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DNA-PKcs activates the Chk2–Brca1 pathway during mitosis
to ensure chromosomal stability
Z Shang1, L Yu1, Y-F Lin1, S Matsunaga2, C-Y Shen3 and BPC Chen1

The catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) is known to have a critical role in DNA double-strand break
repair. We have previously reported that DNA-PKcs is activated when cells enter mitosis and functions in mitotic spindle assembly
and chromosome segregation. Here we report that DNA-PKcs is the upstream regulator of the Chk2–Brca1 pathway, which impacts
microtubule dynamics, kinetochore attachment and chromosomal segregation in mitosis. Downstream from Chk2, Brca1 promotes
monoubiquitination of g-tubulin to inhibit microtubule nucleation and growth. We found that DNA-PKcs is essential for mitotic
Chk2 phosphorylation at Thr68. As in Chk2- and Brca1-deficient cells, loss of DNA-PKcs resulted in chromosome misalignment and
lagging during anaphase owing to elevation in microtubule dynamics. Importantly, these mitotic aberrations in DNA-PKcs-defective
cells were alleviated by the overexpression of phosphomimetic Chk2 or Brca1 mutant proteins but not their wild-type counterparts.
Taken together, these results demonstrate that DNA-PKcs regulates mitotic spindle organization and chromosomal instability via
the Chk2–Brca1 signaling pathway.
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INTRODUCTION
Chromosome instability (CIN), characterized by increased fre-
quency of gain or loss of the whole chromosomes, has long been
implicated in tumorigenesis, poor patient prognosis and drug
resistance.1 The most common cause of CIN in cancer cells is a
defect in the dynamics of kinetochore-microtubule (k-MT)
attachment during mitosis.2 An evolutionarily conserved spindle
assembly checkpoint mechanism has evolved to ensure proper
completion of all k-MT attachments before chromosomal
segregation.3 Certain improper k-MT attachments (for example,
merotelic attachment with microtubules orientated from both
spindle poles) can escape from spindle assembly checkpoint
surveillance and persist into the lagging chromosome; these are
observed at the spindle midzone during anaphase.2 Abnormal
k-MT attachments occur frequently in early mitosis but are
efficiently corrected in normal cells.4 In cancer cells with CIN,
however, stability of k-MT attachments increases, hindering the
ability to correct the abnormal k-MT attachment.5 In addition,
abnormal spindle assembly with extra centrosomes significantly
increases the frequency of lagging chromosomes during
anaphase, indicating that centrosome instability is also a major
source of abnormal k-MT attachment.6 Centrosome hypertrophy is
an accepted cause of CIN and is frequently correlated with
tumorigenesis.7 Moreover, centrosome instability is highly linked
to certain tumor suppressor protein mutations (for example, those
in Brca1).8,9

Brca1 is a product of a breast and ovarian cancer susceptibility
gene and participates in a variety of cellular processes, including
DNA damage repair, cell cycle checkpoint response, chromatin

remodeling and mitotic progression regulation.10 The involvement
of Brca1 in centrosome regulation was recognized upon analysis
of BRCA1� /� mice fibroblasts, which contain amplified
centrosomes.11 Brca1 localizes to centrosomes during mitosis, and
its ubiquitin ligase activity ensures normal centrosome number and
function.9,12 The direct target of Brca1 in the centrosome is
g-tubulin.8 Cells that express mutant g-tubulin that cannot be
ubiquitinated by Brca1 are characterized by centrosome
amplification; a Brca1 mutant that lacks E3-ligase enzyme activity
also loses its effect on centrosome nucleation inhibition.12–14

Chk2 is another centrosome localization tumor suppressor. In
response to DNA double-stranded breaks, DNA damage sensor
kinase ataxia telangiectasia mutated (ATM) phosphorylates Chk2
at Thr68 residue promoting Chk2 homodimerization and full
activation.15 Phosphorylated Chk2 Thr68 reportedly localizes at
centrosomes during mitosis;16 however, its role in mitotic
regulation has not yet been established. Stolz et al.17 recently
demonstrated that Chk2 is required for proper and timely spindle
formation during normal mitosis; this is critical for accurate
attachment of kinetochores to the spindle microtubules
and subsequent proper chromosome segregation. Chk2
phosphorylates Ser988 of Brca1, which is important for the
function of Brca1 in switching error-prone non-homologous end-
joining (NHEJ) to error-free homologous recombination.18–20 Chk2
also phosphorylates Brca1 on Ser988 during normal mitotic
progression in the absence of DNA damage. Wild-type Brca1,
but not the Ser988 to alanine mutant, can rescue the
mitosis defect induced by Chk2 deficiency, suggesting that
phosphorylation of Brca1 at this site has an important role in

