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Introduction:
Background: We and others have recently shown that the oncogenic BCR-ABL fusion protein in Philadelphia
(Ph)-positive CML initiates a cycle of genomic instability that results in the acquisition of further genomic
changes that can contributes to disease progression(Melo 1996). BCR-ABL produces increased reactive oxygen
species (ROS) that leads to DNA damage, including double strand breaks (DSB) (Sattler et al. 2000). In turn,
key facets of genomic instability in cancer and leukemia are caused by alterations in the pathways that repair
DSB. We and others have demonstrated significantly increased error-prone repair of DSB in CML cells
mediated by the non homologous end-joining (NHEJ) pathway, one of the main pathways for DSB repair in
mammalian cells (Gaymes et al. 2002a, Brady et al. 2003). However, the mechanisms biasing for this increased
error-prone repair component of NHEJ in BCR-ABL-positive CML has yet to be clarified.
Purpose of Research: This proposal seeks to build on our preliminary data that provides a mechanism for the
reduced repair fidelity in BCR-ABL-positive CML. In this scenario, DSB produced by increased ROS in BCRABL-positive CML need to be processed before proper repair can occur. However, we find that one key protein
responsible for this processing, Artemis, is down-regulated in BCR-ABL-positive CML. Concomitantly, we
find upregulation of a novel complex of proteins, some of which are known to be involved in a minor “back-up”
NHEJ repair pathway. WRN, a protein, which is found deleted in the accelerated aging disease, Werner’s
syndrome is a newly found constituent of this complex, that contains, DNA Ligase III, XRCC1 and PARP. We
propose that this novel protein complex processes and repairs ROS-induced DSB with poor repair fidelity.
Furthermore, we intend to verify preliminary data that this repair complex is dependent on expression of BCRABL.
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Body of Report
Task 1 (Specific Aim 1) To determine whether the DNA Ligase III/XRCC1/PARP/WRN complex is recruited
to in vivo DSB.
Rationale:
We have shown that the DNA Ligase III/XRCC1/WRN “back-up” repair complex is significantly up-regulated
in BCR-ABL-positive CML cells and at low levels in controls cell lines. It is however important to show that
this complex is involved in the repair of DSB in vivo.
WRN and DNA ligase IIIα co-localize with DRneo at ISce-1 induced DSBs
To investigate the role of WRN and DNA ligase IIIα in DSB repair in BCR-ABL positive CML, K562 and
control NC10 cells were stably transfected with the DRneo plasmid that contains the ISce-1 restriction site that
is not present in the mammalian genome (K562DRneo and NC10DRneo, Figure 2A)(Richardson & Jasin
2000). Subsequent transfection of these cells with expression constructs for ISce-1 endonuclease specifically
induces a DSB into the genome of these cells (Richardson & Jasin 2000). A combined fluorescence in situ
hybridization (FISH)-immunostaining technique was used to determine whether DNA ligase IIIα and WRN
localize to the ISce-1 induced DSBs (Rassool et al. 2003, Rassool et al. 1996). The efficiency of DSB induction,
following transfection of the ISce-1 endonuclease, was determined by the nuclear co-localization of γH2AX, a
key marker for DSBs, and the DRneo signal.
Two hundred nuclei were analyzed from each of at least 3 experiments. Approximately 12% percent of
K562DRneo (Figure 2B) and 8% NC10DRneo cells had induced DSB, as shown by co-localization of γ-H2AX
and DRneo. In CML (Figure 2B) 8% of cells show co-localization of Ku86 with DRneo vs 6% in NC10 cells,
following I-Sce1 expression. In contrast, the co-localization of DNA ligase IV with DRneo (Figure 2B) was
significantly lower in CML cells (1%), compared with NC10 cells (4%). More strikingly, while we had
difficulty detecting co-localization of either DNA ligase IIIα or WRN with DRneo in NC10 cells, DNA ligase
IIIα and WRN (Figure 2B) did co-localize with DRneo in K562 cells at a frequency of about 2%. Because the
antibodies have different affinities for their target protein, it is not possible to compare the co-localization
frequencies obtained with different antibodies. Nonetheless, this approach does reveal quantitative differences
in the co-localization of a specific protein in different cell lines and, importantly, showed that DNA ligase IIIα
and WRN are specifically recruited to DSBs in CML cells, providing evidence that these proteins are
participants in the altered DSB repair in these cells.
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Figure 1 A(i): Detection of integrated DRneo in K562 and NC10 cell clones stably transfected with DRneo (K562DRneo and NC10DRneo,
respectively) by PCR. (ii): The DRneo construct labeled with spectrum red was used for FISH analysis of metaphase spreads prepared from
K562DRneo cells. The DRneo was integrated at a telomeric position on the chromosomes as shown in DAPI stained (left, red arrow) and Gbanded (middle, red arrow) images. Two-color FISH was used to localize DRneo to chromosome 4 in K562DRneo cells (right image).
Chromosomes from two different metaphase cells shown with yellow signal indicating chromosome 4 alpha satellite probe, localized to the
centromere (black arrow) and red signal localizing the DRneo probe to the telomeric region of the chromosome (red arrow). B: Co-localization
of DRneo and γH2AX, Ku86, DNA ligase IV, DNA ligase IIIα, and WRN in K562DRneo cells by FISH. Images show co-localization of
DRneo (FITC, green signal) and above mentioned proteins (TRITC, red signal) in K562DRneo cells transfected with ISce-1. Nuclei are
stained with DAPI (blue). Right hand panels are merged images of FITC and TRITC showing co-localization.
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Task 2 (Specific Aim 2) To determine that the fidelity of DSB repair can be altered by modulation of
components of the DNA Ligase III/XRCC1/PARP/WRN protein complex and/or Artemis.
Rationale:
Although we have shown that the Ligase III/XRCC1/PARP/WRN protein complex is peculiar to BCR-ABL
positive cells, it is important to determine whether this protein complex plays a role in creating DSB repair
infidelity, leading to mutations and deletions.
(A) siRNA down-regulation of WRN and DNA ligase IIIα results in increased DSBs.
In order to demonstrate that WRN and DNA ligase IIIα play a role in repairing DSBs in BCR-ABL positive
CML, we examined whether their down-regulation results in an increased level of unrepaired DSB. Following
siRNA knockdown of either WRN (approximately 90% reduction at 72 hours) or DNA ligase
IIIα (approximately 75% reduction at 72 hours) in CML cells (Figure 2A), there was a significant increase
(p<0.01) in the number of γH2AX foci (Figure 2B, C). Together, these results suggest that both WRN and DNA
ligase IIIα play a role in repair of endogenously generated DSBs in CML cells.
Next, we examined the role of WRN and DNA ligase IIIα in the repair of DSBs generated by exogenous agents
in CML cells. The number of γH2AX foci was determined in K562 cells 6 hours after exposure to 2.5 Gy of γradiation. There was a marked defect in the repair of DSBs induced by ionizing radiation in cells with reduced
levels of DNA ligase IIIα (p<0.01; Figure 2B, C). In contrast, knockdown of WRN did not result in a significant
increase in the number of γH2AX foci (Figure 2B, C), compared with non-target controls, but the foci were much
larger and were similar to those remaining in DNA ligase IIIα knockdown cells.
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Figure 2 A: Nuclear extracts were prepared at 4 different time points 0h, 24h, 48h and 72h. Western blotting was performed using WRN
antibody (90% knockdown; upper panel) and DNA ligase IIIa antibody (75% knockdown; middle panel). siRNA using non-target
oligonucleotides were used as controls. Ku86 was used as loading control (lower panel). B. Bar graph showing the percentage of K562 cells with
more than 5 gH2AX foci examined in siRNA non-target, siRNA knockdown of WRN and DNA ligase IIIa cells with or without irradiation (IR;
2.5 Gy). Black bars indicate no IR and grey bars are with IR treatment. 200 nuclei were examined from each of 3 different experiments. Values
significantly different are marked with an asterisk (p<0.01 by Student’s t-test). Error bars reflect the standard error of the mean. C. Images of
three different cells showing gH2AX foci (FITC, green signal) in K562 following siRNA non-target (left panels), siRNA down-regulation of
WRN (middle panels) and DNA ligase IIIa (right panels), with and without irradiation.
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(B) Knockdown of DNA ligase IIIα and WRN decreases the end-joining efficiency in CML cells.
To more directly define the role of WRN and DNA ligase IIIα in the repair of DSB in CML, an in vivo plasmid
end-joining assay was performed. Following knockdown of either WRN or DNA ligase IIIα, a pUC18 plasmid
containing a DSB within LacZα was transfected into K562 cells. Circularized (repaired) plasmid DNA was
extracted from K562 cells and used to transform E. coli, as previously reported (Gaymes et al. 2002a). Reducing
the levels of either DNA ligase IIIα (Figure 3A) or WRN (Figure 4A) results in a 2-3 fold reduction in the
number of colonies, indicating a decrease in end-joining efficiency in the BCR-ABL positive CML cells (p<0.01).
Analysis of the colonies from the plasmid reactivation assays for their frequency of repair errors, i.e., white
(incorrectly repaired) vs total colonies (blue [correctly repair]+ white)(Gaymes et al. 2002a) , revealed that
knockdown of DNA ligase IIIα results in a significant increase (p<0.01) in the frequency of misrepaired colonies
(Figure 3B). There was no significant change in the percentage of misrepair events that resulted in large
deletions, defined as >20 bp (Figure 3C, D). In contrast, knockdown of WRN did not increase the frequency of
misrepaired colonies (Figure 4B), but there was a significant (p<0.01) increase (approximately 3 fold) in the
percentage of colonies with large deletions (Figure 4C, D).
To determine whether knockdown of either DNA ligase IIIα or WRN leads to differences in repair utilizing
DNA sequence microhomologies, we sequenced the breakpoint junctions of 15 repaired plasmids from each of
the LacZα reactivation experiments. The majority (80%) of plasmids in K562 cells are repaired utilizing DNA
microhomologies of 2 to 6 bp . In contrast, plasmids from cells with reduced levels of either DNA ligase IIIα
(25%; p<0.001; Figure 3E) or WRN (40%; p<0.001; Figure 4E) had very short or no sequence
microhomologies at the breakpoint junctions in repaired plasmids. Finally, we determined that siRNA
knockdown of either WRN or DNA ligase IIIα in CML cells results in a small but reproducible decrease in
viability as measured by trypan blue exclusion.
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Figure 3 An in vivo LacZα plasmid reactivation assay was used to measure end-joining in siRNA DNA ligase IIIα down-regulated cells and
compared with that using siRNA controls. A: Relative percentage of colonies, indicating the efficiency of end-joining. B: The percentage of
misrepair, i.e. the number of white colonies as a percentage of total colonies (blue+white). C. Graph of percentage large deletions, defined as >
20bp. D. Agarose gel showing PCR products of repaired colonies in siRNA non-target controls and siRNA knockdown of DNA ligase IIIα. E:
The percentage of plasmids repaired using DNA sequence microhomologies of 2-6bp. Fifteen plasmids were sequenced Values significantly
different are marked with an asterisk by Student’s t-test (p<0.01 for A and B and p<0.001 for E). Error bars reflect the standard error of the
mean.
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Figure 4. An in vivo LacZα plasmid reactivation assay was used to measure end-joining in siRNA down-regulated WRN K562 cells compared
with that using siRNA controls. A: Relative percentage of colonies indicating the efficiency of end-joining. B: The percentage of misrepair, i.e.
the percentage of the white colonies as a percentage of total colonies (blue+white). C. The percentage of large deletions, defined as > 20bp. D.
Agarose gel showing PCR products of repaired colonies. E: The percentage of plasmids repaired using DNA sequence microhomologies of 26bp. Fifteen plasmids were sequenced. Values significantly different are marked with an asterisk by Student’s t-test (p<0.01 for A and p<0.001
for C and E). Error bars reflect the standard error of the mean.
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(C) Artemis over-expression leads to a decreased in large deletions
To determine whether the reduced levels of Artemis contribute to the aberrant DSB repair in CML, Artemis was
over-expressed in K562 cells (Figure 5A). Although Artemis over-expression did not significantly alter the
end-joining efficiency (Figure 5B), it results in a considerable decrease in the size of DNA deletions at
misrepaired DSB (p<0.001; Figure 5C,D). In addition, analysis of the breakpoint junctions from 15 repaired
plasmids in K562 cells overexpressing Artemis show a decrease in repair using DNA sequence
microhomologies down to 33%, compared with empty vector controls (80%) (p<0.001; Figure 5E, Table 1).
Thus, down-regulation of Artemis in CML results in abnormal processing of DSBs.

