcl3 parental (P) and BCR/
ABL-positive counterparts (B/A). Lysis buffer containing DNAse was used to release the
DNA-bound proteins to the cell lysate. Actin served as a loading control.
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Figure 3. BCR/ABL promotes unfaithful NHEJ
NHEJ-mediated end-ligation of the SmaI or XhoI+XbaI – digested plasmid substrate
(monomers) by the lysis buffer (Control), or cell lysates from 32Dcl3 (Parental), and BCR/
ABL-32Dcl3 (BCR/ABL) cells, generating multi-plasmid products (dimers, trimers). The
mean percentages of end-joined substrate ± SD are shown below (p<0.01, BCR/ABL in
comparison to Parental). The reaction was abrogated after deprivation of cell lysate from
Ku70 and Ku80. The average ± SD gain/loss of DNA bases per individual reaction is
shown; *p<0.05.
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Figure 4. BCR/ABL promotes unfaithful HRR in leukemia cells
32Dcl3-DR-GFP parental cells (P) and BCR/ABL-positive counterparts (B/A) containing a
single copy of the DR-GFP recombination cassette integrated in their genome were
transfected with I-SceI and pDsRed1-Mito expression plasmids. Expression of I-SceI may
cause a DSB in the specific restriction site included in the DR-GFP cassette, and pDsRed1-
Mito encodes red fluorescent protein to control the efficiency of transfection. HRR event
restores functional GFP expression, which is readily detected by fluorescent microscope 48h
after transfection with I-SceI. HRR efficiency is shown as % of cells with both green nuclear
fluorescence and red mitochondrial fluorescence (see inset) versus all transfected (red) cells.
Results represent mean ± SD from 3 clones in each group; *p<0.01. Mutation frequency,
Mutation phenotype and Mutation distribution (numbers indicate the number of mutations
detected at the particular base) in HRR products obtained from BCR/ABL-positive cells are
shown. Location of the former I-SceI site is underlined.
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