1Division of Molecular Radiation Biology, Department of Radiation Oncology, University of Texas Southwestern Medical Center at Dallas, Dallas, TX, USA; 2Division of Molecular
Pharmacology, Department of Pathophysiological and Therapeutic Science, Tottori University, Yonago, Japan and 3Institute of Biomedical Sciences, Academia Sinica, Taipei,
Taiwan, ROC. Correspondence: Profressor BPC Chen, Division of Molecular Radiation Biology, Department of Radiation Oncology, University of Texas Southwestern Medical
Center at Dallas, 2201 Inwood Road, Room NC7.502, Dallas, TX 75390-9187, USA.
E-mail: benjamin.chen@utsouthwestern.edu
Received 12 November 2013; revised 11 December 2013; accepted 16 December 2013

Citation: Oncogenesis (2014) 3, e85; doi:10.1038/oncsis.2013.49
& 2014 Macmillan Publishers Limited All rights reserved 2157-9024/14

www.nature.com/oncsis

http://dx.doi.org/10.1038/oncsis.2013.49
mailto:benjamin.chen@utsouthwestern.edu
http://www.nature.com/oncsis


mitotic spindle assembly and chromosome stability maintenance.
Moreover, Chk2 deficiency increases CIN and leads to aneuploidy
even in chromosomal-stable human colon carcinoma HCT116
cells.17 How Chk2 is activated in normal mitosis is still an
unanswered question.

The catalytic subunit of DNA-dependent protein kinase (DNA-
PKcs) is an essential component in the NHEJ pathway of double-
stranded DNA break repair.21 In response to double-stranded
breaks, DNA-PKcs is rapidly phosphorylated on its Thr2609 and
Ser2056 clusters by ATM and by itself.22,23 In addition to its
established role in DNA repair, we observed that DNA-PKcs
phosphorylated at both Thr2609 and Ser2056 localizes at the
mitotic spindle apparatus on centrosomes and kinetochores.
Consistent with this localization, DNA-PKcs is important for the
stabilization of centrosome and of the spindle structure, as well as
in the regulation of mitotic progression.24 DNA-PKcs regulates
mitotic catastrophe in response to irradiation at least partially via
the Chk2 pathway;25 however, whether Chk2 is a target of DNA-
PKcs during normal mitotic progression and its biological
significance in mitotic spindle assembly has not been clarified.

In the present study, we demonstrate that DNA-PKcs regulates
Chk2 phosphorylation at the Thr68 site during mitosis and that
DNA-PKcs coordinates the spindle assembly and kinetochore/
microtubule attachment through the Chk2–Brca1 signaling path-
way. We also show that the deficiency of DNA-PKcs leads to
chromosomal instability.

These results demonstrate that DNA-PKcs mediates Chk2
phosphorylation to regulate microtubule nucleation and the
spindle damage response.

RESULTS
Chk2 is phosphorylated at Thr68 by DNA-PKcs during mitosis
Chk2 is the key downstream effector of the ATM signaling
pathway for cell cycle checkpoint regulation in the DNA damage
response.26 In addition, Chk2 is activated during normal mitosis, as
monitored by Thr68 phosphorylation, and is required for proper
mitotic spindle assembly and chromosomal stability.27 We
have reported that DNA-PKcs is also activated and has a critical
role in mitosis progression.21 To test the hypothesis that DNA-PKcs
is involved in Chk2 activation during mitosis, human colon
cancer HCT116 cells and isogenic DNA-PKcs knockout cells (DNA-
PKcs� /� ) were mitotically synchronized or were treated with
ionizing radiation. Western blot analyses revealed significant Chk2
Thr68 phosphorylation in HCT116 cells but little in DNA-PKcs� /�

cells (Figure 1a). In contrast, ionizing radiation-induced Chk2 Thr68
phosphorylation (mediated by the ATM kinase) was observed in
DNA-PKcs� /� cells at levels comparable to those in HCT116 cells.
Similarly, siRNA-mediated depletion of DNA-PKcs from HeLa cells
abolished the increase of Chk2 Thr68 phosphorylation in
mitotically synchronized cells but not in irradiated cells
(Figure 1b). Mitosis-dependent Chk2 phosphorylation was also
clearly detected in the isogenic and NHEJ-defective Ligase4� /�

cells (Supplementary Figure S1A), indicating that Chk2 phospho-
rylation in mitosis is independent of DSB repair regulation.