Figure 5 A: Western blotting in K562 cells transfected with the myc-tagged Artemis cDNA construct (pcDNA huASC1D) showing Artemis
over-expression. Ku86 was used as loading control. An in vivo LacZα plasmid reactivation assay was used to measure end-joining in Artemis
over-expressed cells, compared with empty vector transfected controls. B: Relative percentage of colonies, indicating the efficiency of endjoining. C. Graph of percentage large deletions, defined as > 20bp. D. Agarose gel showing PCR products of repaired colonies in empty vector
controls and Artemis overexpressed K562 cells. E: The percentage of plasmids repaired using DNA sequence microhomologies of 2-6bp.
Fifteen plasmids were sequenced. Values significantly different are marked with an asterisk by Student’s t-test (p<0.001 for C and E). Error bars
reflect the standard error of the mean.
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Task 3
(Specific Aim 3) To define the relationship between BCR-ABL and the protein complex containing DNA
Ligase III, XRCC1, PARP and WRN we will modulate BCR-ABL expression in CML cells and test for
formation of the “back-up” complex and repair infidelity.
Rationale
Our preliminary data showed that the Ligase III and WRN proteins are significantly up regulated in BCR-ABLpositive CML cell lines. It is necessary therefore to determine whether BCR-ABL expression leads to increased
levels of “back-up” proteins.
BCR-ABL expression leads to up-regulation of DNA ligase IIIα and WRN.
To determine whether BCR-ABL expression is necessary and sufficient for formation of the “back-up” protein
complex, we overexpressed BCR-ABL (plasmid constructs containing BCR-ABL cDNA, kindly donated by Dr
Van Etten, Tufts, Boston) in immortalized human myeloid progenitor cells (Mo7E, a kind gift from Dr Takebe,
University of Maryland), using nucleofection, according to protocols from AMAXA (www.amaxa.com).
We find that the steady state level of DNA ligase IIIα and WRN is increased in MO7e cells stably expressing
BCR-ABL (P210MO7e), compared with isogenic MO7e cells (Figure 6A).
To provide additional evidence for the relationship between DNA ligase IIIα and WRN and expression of the
BCR-ABL, we examined the levels of these proteins in primary samples (N=4) from patients with different
levels of BCR-ABL, following treatment with the tyrosine kinase inhibitor Gleevec. Nuclear extracts from
patient cells demonstrate that the steady state levels of WRN and DNA ligase IIIα are reduced in patient sample
(CML1) where BCR-ABL levels (60%) are significantly decreased, as assessed by fluorescence in situ
hybridization (FISH) (Figure 6B). In contrast, the level of the Ku86 subunit does not change significantly
(Figure 6B). These data, together with that in Figure 5A suggest that the increased steady state levels of DNA
ligase IIIα and WRN may either be a direct effect of BCR-ABL or a consequence of the increased levels of
ROS and DNA damage caused by BCR-ABL expression.

Figure 6 A: BCR-ABL negative MO7e shows down-regulation of DNA ligase IIIα and WRN compared with BCR-ABL positive P210MO7e
and K562. Western blotting using nuclear extracts from two BCR-ABL positive cell lines (K562 and P210MO7e) and BCR-ABL negative cell
lines (U937 and MO7e). Actin was used as loading control. B: Primary CML bone marrow mononuclear cells show down-regulation of DNA
ligase IIIα and WRN. Western blotting using nuclear extracts from CML cell line (K562) and two CML patients (CML1 and 2) post Gleevec
treatment (6-12 months). Patient CML1 shows decreased DNA ligase IIIα and WRN expression with decreased levels of BCR-ABL positivity
by FISH. Patient CML2 shows increase expression of DNA ligase IIIα and WRN, with 100% BCR-ABL positivity. BCR-ABL positive CML
cell line K562 was used as a positive control. Ku86 and Actin were used as loading controls.
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Work outstanding in Task 3:
To determine the levels of BCR-ABL and “back-up” complex necessary for repair infidelity, we will abrogate
BCR-ABL expression in Ph-positive CML cell lines (K562, MEG01, KU; ATCC) by imatinib treatment,
according to protocols of Branford and Hughes(Branford & Hughes 2006a, Branford & Hughes 2006b) et al. At
time points following imatinib administration (24 to 96 hrs), levels of the BCR-ABL fusion protein will be
measured by Western blotting analysis, formation of the back-up protein complex will be measured by
immunoprecipitation, and misrepair frequencies will be determined, as we have previously described (Gaymes
et al. 2002b).
Key Research Accomplishments:
We report that:
 The novel “Back-up” repair protein complex, involving WRN and DNA ligase IIIa, we have
identified in CML cells, localizes to DSB.
 These proteins repair DSB because their “down-regulation” (a) increases the number of unrepaired
DSB, and (b) affects the repair efficiency in CML cells. Over expression of Artemis, the main NHEJ
protein found down regulated in CML cells, increases correct repair of DSB.
 We have preliminary data that expression of “Back-up” repair proteins is dependent on expression of
BCR-ABL.

Reportable outcomes:
•

We have a manuscript in revision in a high impact sub-specialty journal, Blood, describing this work
(appendix).

•

This work has resulted in presentation of a poster at the American Society of Hematology (appendix)

•

This work has been presented in invited talks at 2 international meetings (appendix).