To further examine the role of the kinase activity of DNA-PKcs on
Chk2 activation in mitosis, the parental HCT116 cells were
synchronized via nocodazole treatment and then they were
incubated for 2 h with DNA-PKcs kinase inhibitor Nu7441. As shown
in Figure 2a, Nu7441 effectively abolished Chk2 Thr68 phosphoryla-
tion in response to mitosis synchrony but did not affect the levels of
Thr68 phosphorylation induced by irradiation. The blocking of
mitotic Chk2 phosphorylation was not due to alternation in mitosis
synchrony as histone H3 Ser10 phosphorylation was equivalent in
sham- and Nu7441-treated HeLa cells. Mitotic Chk2 phosphorylation
was also elicited by treatment of cells with the microtubule stabilizer
paclitaxel. Paclitaxel-mediated Chk2 Thr68 phosphorylation was

abolished by treatment of cells with an siRNA targeted against the
gene encoding DNA-PKcs or by Nu7441 treatment (Supplementary
Figures S1B and C, respectively). In contrast, ATM kinase inhibitor
Ku55933 had no effect on mitosis-induced Chk2 phosphorylation
but did effectively block IR-induced Chk2 phosphorylation
(Figure 2b). Taken together, these results demonstrate that DNA-
PKcs, but not the ATM kinase, activates Chk2 during mitosis.

DNA-PKcs is required for mitotic spindle assembly and
chromosomal stability
During the prometaphase to metaphase transition, kinetochores
of sister chromatid pairs are captured by microtubules of opposite

Figure 1. DNA-PKcs is required for Chk2 Thr68 phosphorylation
during mitosis. (a) Human colon cancer HCT116 cells and derivative
DNA-PKcs� /� cells were synchronized with nocodazole (50 ng/ml,
16 h) or were irradiated (4 Gy, 1 h). Whole-cell lysates were separated
by electrophoresis and western blotted with the indicated
antibodies. (b) HeLa cells transfected with a control siRNA or with
an siRNA against DNA-PKcs were synchronized with nocodazole
(50 ng/ml, 16 h) or were irradiated (4 Gy, 1 h). Whole-cell lysates were
separated by electrophoresis and were western blotted with the
indicated antibodies. Asynchronous (Asy), mitosis enriched (M),
g-ray irradiation (IR).
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poles to allow chromosomes to align at the center of the spindle
before the sister-chromatid separation at anaphase. Stolz et al.17

reported that Chk2 activation is necessary for proper spindle
organization and chromosome segregation during normal mitosis
and that Chk2 deficiency resulted in chromosomal numerical
instability. Similarly, we observed that there was an increase of
chromosomal numerical instability in DNA-PKcs� /� cells as
compared with the parental HCT116 cells and Ligase4� /� cells
(Figure 3a). To further explore the involvement of DNA-PKcs in
mitotic spindle assembly, HCT116, DNA-PKcs� /� and Ligase4� /�

cells were treated with nocodazole and then with proteasome
inhibitor MG132 to stall mitosis progress at the metaphase to
anaphase transition. Abnormal mitotic spindles were examined via
immunofluorescence staining. Cells with misaligned chromo-
somes were scored (Figure 3b). DNA-PKcs� /� cells had a higher
proportion of chromosomal misalignment during the metaphase
to anaphase transition than did the parental HCT116 cells or the
Ligase4� /� cells (Figure 3d).

Abnormal mitotic spindles were further examined via analysis of
chromosome lagging in anaphase cells, an indication of chromo-
somal instability or errors during chromosomal segregation.
Exponentially growing HCT116, DNA-PKcs� /� and Ligase4� /�

cells were scored for chromosome lagging in anaphase (Figure 3c).
Lack of DNA-PKcs, but not of Ligase4, caused a significant increase
of lagging chromosomes in HCT116 cells (Figure 3e), which is
consistent with the increase of aneuploidy found in DNA-PKcs� /�

cells but not in Ligase4� /� cells (Figure 3a). Transient knockdown
of levels of DNA-PKcs using an siRNA or treatment with DNA-PKcs
inhibitor Nu7441 also promoted abnormal spindles and lagging
chromosomes in HeLa cells (Supplementary Figure S2). These
results further demonstrated the importance of DNA-PKcs and its
kinase activity in mitotic spindle assembly and maintenance of
chromosomal stability.

The Chk2–Brca1 pathway mediates DNA-PKcs signaling in spindle
organization
To further test the function of DNA-PKcs-dependent Chk2
phosphorylation in spindle assembly and chromosomal stability,
wild-type Chk2 and Chk2 mutants with an alanine (to prevent
phosphorylation) or aspartic acid (to mimic the phosphorylated
state) substitution at Thr68 residue (T68A and T68D, respectively)
were expressed in DNA-PKcs� /� cells (Figure 4a). Overexpression
of wild-type Chk2 or of the T68A mutant did not alter the
frequencies of chromosomal misalignment and lagging in DNA-
PKcs� /� cells as compared with control cells transfected with
empty vector, whereas overexpression of the phosphomimetic
Chk2 T68D mutant significantly decreased the levels of these
abnormalities during mitosis (Figure 4b). T68D mutant Chk2 was

able to restore proper chromosomal alignment and alleviate
anaphase lagging in HCT116 cells, whereas vector alone had no
effect. Chk2 is known to phosphorylate Brca1 at Ser988 upon DNA
damage, which facilitates Brca1 function in DSB repair.18–20 The
involvement of Chk2 signaling in mitosis and spindle assembly
has also been linked to Brca1 Ser988 phosphorylation.17 To test
whether Brca1 also functions in the same signaling pathway
downstream from DNA-PKcs, wild-type Brca1 and non-
phosphorylatable or phosphomimetic Brca1 mutants (S988A and
S988E, respectively) were overexpressed in DNA-PKcs� /� cells
(Figure 4c). As was observed in Chk2 overexpression experiments,
the phosphomimetic Brca1 mutant, but not wild-type Brca1 nor
the S988A mutant, was able to rescue mitotic defects in DNA-
PKcs� /� cells (Figure 4d). Taken together, our analyses revealed
that Chk2 and Brca1 are the downstream effectors of DNA-PKcs
signaling in mitotic regulation.

DNA-PKcs inactivation leads to dysfunction of microtubule
dynamics
Improper regulation of microtubule dynamics is associated with
aberrant mitotic spindle and chromosomal instability.28 The Chk2–
Brca1 signaling axis has also been implicated in regulation of
microtubule dynamics in response to spindle damage.29,30 To
further investigate the involvement of DNA-PKcs in microtubule
regulation, HCT116 and DNA-PKcs� /� cells were treated with
nocodazole in chilled medium to depolymerize microtubules.
Microtubule nucleation and regrowth was initiated upon removal
of nocodazole-containing medium and addition of prewarmed
fresh medium. Microtubule nucleation status was inferred based
on the diameter of asters, the radial arrays of microtubules that
grow from centrosomes (Figure 5a). Our analyses revealed that
microtubule growth was significantly enhanced in DNA-PKcs� /�

relative to HCT116 cells (Figure 5b). To determine the role of Chk2
and DNA-PKcs in microtubule regulation, HeLa cells stably
expressing wild-type or T68A or T68D mutant Chk2 were
transfected with siRNA targeting the gene encoding DNA-PKcs.
Cells were analyzed for microtubule regrowth as described above.
Depletion of DNA-PKcs caused a significant outgrowth of
microtubules in cells expressing wild-type Chk2, the T68A mutant
and the vector control but not in cells expressing Chk2 T68D
(Figure 5c and Supplementary Figure S3). These results indicate
that the phosphomimetic Chk2 T68D mutant protein can
compensate for the loss of DNA-PKcs and prevent dysregulation
of microtubule dynamics in mitosis.