Conclusion:
 The aims of Task 1 have been completed. We find WRN and DNA ligase IIIa co-localize with DRneo at
ISce-1 induced DSBs
 The aims of task 2 have been completed. We find that siRNA down-regulation of WRN and DNA ligase
IIIα results in increased DSBs and a decreased efficiency of repair.
 The aims of Task 3 have been partially completed, showing that BCR-ABL expression leads to upregulation of DNA ligase IIIα and WRN.
 Experiments to complete Task 3 involve treatment of BCR-ABL expressing cells with Gleevec followed
by Western blotting and Immunoprecipitation for “back-up” proteins. This work will be completed
during the period of the grant extension.
 To further confirm that “Back-up” proteins are involved in repair of excess DSB in CML cells, we will
use recently developed Ligase inhibitors to test BCR-ABL–positive CML cells for alteration of DSB,
11

repair and cell survival. This represents an extension of the original statement of work to be completed
during the remaining granting period.
 These results will lay the groundwork for future studies to test whether this aberrant protein complex is
important in survival of CML cells. Inhibition of these proteins may be a mechanism for killing CML
cells.
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Up-regulated WRN and DNA Ligase IIIa are involved in Alternative NHEJ Repair Pathway of Double Strand
Breaks (DSB) in Chronic Myeloid Leukemia (CML)
Annahita Sallmyr and Feyruz Rassool
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Title: Up-regulation of WRN and DNA ligase IIIa in Chronic Myeloid Leukemia: Consequences for the repair
of DNA Double Strand Breaks
Annahita Sallmyr, Alan E. Tomkinson, and Feyruz V. Rassool

1. Abstract
[1016] Up-Regulated WRN and DNA Ligase III Are Involved in Alternative NHEJ Repair Pathway of DNA
Double Strand Breaks (DSB) in Chronic Myeloid Leukemia (CML). Session Type: Poster Session, Board #170I
Annahita Sallmyr, Feyruz V. Rassool Radiation Oncology, University of Maryland School of Medicine,
Baltimore, MD, USA
The oncogenic BCR-ABL in CML produces increased reactive oxygen species (ROS) leading to DSB and
aberrant repair. We have previously shown that CML cells demonstrate an increased frequency of errors of non
homologous end-joining (NHEJ). DSB are repaired by two major pathways, homologous recombination (HR)
and NHEJ, the dominant pathway in eukaryotic cells, also known as DNA-PK dependent NHEJ (D-NHEJ).
Recent reports have identified alternative or back-up NHEJ pathways (B-NHEJ) that are highly error-prone, and
may explain the altered DSB repair reported in CML. To determine the mechanism for the aberrant NHEJ repair
in CML, we examined steady state levels of D-NHEJ proteins, including Ku70/86, DNA-PKcs, Artemis and
DNA Ligase IV/XRCC4 in four different BCR-ABL positive CML cell lines compared with three
lymphoblastoid cell lines established from normal individuals and one BCR-ABL negative CML cell line. We
find that two key components of D-NHEJ, Artemis (4-7 fold) and DNA Ligase IV (2-3 fold) are downregulated, compared with controls. These data suggest that D-NHEJ repair is compromised in CML. To
determine whether alternative NHEJ repair plays a role in the aberrant repair of DSB in CML cells, we next
examined expression levels of DNA Ligase III/XRCC1, PARP and other proteins known to be associated with
NHEJ repair, such as the protein found to be deleted in Werners syndrome, WRN. We find that WRN and DNA
Ligase III are increased (3-6 fold) in BCR-ABL-positive CML compared with control cell lines. Importantly,
DNA Ligase III/XRCC1 forms a complex with WRN, suggesting that it may be a new member of the
alternative repair pathway. To confirm that up-regulation of DNA Ligase III and WRN are elicited by BCRABL, we examined the levels of these proteins in primary samples (N=4) from patients with different levels of
BCR-ABL, following treatment with the tyrosine kinase inhibitor Gleevec. WRN and DNA Ligase III are down
regulated in patient samples where BCR-ABL levels are significantly decreased. Furthermore, we confirmed
that these up-regulated proteins are involved in DSB repair in CML cells because they co-localize to induced
DSB in BCR-ABL-positive cell lines stably transfected with DSB-containing DRneo plasmid, using
fluorescence in situ hybridization (FISH) co-immunostaining. Importantly we show that siRNA downregulation of WRN and DNA Ligase III leads to elevated levels of unrepaired DSB and a decreased frequency
of DSB repair efficiency in CML cells. In addition siRNA down-regulation of WRN leads to large deletions at
the site of repair, while siRNA down-regulation of DNA Ligase III results in an increased frequency of
misrepair. Finally, we determined whether correction of main NHEJ pathway proteins in CML can lead to a
decrease in the frequency of errors of end-joining repair. Over-expression of Artemis using pcDNA constructs
in CML cells leads to more correct end-joining, compared with vector transfected controls. We conclude that
down-regulation of Artemis and DNA Ligase IV leads to compensatory up-regulation of alternative repair
pathways in BCR-ABL-positive CML cells, and suggest a role for a new protein complex in CML, in protecting
and joining DNA ends, thus ensuring the survival of CML cells. Inhibition of alternative NHEJ repair may be
explored in combination with other agents as a therapeutic strategy in CML.
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Expression of oncogenic BCR-ABL in CML results in increased reactive oxygen species (ROS) that in turn
cause increased DNA damage, including DNA double strand breaks (DSBs). We have previously shown
increased error-prone repair of DSBs by non homologous end-joining (NHEJ), in CML cells. Recent reports
have identified alternative NHEJ pathways that are highly error-prone prompting us to examine the role of the
alternative NHEJ pathways in BCR-ABL-positive CML. Importantly, we show that key proteins in the major
NHEJ pathway, Artemis and DNA ligase IV, are down-regulated whereas DNA ligase IIIα, and the protein
deleted in Werner’s syndrome, WRN, are up-regulated. DNA ligase IIIα and WRN form a novel complex that
is recruited to DSBs in CML cells. Furthermore, “knockdown” of either DNA ligase IIIα or WRN leads to
increased accumulation of unrepaired DSB, demonstrating that they contribute to the repair of DSBs repair.
These results indicate that altered DSB repair in CML cells is caused by the increased activity of an alternative
NHEJ repair pathway, involving DNA ligase IIIα and WRN. We suggest that, while the repair of ROS-induced
DSBs by this pathway contributes to the survival of CML cells, the resultant genomic instability drives disease
progression.
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Introduction
In the majority of patients with CML, fusion of parts of the BCR and ABL genes generates the BCRABL tyrosine kinase 1. This fusion protein interacts with a large number of signaling pathways that
allow cells to proliferate in the absence of growth factors and protects them from apoptosis in the
absence of external survival factors. In addition, this abnormal signaling leads to defective adherence to
the extracellular matrix, and promotes survival and metastasis 2.
In addition to, or concomitant with the roles of BCR-ABL noted above, there is emerging
evidence that BCR-ABL expression initiates a cycle of genomic instability that has the potential to
create other mutations 3. Specifically, the BCR-ABL kinase induces production of ROS that causes
DNA damage, including DSB in CML cells 4-6. Thus, cells transformed by BCR-ABL, primary CML
cells and cell lines established from CML patients have increased endogenous DNA damage as
measured by various DNA damage assays 7,8 ,9. Mutations and large deletions in CML cells result from
aberrant repair of DSB by homologous recombination (HR) and non homologous end-joining (NHEJ),
the two major DSB pathways in mammalian cells 6,9,10. In particular, we have shown that CML cells
respond to increasing DNA damage with enhanced DNA repair processes, including an error-prone
version of NHEJ that is characterized by a high frequency of large deletions, compared with normal
CD34+ve hematopoietic progenitor cells 9,10.
The major NHEJ pathway in human cells is initiated by binding of the Ku70/86 heterodimer to
DSB, followed by the recruitment of DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to
form the active DNA dependent protein kinase (DNA PK) 11-13. In addition to its essential kinase
activity, DNA PKcs is the end-bridging factor responsible for synapsis of DNA ends. After proteinmediated end-bridging, the DNA ends are subsequently ligated by DNA ligase IV in conjunction with
XRCC4 14. The majority of DSB generated by agents such as, ROS and X-radiation produce DSB that
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rarely have ligatable 5’P and 3’-OH termini. Therefore, the synapsed DNA ends must be processed prior
to ligation by DNA ligase IV and XRCC4 during NHEJ. Many of these processing events involve a
nuclease because repair by NHEJ frequently results in small DNA deletions (up to approximately 20bp),
resulting from resection of the DNA ends back to regions of DNA sequence microhomology 15,16. There
appears to be a redundancy in the nucleolytic processing step because the Artemis nuclease which is
phosphorylated and activated by DNA PK is only required for processing a subset of “complex” DNA
ends. 17.
Another candidate nuclease is the WRN protein, which is mutated and deleted in the
premature aging syndrome, Werner’s 18,19. WRN interacts with DNA-PKcs and the Ku70/86
heterodimer 20-23. Notably, Li and Comai showed that binding of WRN to Ku86 increases its
exonuclease activity 22,23. Although WRN is a nuclease, WS cells lacking WRN expression, generate
extensive deletions when joining linear plasmids by NHEJ, and exhibit chromosomal instability, in
particular deletions24. This, suggests that while WRN may be participate in the limited nucleolytic
processing chracteristic of NHEJ, DNA ends may be exposed to degradation by an as yet unidentified
nuclease in the absence of WRN.
Recently, other DNA repair proteins have been identified that can substitute for major NHEJ
proteins when they are deficient or down-regulated. This “back-up” repair appears to be slow, inefficient
and characterized by an increased frequency of errors generated through microhomology mediated
ligation of DNA ends

25-28

. In cells with reduced DNA ligase IV activity, DNA ligase IIIα, which

usually functions in single-strand break repair (SSB) and base excision repair (BER) 29, was shown to
participate in DSB repair 25. In cells deficient in the Ku heterodimer, poly (ADP- ribose) polymerase
(PARP), an abundant DNA binding protein that normally initiates the repair of ss breaks, was shown to
play a role in repair of DSB by NHEJ 25,30-32.
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Although the major NHEJ pathway is considered error-prone, the increased frequency and type of repair
errors at DSB in CML suggested altered NHEJ repair activity. Therefore, we have examined the steady
state expression levels of NHEJ and candidate “back-up” repair proteins. Notably, two proteins from the
major NHEJ pathway, Artemis and DNA ligase IV, are down-regulated. In contrast, DNA ligase IIIα
which has b een implicated in backup NHEJ and WRN are up-regulated and associate in a novel complex
in BCR-ABL positive CML cells. Our data suggest that genomic instability in these cells arises because
of the reduced activity of the major NHEJ pathway and the increased activity of an error-prone back-up
NHEJ pathway involving DNA ligase IIIα and WRN.

Materials and Methods
Cell lines and antibodies
K562, MEG01, KU812 and Kasumi4 are BCR-ABL positive CML cell lines, and BCR-ABL negative
cell line U937 (ATCC). MO7e, a BCR-ABL negative human myeloid leukemia and MO7e BCR-ABL
(P210MO7e), stably expressing BCR-ABL, a kind gift of Dr Van Etten (Tufts, Boston). NC3, NC10 and
NC108 are human lymphoblastoid lines established from normal lymphocytes, a kind gift from Dr
Gazdar (UT Southwestern, Tx).
Cell lines were cultured in RPMI (Cellgro) with 2mM L-glutamine (Cellgro) and antibiotics, PenicillinStreptomycin (GIBCO) supplemented with fetal bovine serum (FBS ATCC), as indicated by the ATCC.
Cells were incubated at 37oC in 5% CO2 in air atmosphere.
Antibodies:
Ku86 (CALBIOCHEM), mouse monoclonal to human Ku86 dilution 1:1000. DNA-PKcs (C-19) (Santa
Cruz), goat polyclonal to C-terminal of human DNA-PKcs, dilution 1:500. Artemis (Abcam), goat
polyclonal to Artemis, dilution 1:1000. DNA ligase IV (Acris), rabbit polyclonal antibody to human
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DNA ligase IV, dilution 1:1000. XRCC4 (Gene Tex. Inc.), mouse polyclonal to human XRCC4, dilution
1:1000. DNA ligase IIIα (Gene Tex, Inc., USA), mouse monoclonal to human DNA ligase IIIα, dilution
1:1000. XRCC1 (Gene Tex, Inc.), rabbit polyclonal antiserum to human XRCC1, dilution 1:5000. WRN
(Abcam), rabbit polyclonal to Werner’s Syndrome helicase WRN, dilution 1:500. PARP (BD
PharmingenTM), mouse monoclonal to human Poly (ADP-ribose) polymerase1 (PARP1) dilution 1:1000.
Anti myc (Invitrogen) dilution 1:1000. Actin (Abcam), mouse monoclonal to beta Actin, dilution
1:5000. HRP rabbit anti goat IgG (CHEMICON). HRP donkey anti goat IgG (Promega). HRP goat anti
rabbit (sc-2004). HRP goat anti mouse (BioRad). Anti-Phospho-Histone H2AX (Upstate). Anti mouse
IgG FITC conjugate (SIGMA). Anti mouse IgG TRITC conjugate (SIGMA).
Western Blotting
Nuclear extracts were prepared using CelLytic NuClear Extraction Kit (N-XTRACT) using a nondetergent protocol. Cells were lysed in 1x hypotonic lysis buffer from a 10x lysis buffer stock,
containing 100 mM HEPES, pH 7.9, 15 mM MgCl2, 100 mM KCl in the presence of 0.1 M DTT and
protease inhibitor cocktail containing 4-(2-Aminoethyl) benzenesulfonyl fluoride (AEBSF), Pepstatin A,
Bestatin, Leupeptin, Aprotinin and trans-Epoxysuccinyl-L-leucyl-amido (4-guanidino)-butane (E-64).
After centrifugation of the disrupted cells in suspension for 20 minutes at 10,000-11,000x g, the
supernatant (cytoplasmic extract) were transferred to a fresh tube. For nuclear extract crude nuclear
pellets were re-suspended in1x extraction buffer containing 20 mM HEPES, pH 7.9, 1.5 mM MgCl2,
0.42 M NaCl, 0.2 mM EDTA, 25% (v/v) Glycerol. To 147 µl of 1x extraction buffer, 1.5 µl of the
prepared 0.1 M DTT solution and 1.5 µl of the protease inhibitor cocktail were added, shaked gently for
30 minutes and centrifuged for 5 minutes at 20,000-21,000x g. The supernatant were transferred to a
clean, chilled tube, snap-froze in aliquots with liquid nitrogen and stored at -70oC. Nuclear extract (50
µg) was boiled in 2x Laemmli sample buffer (BIO-RAD) for 10 minutes. The proteins were separated
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on either 7.5% or 4-15% SDS-PAGE and transferred on PVDF membrane. After blocking, membranes
were probed with first antibody and secondary antibody as indicated above. ECL (Amersham
Biosciences) was used for detection of the proteins.
Immunoprecipitation
Protein A agarose (Upstate) was washed twice with PBS and restored to a 50% slurry with PBS. The
nuclear lysate (1 mg/ml), using CelLytic NuClear Extraction Kit (N-XTRACT) as mentioned above was
pre-cleared adding 100 µl protein A bead slurry per 1 mg of cell lysate and incubating at 4oC for 10
minutes. Protein A beads were removed by centrifugation at 14,000 rpm at 4oC for 5 seconds. The
supernatant was transferred to a fresh centrifuge tube. WRN or DNA ligase IIIα antibodies were added
to cell lysate and gently mixed for 2 hours at 4oC on a rocker. The immunocomplex was captured by
adding 100 µl protein A beads slurry and gently rocking overnight at 4oC. The agarose beads were
collected by pulse centrifugation 5 seconds at 14,000 rpm. The supernatant fraction was discarded and
the beads were washed 3 times with 1 ml of ice-cold PBS. The agarose beads were resuspended in 60 µl
2x laemmli sample buffer, mixed gently and boiled for 5 minutes to dissociate the immunocomplex from
the beads. The beads were collected by centrifugation and SDS-PAGE was performed with the
supernatant fraction.
K562 and NC10 DRneo transfectants
K562 and NC10 cells were stably transfected with DRneo plasmid in the presence of 350 µg/ml
hygromycin B (Cellgro). Stable K562 and NC10 containing DRneo plasmid engineered with an
inducible DSB, ISce-1 33. DSB were induced in stable transfectants by transient transfection of the
unique ISce-1 restriction enzyme construct (1 µg /1x106 cells) using Amaxa nucleofector kit V.
Following induction of the ISce-1 DSB, fluorescence in situ hybridization (FISH) co-immunostaining
was performed as previously described 34 to co-localize γH2AX, Ku86, DNA ligase IV, DNA ligase IIIα
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and WRN proteins to the ISce-1 site of DRneo. Briefly, DRneo labeled with biotin and detected with
FITC-conjugated avidin (green signal). Thereafter, cells were immunostained for these proteins and
detected indirectly with TRITC-conjugated IgG.
Fluorescence in situ hybridization (FISH)
FISH was performed as previously described 34. Probes were prepared by nick-translation using Bio-11dUTP (Enzo Diagnostics), digoxygenin-11-dUTP (Boehringer Mannheim), or with directly labelled
nucleotides (Gibco-BRL or Vysis). The hybridization mixture contained the labeled DRneo probe (5.010 µg/ml), competitor DNA (unlabeled, sonicated, total human genomic DNA, 0.05-0.1 mg/ml), and the
Cot1 fraction of DNA (0.05-0.1 mg/ml). Probes were hybridized to cytospin preparations of cells
overnight at 37oC in a humidity chamber, and subsequently slides were washed according to standard
protocols. Slides were pre-incubated in blocking buffer (4XSSC containing 2% bovine serum albumin
(BSA) and 0.2% triton X) for 30 minutes, and then incubated for up to 1 hour with FITC-conjugated
antibody. After washing and blocking, slides were incubated for 1 hour with primary antibody diluted in
blocking buffer at 37oC in a humidity chamber. Slides were then washed three times for 4 minutes each
in 4XSSC containing 2% Tween 20 and incubated with secondary antibody conjugated to TRTC
fluorochrome. Secondary antibodies (Sigma) were used at 1:100 dilution. Interphase nuclei were
counter-stained with 4,6 diamino-2-phenylindole-dihydrochloride (DAPI).
Immunocytochemistry
Cells were harvested and washed in PBS and centrifuges at 800-1000x g for 5 minutes. Cells were
cytospined and fixed in 2% paraformaldehyde (P-6148, from SIGMA) for 10 minutes at room
temperature and washed 3x 3 minutes. Cells were permeabilized in a Triton X-100 solution for 5
minutes at room temperature. The slides were blocked in a humidified chamber at 37oC for 1 hour with a
solution of 10% FBS in PBS. After washing, slides were incubated for 1 hour with anti-Phospho-
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Histone H2AX antibody (Upstate; 1:100) at 37oC in humidified chamber. Secondary antibody was anti
mouse IgG FITC conjugate (SIGMA) at the dilution 1:100. After washing and drying the slides
mounting medium for fluorescence with DAPI (Vector Laboratories, Inc.) was used for counter staining.
Imaging Microscopy Analysis
The slides were examined using Nikon fluorescent microscope with DAPI/FITC/TRITC triple pass
filters, images were captured using a CCD (charge-coupled device) camera and software (Smart capture
VP), and data analysed.
siRNA
siRNA oligonucleotides were purchased from Dharmacon RNA Technologies. siRNA oligonucleotides
used for WRN were 5’ AAGGCAUGUGUUCGGAAGAUU3’ and
3’UUUUCCGUACACAAGCCUUCU5’. For DNA ligase IIIα a target plus SMART pool were used.
These oligonucleotides were transiently transfected into K562 cell lines using Cell Line Nucleofector
Kit V (VCA-1003) in Nucleofector II Amaxa biosystems.
For transfection 10 µl of 20 µM siRNA were used for 1x106 cells. At the time optimal for silencing of
these genes (72 hours after transfection), cells were harvested either to proceed western blotting or DSB
in vivo plasmid misrepair assay. Mock transfection and siRNA non-target were used as controls.
In vivo Plasmid Misrepair Assay
EcoR1 (Fermentas) linearized pUC18 (Cat no. SD0051 from Fermentas) were transfected in siRNA
non-target, siRNA silenced K562 and Artemis over-expressed K562 cells, using Amaxa Nucleofector
Kit V. Plamid DNA was extracted and used to transform E. coli strain DH5α (Cat no. 18258-012 from
Invitrogen) and the transformation mixture were plated onto agar plates containing X-gal and IPTG.
Colonies were analyzed by counting the total number of white (misrepaired colonies) and Blue (properly
repaired colonies). Misrepair frequency were calculated by the number of white colonies as a percentage
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of total blue and white colonies. White colonies were characterized by PCR amplification using primers
5’CGGCATCAGAGCAGATTGTA3’ and 5’TGGATAACCGTATTACCGCC3’ (SIGMA Genosys)
running 35 cycles at 60oC and detected on 1% agarose gel. The same primers were used for sequencing
of repaired plasmids.