Microtubule formation in Brca1-deficient cancer cells is
abnormal when cells are treated with an anti-microtubule agent
such as paclitaxel.31,32 The connection of DNA-PKcs and Chk2–
Brca1 signaling in regulation of microtubule dynamics prompted

Figure 2. DNA-PKcs kinase inhibition attenuates mitotic induction of Chk2 phosphorylation. (a) Wild-type HCT116 cells were treated with
nocodazole for 16 h, followed by a 2 h incubation with DMSO or 10 mM Nu7441 (Nu). (b) HeLa cells were subjected to nocodazole (50 ng/ml,
16 h), followed by a 2 h incubation with DMSO, Nu7441, Ku55933 or both Nu7441 and Ku55933 (left panel). HeLa cells were also irradiated
(4Gy, 1 h) with or without pretreatment with Nu7441 and Ku55933 (right panel).
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us to speculate that DNA-PKcs modulates cellular sensitivity toward
paclitaxel. To test the hypothesis, HCT116 and DNA-PKcs� /� cells
were treated with paclitaxel and were subjected to a clonogenic
survival assay. Our analysis revealed that DNA-PKcs deficiency in
HCTT116 cells did confer paclitaxel resistance in clonogenic
survival assay (Figure 6a). In addition, the colony sizes of HCT116
cells were obviously smaller than those of DNA-PKcs� /� cells
(data not shown). Similarly, an MTT cell viability assay revealed that
DNA-PKcs� /� cells were more resistant to paclitaxel than were the
parental HCT116 cells (Figure 6b).

DISCUSSION
We have previously reported that DNA-PKcs is autophosphory-
lated during normal cell cycle progression into mitosis and that
activation of DNA-PKcs is necessary for microtubule organization
at centrosomes and kinetochores, mitotic spindle organization
and chromosomal segregation.24 In the current study, we report

that DNA-PKcs is the upstream regulator of the Chk2–Brca1
signaling pathway, which was known to regulate mitotic spindle
formation and maintenance of chromosomal stability. Our results
demonstrate that mitotic induction of Chk2 phosphorylation at
Thr68 is primarily mediated by DNA-PKcs; inhibition of DNA-PKcs
via different approaches eliminated mitotic Chk2 phosphorylation.
This is in contrast to ATM-dependent Chk2 phosphorylation under
the DNA damage conditions.33 Chk2 activation has been linked to
its downstream effector molecule Brca1 in both DNA damage
response and normal mitosis progression, and Chk2-dependent
Brca1 phosphorylation at Ser988 is critical for proper assembly of
the mitotic spindle and for chromosomal stability.17 Our analyses
revealed that overexpression of phosphomimetic mutants of Chk2
(T68D) or Brca1 (S988E) but not their wild-type counterparts
compensated for the loss of DNA-PKcs and decreased
chromosomal misalignment and lagging in cells that were
deficient in DNA-PKcs (Figures 4 and 5). These results demonstrate
that DNA-PKcs, Chk2 and Brca1 are functionally aligned in the

Figure 3. Loss of DNA-PKcs increases mitosis defects and chromosomal instability. (a) Chromosome numbers from individual metaphase
spreads of HCT116, DNA-PKcs� /� and Ligase4� /� cells (nX100). (b) HCT116, DNA-PKcs� /� and Ligase4� /� cells were treated with 50 ng/
ml nocodazole for 16 h, and, after release into fresh medium, they were treated with 10 mM MG132 for 3 h. Cells were stained for a-tubulin
(red), crest (green) and DNA (blue). (c) Exponentially growing HCT116, DNA-PKcs� /� and Ligase4� /� cells were subjected to the
same immunofluorescent staining protocol. Arrowheads indicate lagging chromosome. (d) Percentage of mitotic cells with misaligned
chromosomes from three independent analyses. (e) Percentages of mitotic cells showed lagging chromosome were counted from three
independent analyses. **Po0.01.
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Figure 4. Phosphomimetic Chk2 and BRCA1 mutants partially rescue chromosomal instability in DNA-PKcs-deficient cells. (a) DNA-PKcs� /�

cells were transfected with constructs for the expression of flag-tagged Chk2 (wild-type, T68A, T68D). Expression of exogenous flag-tagged
Chk2 and endogenous Chk2 was evaluated by western blot analysis with a-Chk2 antibody. (b) Aberrances in mitosis were analyzed in control
and cells expressing flag-Chk2 in two independent experiments. (c) DNA-PKcs� /� cells were transfected with Brca1 constructs (wild-type,
S988A, and S988E). Expression of wild-type and mutant Brca1 was evaluated by western blot. (d) Aberrances in mitosis were calculated from
two independent experiments. *Po0.05; **Po0.01.