Results
Reduced steady state levels of Artemis and DNA ligase IV in BCR-ABL positive CML cell lines.
BCR-ABL positive CML cells produce increased ROS 4 (supplementary Figure 1) that results in an
increase in DSBs 3,5,6. Notably, the repair of DSB is clearly abnormal in BCR-ABL positive CML cells,
although the mechanism by which this altered repair occurs is unknown 3,5,6.
To examine the steady state levels of the key NHEJ proteins, including Ku70/86, DNA-PKcs,
DNA ligase IV/XRCC4 and Artemis, western blotting analysis was performed in BCR-ABL positive
CML cells and compared with controls. We find that the CML cell lines (K562, MEG01, KU812 and
Kasumi 4) have significantly reduced steady state levels (4-7fold) of Artemis (Figure 1Ai), compared
with three EBV-transformed B cell lines (NC3, NC10 and NC108), established from 3 different normal
individuals, and a BCR-ABL negative leukemia cell line MO7e (Figure 1Aii). In addition, DNA ligase
IV levels were 2-3-fold lower in CML cell lines, compared with appropriate controls (Figure 1B).
Treatment of CML cells with the proteosome inhibitor MG132 had no effect on the levels of Artemis
and DNA ligase IV, indicating that the reduced levels of these proteins in CML cells is not due to
proteosomal degradation (data not shown).
Up-regulation of DNA ligase IIIα and WRN in BCR-ABL positive CML cell lines.
Recent studies have identified an “alternative or back-up” NHEJ repair, involving DNA repair proteins,
such as, DNA ligase IIIα and PARP1, that is characterized by increased repair errors 25,32,35. To
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determine whether this “back-up” NHEJ may contribute to altered DSB repair in CML36, we initially
examined the steady state levels of candidate “back-up” repair proteins, such as, DNA ligase IIIα,
XRCC1, and PARP1, in BCR-ABL positive CML cell lines (K562, MEG01, KU812 and Kasumi 4).
The steady state levels of DNA ligase IIIα were significantly elevated (3-6-fold) in BCR-ABL positive
cell lines, compared with control EBV-transformed B cell lines (NC3, NC10 and NC108) (Figure 1C).
DNA ligase IIIα is also elevated in BCR-ABL positive CML, compared with BCR-ABL negative
leukemia cell lines, U937 and MO7e (Figure 1D). Furthermore, the steady state level of DNA ligase
IIIα is increased in MO7e cells stably expressing BCR-ABL (P210MO7e), compared with isogenic
MO7e cells (Figure 1D). In contrast, there were no significant changes in the levels of the single strand
break repair proteins, PARP1 and XRCC1, the partner protein of DNA ligase IIIα (Figure 1C).
Next, we examined expression levels of WRN protein, a RecQ helicase with 3’-5’ exonuclease
activity that has been implicated in NHEJ repair 37-40. Intriguingly, the steady state levels of WRN protein
were also elevated (4-7-fold) in CML cell lines (K562, MEG01, KU812, Kasumi4) and P210MO7e,
compared with control lymphoblastoid cell lines (NC3, NC10 and NC108) and the BCR-ABL negative
leukemia cell lines, U937 and MO7e (Figure 1C and D).
To provide additional evidence for the relationship between DNA ligase IIIα and WRN and
expression of the BCR-ABL, we examined the levels of these proteins in primary samples (N=4) from
patients with different levels of BCR-ABL, following treatment with the tyrosine kinase inhibitor
Gleevec (supplementary Table 1). Nuclear extracts from patient cells demonstrate that the steady state
levels of WRN and DNA ligase IIIα are reduced in patient sample (CML1) where BCR-ABL levels
(60%) are significantly decreased, as assessed by fluorescence in situ hybridization (FISH) (Figure 1E,
supplementary Table 1). In contrast, the level of the Ku86 subunit does not change significantly
(Figure 1E). These data, together with that in Figure 1D suggest that the increased steady state levels of
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DNA ligase IIIα and WRN may either be a direct effect of BCR-ABL or a consequence of the increased
levels of ROS and DNA damage caused by BCR-ABL expression.
WRN and DNA ligase IIIα co-localize with DRneo at ISce-1 induced DSBs
To investigate the role of WRN and DNA ligase IIIα in DSB repair in BCR-ABL positive CML, K562
and control NC10 cells were stably transfected with the DRneo plasmid that contains the ISce-1
restriction site that is not present in the mammalian genome (K562DRneo and NC10DRneo, Figure
2A)41. Subsequent transfection of these cells with expression constructs for ISce-1 endonuclease
specifically induces a DSB into the genome of these cells 41. A combined fluorescence in situ
hybridization (FISH)-immunostaining technique was used to determine whether DNA ligase IIIα and
WRN localize to the ISce-1 induced DSBs 34,42. The efficiency of DSB induction, following transfection
of the ISce-1 endonuclease, was determined by the nuclear co-localization of γH2AX, a key marker for
DSBs, and the DRneo signal. Two hundred nuclei were analyzed from each of at least 3 experiments.
Approximately 12% percent of K562DRneo (Figure 2B, supplementary Figure 2B) and 8%
NC10DRneo (supplementary Figure 2 A,B) cells had induced DSB, as shown by co-localization of γH2AX and DRneo. In CML (Figure 2B, supplementary Figure 2B) 8% of cells show co-localization
of Ku86 with DRneo vs 6% in NC10 cells, following I-Sce1 expression. In contrast, the co-localization
of DNA ligase IV with DRneo (Figure 2B, supplementary Figure 2B) was significantly lower in CML
cells (1%), compared with NC10 cells (4%). More strikingly, while we had difficulty detecting colocalization of either DNA ligase IIIα or WRN with DRneo in NC10 cells (supplementary Figure 2
A,B), DNA ligase IIIα and WRN (Figure 2B, supplementary Figure 2B) did co-localize with DRneo
in K562 cells at a frequency of about 2%. Because the antibodies have different affinities for their target
protein, it is not possible to compare the co-localization frequencies obtained with different antibodies.
Nonetheless, this approach does reveal quantitative differences in the co-localization of a specific
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protein in different cell lines and, importantly, showed that DNA ligase IIIα and WRN are specifically
recruited to DSBs in CML cells, providing evidence that these proteins are participants in the altered
DSB repair in these cells.
DNA ligase IIIα immunoprecipitates with WRN
To determine whether DNA ligase IIIα and WRN proteins associate in a complex, we performed
immunoprecipitation experiments with WRN antibody. Notably, significantly higher amounts of DNA
ligase IIIα were specifically co-immunoprecipitated from CML extracts compared with extracts from
comparable control cell lines (Figure 3A). Similar results were obtained in reciprocal experiments using
the DNA ligase IIIα antibody (Figure 3B). These data provide evidence for a novel complex containing
WRN and DNA ligase IIIα that is present at higher levels in CML cells, compared with control cell lines.
siRNA down-regulation of WRN and DNA ligase IIIα results in increased DSBs.
In order to demonstrate that WRN and DNA ligase IIIα play a role in repairing DSBs in BCR-ABL
positive CML, we examined whether their down-regulation results in an increased level of unrepaired
DSB. Following siRNA knockdown of either WRN (approximately 90% reduction at 72 hours) or DNA
ligase IIIα (approximately 75% reduction at 72 hours) in CML cells (Figure 4A), there was a significant
increase (p<0.01) in the number of γH2AX foci (Figure 4B, C, supplementary Table 2). Together, these
results suggest that both WRN and DNA ligase IIIα play a role in repair of endogenously generated DSBs
in CML cells.
Next, we examined the role of WRN and DNA ligase IIIα in the repair of DSBs generated by
exogenous agents in CML cells. The number of γH2AX foci was determined in K562 cells 6 hours after
exposure to 2.5 Gy of γ-radiation. There was a marked defect in the repair of DSBs induced by ionizing
radiation in cells with reduced levels of DNA ligase IIIα (p<0.01; Figure 4B, C, supplementary Table
2). In contrast, knockdown of WRN did not result in a significant increase in the number of γH2AX foci

13

(Figure 4B, C, supplementary Table 2), compared with non-target controls, but the foci were much
larger and were similar to those remaining in DNA ligase IIIα knockdown cells.
Knockdown of DNA ligase IIIα and WRN decreases the end-joining efficiency in CML cells.
To more directly define the role of WRN and DNA ligase IIIα in the repair of DSB in CML, an in vivo
plasmid end-joining assay was performed. Following knockdown of either WRN or DNA ligase IIIα, a
pUC18 plasmid containing a DSB within LacZα was transfected into K562 cells. Circularized (repaired)
plasmid DNA was extracted from K562 cells and used to transform E. coli, as previously reported 10.
Reducing the levels of either DNA ligase IIIα (Figure 5A, supplementary Table 3) or WRN (Figure 6A,
supplementary Table 3) results in a 2-3 fold reduction in the number of colonies, indicating a decrease in
end-joining efficiency in the BCR-ABL positive CML cells (p<0.01). Analysis of the colonies from the
plasmid reactivation assays for their frequency of repair errors, i.e., white (incorrectly repaired) vs total
colonies (blue [correctly repair]+ white)10 , revealed that knockdown of DNA ligase IIIα results in a
significant increase (p<0.01) in the frequency of misrepaired colonies (Figure 5B, supplementary Table
3). There was no significant change in the percentage of misrepair events that resulted in large deletions,
defined as >20 bp (Figure 5C, D, supplementary Table 3). In contrast, knockdown of WRN did not
increase the frequency of misrepaired colonies (Figure 6B, supplementary Table 3), but there was a
significant (p<0.01) increase (approximately 3 fold) in the percentage of colonies with large deletions
(Figure 6C, D, supplementary Table 3).
To determine whether knockdown of either DNA ligase IIIα or WRN leads to differences in repair
utilizing DNA sequence microhomologies, we sequenced the breakpoint junctions of 15 repaired plasmids
from each of the LacZα reactivation experiments. The majority (80%) of plasmids in K562 cells are
repaired utilizing DNA microhomologies of 2 to 6 bp . In contrast, plasmids from cells with reduced levels
of either DNA ligase IIIα (25%; p<0.001; Figure 5E) or WRN (40%; p<0.001; Figure 6E) had very short

14

or no sequence microhomologies at the breakpoint junctions in repaired plasmids (Table 1). Finally, we
determined that siRNA knockdown of either WRN or DNA ligase IIIα in CML cells results in a small but
reproducible decrease in viability as measured by trypan blue exclusion (supplementary Figure 3).
Artemis over-expression leads to a decreased in large deletions
To determine whether the reduced levels of Artemis contribute to the aberrant DSB repair in CML,
Artemis was over-expressed in K562 cells (Figure 7A). Although Artemis over-expression did not
significantly alter the end-joining efficiency (Figure 7B), it results in a considerable decrease in the size
of DNA deletions at misrepaired DSB (p<0.001; Figure 7C,D). In addition, analysis of the breakpoint
junctions from 15 repaired plasmids in K562 cells overexpressing Artemis show a decrease in repair
using DNA sequence microhomologies down to 33%, compared with empty vector controls (80%)
(p<0.001; Figure 7E, Table 1). Thus, down-regulation of Artemis in CML results in abnormal
processing of DSBs.

Discussion
BCR-ABL has been shown to induce a cycle of events whereby increased ROS production leads to DSBs that
are repaired by an error-prone mechanism. Here we have identified a novel protein complex containing DNA
ligase IIIα and WRN that is involved in repair of DSBs in CML cells. This complex participates in an
alternative end-joining pathway that compensates for the decreased activity of the major NHEJ pathway
resulting from reduced levels of Artemis and DNA ligase IV, in CML. We suggest that alternative end-joining
mediated by DNA ligase IIIα and WRN contributes to disease progression by enabling cells to repair ROSinduced DSBs albeit by a more error-prone pathway, ensuring the survival of CML cells at the cost of increased
genomic instability.
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Ku binding to DSBs is essential to initiate repair via the main NHEJ pathway 11. Recent studies show that
DNA-PKcs and DNA ligase IV are recruited independently to Ku-bound DSBs 43. In addition to catalyzing the
last step of the major NHEJ repair pathway 14, studies in yeast show that the DNA ligase IV homologue, Dnl4,
acts early in NHEJ, stabilizing Ku binding and that, in the absence of Dnl4, there is increased end resection

44

.

In BCR-ABL positive CML cells, we have shown that the steady state levels of DNA ligase IV are signficantly
reduced. This suggests that Ku binding may be destabilized in CML cells, resulting in increased end resection.
In addition, since DNA ligase IV performs the final ligation of DNA ends, the reduced levels of DNA ligase IV
are likely to cause a delay in the joining of DNA ends synapsed by DNA PK. Such a delay may lead to the loss
of a few additional nucleotides from the ends.

Here, we show that the steady state levels of DNA ligase IIIα are elevated in CML cells and is recruited
to DSBs. This work provides further evidence that DNA ligase IIIα, which normally plays a role in the repair of
DNA single strand breaks and BER 29,45, participates in a “back-up” pathway for NHEJ when DNA ligase IV
levels are reduced 25,35. Notably, knockdown of DNA ligase IIIα in CML cells results in an increased frequency
of misrepair but has no effect on the size of deletions. Based on these results we propose that DNA ligase IIIα
compensates for the reduced levels of DNA ligase IV by acting at DNA ends synapsed by DNA-PK. In
addition, our data suggest that another ligase, possibly DNA ligase I completes the repair events generating the
deletions.

In addition to DNA ligase IV, the level of another key factor in the major NHEJ pathway, Artemis is
also markedly reduced in CML cells. Although the Artemis nuclease interacts with and is activated by DNA
PKcs, it is thought to be only required for processing a subset of DSBs produced by such agents as ionizing
radiation and ROS, defined as “complex” DSBs 17. The reduced levels of Artemis do not appear to be caused by
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proteosomal degradation and cannot be explained by changes in the level of DNA PKcs because, we find that,
in contrast to the report of Deutsch et al 46, DNA PKcs is not reduced in CML cells. Notably, over-expression of
Artemis in CML cell lines results in a reduction in the size of deletions. These results suggest that Artemis, in
addition to participating in end processing, may play a role in stabilizing complexes containing DNA-PK that
are assembled on DNA ends.

We find that the steady state levels of another DNA repair protein, WRN, are also elevated in BCR-ABL
positive CML cells. Although WRN is not considered to be one of the core NHEJ factors, it does bind to Ku,
thereby increasing its exonuclease activity20-23. However, the biological relevance of the stimulation of WRN
nuclease activity by Ku is not obvious because cells lacking WRN protein are not hyper-sensitive to ionizing
radiation like other NHEJ deficient cell lines and exhibit an increased incidence of deletions 24. In addition,
WRN is a substrate of the c-Abl kinase and is constitutively phosphorylated by BCR-ABL in CML cells,
resulting in inhibition of exonuclease and helicase activities 47. Here, we have shown that knockdown of WRN
in CML cells leads to an increase in the size of deletions. Thus, it appears that WRN acts to protect DNA ends
from nucleolytic resection. Presumably, the elevated levels of WRN in the CML cells reflect an attempt to
prevent deletions at the ROS-induced DSBs. The mechanism by which WRN suppresses deletions is not
known. It is possible that WRN stabilizes complexes of NHEJ proteins at DNA ends. Alternatively, WRN may
negatively regulate the activity of nuclease(s) that act at DSBs, thereby limiting resection.

One of the standard methods for discriminating between the end-joining pathways used to repair DNA
ends is to examine the sequences at the joins; alternative NHEJ repair appears to use microhomology-mediated
repair at DNA ends 25-28. CML cells repair approximately 80 percent of DNA ends using microhomologies.
Knockdown of DNA ligase IIIα and WRN, and overexpression of Artemis, proteins specifically altered in
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CML, lead to a significant reduction in microhomology sequences at end-joined sites. Furthermore, the size of
microhomology sequences appear to decrease with these experimental maneuvers. These data provide
additional evidence for an alternative end-joining pathway is operative in CML.

Abnormal repair of ROS-induced DSBs is a characteristic feature of BCR-ABL positive CML. Here, we
have shown that both down-regulation of the major NHEJ pathway and up-regulation of an error-prone
alternative NHEJ pathway contribute to the altered DNA repair and genomic instability in CML cells. The
elevated levels of DNA ligase IIIα and WRN compensate for DNA ligase IV deficiency and suppress deletions,
respectively. Since these proteins associate and co-localize to DSBs in CML cells, it seems likely that they
functionally interact with DNA PK complexes formed at DNA ends. We suggest that the reduced levels of
Artemis and/or DNA ligase IV results in decreased stability of DNA PK complexes at DNA ends that in turn
results in increased end resection. The identity of the protein factors involved in the repair pathway acting on
the resected ends and generating the deletions is not known. Nonetheless, it is evident that there are major
differences in the repair of DSBs in BCR-ABL positive CML cells. Since resistance to Gleevec is being
reported with greater frequency 53, this altered repair, in particular the alternative NHEJ pathway, constitutes an
attractive target for the development of novel therapeutic strategies for CML. Thus, further characterization of
the abnormal DNA repair in BCR-ABL positive CML will not only provide insights into the role of genomic
instability in disease progression, but will also lay the groundwork for therapeutic strategies in patients resistant
to tyrosine kinase inhibitors.
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Figure Legends
1 BCR-ABL positive CML cell lines show down-regulation of major NHEJ proteins, Artemis and DNA
ligase IV, and upregulation of alternative NHEJ proteins, DNA ligase IIIα and WRN.
A(i)Western blotting using nuclear extracts from two BCR-ABL positive CML cell lines (K562 and MEG01),
and three EBV transformed B cell lines, established from normal individuals (NC3, NC10 and NC108), and (ii)
one BCR-ABL negative CML cell line (MO7e). Artemis shows down-regulation (4-7 fold) in BCR-ABL
positive CML cell lines. Either Actin or Ku86 were used as loading controls. B: Western blotting using nuclear
extracts from K562 shows 2-3 fold decrease in DNA ligase IV expression, compared with EBV transformed B
cell lines (NC3 and NC10). Ku86 was used as loading control. C: Western blotting using nuclear extracts from
two BCR-ABL positive CML cell lines (K562 and MEG01) and three EBV transformed B cell lines (NC3,
NC10 and NC108). CML cell lines show up-regulation of DNA ligase IIIα (3-6 fold). PARP1 expression is
unchanged. Werner’s Syndrome protein, WRN shows up-regulation (4-7 fold) in CML cell lines. Actin was
used as loading control. D: BCR-ABL negative MO7e shows down-regulation of DNA ligase IIIα and WRN
compared with BCR-ABL positive P210MO7e and K562. Western blotting using nuclear extracts from two
BCR-ABL positive cell lines (K562 and P210MO7e) and BCR-ABL negative cell lines (U937 and MO7e).
Actin was used as loading control. E: Primary CML bone marrow mononuclear cells show down-regulation of
DNA ligase IIIα and WRN. Western blotting using nuclear extracts from CML cell line (K562) and two CML
patients (CML1 and 2) post Gleevec treatment (6-12 months). Patient CML1 shows decreased DNA ligase IIIα
and WRN expression with decreased levels of BCR-ABL positivity by FISH. Patient CML2 shows increase
expression of DNA ligase IIIα and WRN, with 100% BCR-ABL positivity. BCR-ABL positive CML cell line
K562 was used as a positive control. Ku86 and Actin were used as loading controls.
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2 PCR and FISH localization of the DRneo probe in K562DRneo and NC10DRneo cells.
A(i): Detection of integrated DRneo in K562 and NC10 cell clones stably transfected with DRneo
(K562DRneo and NC10DRneo, respectively) by PCR. (ii): The DRneo construct labeled with spectrum red was
used for FISH analysis of metaphase spreads prepared from K562DRneo cells. The DRneo was integrated at a
telomeric position on the chromosomes as shown in DAPI stained (left, red arrow) and G-banded (middle, red
arrow) images. Two-color FISH was used to localize DRneo to chromosome 4 in K562DRneo cells (right
image). Chromosomes from two different metaphase cells shown with yellow signal indicating chromosome 4
alpha satellite probe, localized to the centromere (black arrow) and red signal localizing the DRneo probe to the
telomeric region of the chromosome (red arrow). B: Co-localization of DRneo and γH2AX, Ku86, DNA ligase
IV, DNA ligase IIIα, and WRN in K562DRneo cells by FISH. Images show co-localization of DRneo (FITC,
green signal) and above mentioned proteins (TRITC, red signal) in K562DRneo cells transfected with ISce-1.
Nuclei are stained with DAPI (blue). Right hand panels are merged images of FITC and TRITC showing colocalization.
3 DNA ligase IIIα immunoprecipitates with WRN.
Nuclear extracts from CML cell line K562 and EBV transformed B cell line NC10 were used to
immunoprecipitate, (A) DNA ligase IIIα, using WRN antibody, followed by Western blotting for DNA ligase
IIIα (upper panel) and WRN (lower panel) (B) Reciprocal immunoprecipitation of WRN, using DNA ligase
IIIα antibody, followed by Western blotting for WRN (upper panel) and DNA ligase IIIα (lower panel).
Western blotting was also performed for negative control non-specific antibodies.

4 siRNA down-regulation of WRN and DNA ligase IIIα in CML cell line.
A: Nuclear extracts were prepared at 4 different time points 0h, 24h, 48h and 72h. Western blotting was
performed using WRN antibody (90% knockdown; upper panel) and DNA ligase IIIα antibody (75%
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knockdown; middle panel). siRNA using non-target oligonucleotides were used as controls. Ku86 was used as
loading control (lower panel). B. Bar graph showing the percentage of K562 cells with more than 5 γH2AX
foci examined in siRNA non-target, siRNA knockdown of WRN and DNA ligase IIIα cells with or without
irradiation (IR; 2.5 Gy). Black bars indicate no IR and grey bars are with IR treatment. 200 nuclei were
examined from each of 3 different experiments. Values significantly different are marked with an asterisk
(p<0.01 by Student’s t-test). Error bars reflect the standard error of the mean. C. Images of three different cells
showing γH2AX foci (FITC, green signal) in K562 following siRNA non-target (left panels), siRNA downregulation of WRN (middle panels) and DNA ligase IIIα (right panels), with and without irradiation.

5 Down-regulation of DNA ligase IIIα decreases the end-joining efficiency and repair using DNA
sequence microhomologies, but increases the misrepair frequency and has no effect on the percentage of
large deletions.
An in vivo LacZα plasmid reactivation assay was used to measure end-joining in siRNA DNA ligase IIIα
down-regulated cells and compared with that using siRNA controls. A: Relative percentage of colonies,
indicating the efficiency of end-joining. B: The percentage of misrepair, i.e. the number of white colonies as a
percentage of total colonies (blue+white). C. Graph of percentage large deletions, defined as > 20bp. D.
Agarose gel showing PCR products of repaired colonies in siRNA non-target controls and siRNA knockdown
of DNA ligase IIIα. E: The percentage of plasmids repaired using DNA sequence microhomologies of 2-6bp.
Fifteen plasmids were sequenced Values significantly different are marked with an asterisk by Student’s t-test
(p<0.01 for A and B and p<0.001 for E). Error bars reflect the standard error of the mean.

.
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6 Down-regulation of WRN decreases the efficiency of end-joining and repair using DNA sequence
microhomologies but increases large deletions in misrepaired plasmids.
An in vivo LacZα plasmid reactivation assay was used to measure end-joining in siRNA down-regulated WRN
K562 cells compared with that using siRNA controls. A: Relative percentage of colonies indicating the
efficiency of end-joining. B: The percentage of misrepair, i.e. the percentage of the white colonies as a
percentage of total colonies (blue+white). C. The percentage of large deletions, defined as > 20bp. D. Agarose
gel showing PCR products of repaired colonies. E: The percentage of plasmids repaired using DNA sequence
microhomologies of 2-6bp. Fifteen plasmids were sequenced. Values significantly different are marked with an
asterisk by Student’s t-test (p<0.01 for A and p<0.001 for C and E). Error bars reflect the standard error of the
mean.

7: Artemis over-expression in K562 leads to a decreased large deletions.
A: Western blotting in K562 cells transfected with the myc-tagged Artemis cDNA construct (pcDNA
huASC1D) showing Artemis over-expression. Ku86 was used as loading control. An in vivo LacZα plasmid
reactivation assay was used to measure end-joining in Artemis over-expressed cells, compared with empty
vector transfected controls. B: Relative percentage of colonies, indicating the efficiency of end-joining. C.
Graph of percentage large deletions, defined as > 20bp. D. Agarose gel showing PCR products of repaired
colonies in empty vector controls and Artemis overexpressed K562 cells. E: The percentage of plasmids
repaired using DNA sequence microhomologies of 2-6bp. Fifteen plasmids were sequenced. Values
significantly different are marked with an asterisk by Student’s t-test (p<0.001 for C and E). Error bars reflect
the standard error of the mean.
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pUC18 first 780 bp
1 tcgcgcgttt cggtgatgac ggtgaaaacc tctgacacat gcagctcccg gagacggtca
61 cagcttgtct gtaagcggat gccgggagca gacaagcccg tcagggcgcg tcagcgggtg
121 ttggcgggtg tcggggctgg cttaactatg cggcatcaga gcagattgta ctgagagtgc
181 accatatgcg gtgtgaaata ccgcacagat gcgtaaggag aaaataccgc atcaggcgcc
241 attcgccatt caggctgcgc aactgttggg aagggcgatc ggtgcgggcc tcttcgctat
301 tacgccagct ggcgaaaggg ggatgtgctg caaggcgatt aagttgggta acgccagggt
361 tttcccagtc acgacgttgt aaaacgacgg ccagtgccaa gcttgcatgc ctgcaggtcg
421 actctagagg atccccgggt accgagctcg aattcgtaat catggtcata gctgtttcct
481 gtgtgaaatt gttatccgct cacaattcca cacaacatac gagccggaag cataaagtgt
541 aaagcctggg gtgcctaatg agtgagctaa ctcacattaa ttgcgttgcg ctcactgccc
601 gctttccagt cgggaaacct gtcgtgccag ctgcattaat gaatcggcca acgcgcgggg
661 agaggcggtt tgcgtattgg gcgctcttcc gcttcctcgc tcactgactc gctgcgctcg
721 gtcgttcggc tgcggcgagc ggtatcagct cactcaaagg cggtaatacg gttatccaca
Forward Primer: cggcatcaga gcagattgta

Reverse Primer: gg cggtaatacg gttatcca’

EcoR1 Site: g aattcg

Table 1: Representative sequenced clones from in vivo end-joining assay

*No of
Clones
K1
K2
K3
K4
K5

W1
W2
W3
W4
W5

L1
L2
L3
L4
L5

A1
A2
A3
A4
A5

Sequence at the junction
siRNA Control
CGACGGCCAG/AGCCTGGGGT
394/543
GGATCC/GAAATTGTTATCCG
434/485
GCGCAAGTGT/AAGTGTAAAG
266/535
ACCGAGCTCG/TTCCTGTGTG
450/476
CCCGGGTACC/CCTGTGTGAA
443/478
siRNA WRN
GACTCTAGAG/GTTGCGCTCA
429/585
CAGGCTGCGC/GAGTGAGCT
259/560
AAAGGGGGAT/CTAACTCACA
324/567
GGGGATGTGC/GAAGCATAA
328/527
CCCGGGTACC/CCCGCTTTCC
443/598
siRNA DNA Ligase IIIa
GTAAAACGACGGC/TGTAAAG
391/538
ATGCCTGCAG/CGAGCCGGAA
416/520
ACCGAGCTCG/CGTCATAGCT
450/464
GCTCGAATTC/TTCCTGTGTG
455/476
CGAGCTCGA/TTGTAATCAT
452
Over-expression of Artemis
TACGCCAGCT/TCGTAATCAT
310/454
GGCCAGTGCC/TATCCGCTCA
398/493
GTCGACTCTA/TATCCGCTCA
426/493
GAGCTCGAAT/TCCTGTGTGA
453/477
CGAGCTCGAA/TGGTCATAGC
453

No. of bp
deleted

Microhomology

148

GCC or AG

50

no microhomology

268

AAGTGT

25

no microhomology

34

CC

155

G

300

no microhomology

242

no microhomology

198

no microhomology

154

CC

146

no microhomology

103

no microhomology

13

CG

20

TCC

1

no microhomology

143

T

94

no microhomology

66

TA

23

T

10

no microhomology

* 15 colonies were sequenced from each individual experiments.

Supplementary Figure 1
K562 shows higher level of ROS compared to NC10
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Intracellular ROS level were determined by using the probe 2,7-dichlorodihydro-fluorescein diacetate (H2DCF-DA,
Invitrogen, Carlsbad, CA). Cells (1x106 ) were treated in the presence of the probe to a final concentration of 10 µM
and incubated at 37oC for 10 minutes. ROS levels were determined by flow cytometry (Becton Dickinson FACScan).

Supplementary Figure 2
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A: Images of cells showing co-localization of DRneo (FITC, green signal) and γH2AX, Ku86, DNA ligase IV,
DNA ligase IIIα and WRN (TRITC, red signal) in NC10DRneo cells transfected with ISce1. Nuclei are stained with
DAPI (blue). Right panels are merged images of FITC and TRITC showing co-localization.
B: Histogram showing the percentage of co-localization in both K562DRneo (black bar) and NC10DRneo cells
(gray bar).

Supplementary Figure 3
Viability (%) measured using trypan blue dye exclusion
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A: Table of % viability in siRNA Nontarget, siRNA WRN and siRNA DNA ligase IIIα
experiment in K562 cells.
B: Histogram showing the percentage of cell viability. Error bars reflect the standard
error of the mean.

Supplementary Table 1

Patient Samples
46,XX,t(9:22)(q34:q11.2)

% of BCR-ABL
Positive Cells

Gleevec Treatment
mg/day

White Blood
Count (WBC)
109/l

CML1

60

400

12290

CML2

100

400

30640

CML3

100

400

24144

CML4

100

600

14210

BCR-ABL cells were measured by FISH.
>100 cells were examined.
All samples were bone marrow mononuclear cells (MNC).
The duration of Gleevec treatment at the time of sampling
was between 6 and 12 months.

Supplementary Table 2
γ-H2AX foci formation in siRNA treated K562 with and without IR
Total No.
cells
examined

>5 Foci

siRNA Nontarget no IR
siRNA Nontarget with IR

302
228

14 (5%) ±1
73 (32%) ±1

siRNA WRN no IR
siRNA WRN with IR

204
192

36 (18%) ±1
72 (38%) ±3

siRNA DNA ligase IIIα no IR
siRNA DNA ligase IIIα with IR

205
205

35 (17%) ±1
115 (56%) ±5

± Standard errors from three independent experiments.

Supplementary Table 3
In vivo Plasmid end-joining Assay in siRNA Treated K562
siRNA treated
K562 CML cells
transfected with
linearized pUC18
plasmid

No. of
Blue
Colonies

No. of
White
Colonies

112

24

136(100%)

18±2

22±3

siRNA WRN

50

10

60(45%)

16±4

56±4

siRNA DNA ligase IIIα

24

14

38(28%)

37±4

20±1

siRNA Nontarget

*Total No. of

** Frequency

Colonies

Of Misrepair
( %)

*** Large
Deletions
(%)

*Total no. of Colonies: The sum of blue plus white colonies is a measure of the efficiency of end-joining.
** Frequency of Misrepair: Percentage of white colonies divided by total no. of colonies.
*** Large Deletions: Percentage of large deletions (>20bp) divided by total misrepared colonies examined.
±

Standard errors from three independent experiments.