Figure 5. Phosphomimetic Chk2 alleviates dysregulation of microtubule nucleation in DNA-PKcs� /� cells. (a) HCT116 and DNA-PKcs� /� cells
were treated with nocodazole to disrupt microtubules. Microtubule nucleation and regrowth was monitored at the indicated time points after
nocodazole removal. (b) The length of the microtubule emanating from the centrosomes was measured (nX50). (c) HeLa cells expressing
wild-type Chk2 or T68A or T68D mutant Chk2 were transfected with control or DNA-PKcs-targeted siRNA. Forty-eight hours after transfection,
cells were subjected to microtubule nucleation analysis (nX50). *Po0.05; **Po0.01.
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pathway that regulates mitotic spindle assembly and guides
accurate chromosomal segregation. Our data do not rule out the
possibility that, in the absence of DNA-PKcs, a compromised NHEJ
mechanism in DSB repair results in aberrant chromosomal
structures that hinder chromosomal alignment and segregation
in mitosis. However, we did not observe a significant increase in
aberrant mitosis in NHEJ-deficient ligase4� /� cells, suggesting
that a mechanism independent of both NHEJ and DSB repair but
dependent on DNA-PKcs phosphorylation of Chk2 regulates
mitosis.

The presence of mitotic DNA-PKcs phosphorylation at centro-
somes and kinetochores implies that DNA-PKcs is involved in
microtubule organization and could modulate k-MT attachment.24

Accurate chromosome segregation in mitosis relies on the sister
kinetochores attached to microtubules emanating from opposite
spindle poles. Inaccurate and aberrant k-MT attachments result in
CIN, aneuploidy and full-blown carcinogenesis.34,35 There are three
types of k-MT attachment errors in prometaphase: (1) monotelic
attachment, in which only one sister kinetochore attaches to
microtubule emanating from one pole; (2) syntelic attachment, in
which both sister kinetochores bind to microtubules from the
same pole; and (3) merotelic attachment, in which a kinetochore is
attached to microtubules from both poles. The merotelic
attachment is the only attachment error that can escape from
the surveillance of the spindle checkpoint, as no kinetochore is left
unattached.36,37 Therefore, cells carrying merotelic kinetochore
attachment can progress into anaphase with lagging
chromosomes; this is the most common route to gain or loss of
a complete chromosome and results in aneuploidy.6,35

Loss of Brca1 or Chk2 coincides with increased incidents of
aneuploidy and merotelic kinetochore attachment.27 Similarly,
there is an increase of misalignment and lagging chromosomes in
the absence of DNA-PKcs, and overexpression of phosphomimetic
Chk2 T68D or Brca1 S988E partially rescued these aberrances in

DNA-PKcs-deficient cells. Thus, it is tempting to speculate that the
DNA-PKcs-Chk2–Brca1 pathway triggers correction of merotelic
k-MT attachments. Early studies revealed that Brca1 resides at the
centrosome throughout all cell cycle phases and suppresses
centrosome amplification, microtubule nucleation and
aneuploidy.30,38 Brca1 function in centrosome and microtubule
regulation requires its dimerization with Brca1-associated ring
domain protein 1 (Bard1) to form an active E3 ubiquitin ligase.8

A key target of Brca1-dependent ubiquitination is g-tubulin, which
is a component of the g-tubulin ring complex that anchors
microtubule nucleation and growth.39 The Brca1/Brad1 complex
directs g-tubulin monoubiquitination at lysines 48 and 344 in S/G2
phases, and failure of g-tubulin monoubiquitination results in a
marked amplification of centrosomes and an increase in
microtubule nucleation.12,14 These results thus recapitulate
centrosome hyperactivation in Brca1-deficient cells and support
a negative regulatory function of Brca1 on microtubule regulation.
Such an inhibitory effect on microtubule also requires Chk2-
mediated Brca1 phosphorylation at Ser988.29

Consistent with this model, microtubule regrowth analysis
revealed that an enhancement of microtubule nucleation/
regrowth occurs in DNA-PKcs-deficient cells and that such
dysregulation can be corrected by expression of the phosphomi-
metic Chk2 T68D mutant (Figure 5 and Supplementary Figure S3).
It is likely that, in the absence of DNA-PKcs, inadequate activation
of the Chk2–Brca1 signaling pathway leads to excessive micro-
tubule nucleation and aberrant microtubule–kinetochore attach-
ment. It has been reported that loss of Brca1 in cancer cells
confers resistance to paclitaxel treatment,40,41 which causes
microtubule stabilization and mitotic cell death.42 Similarly, loss
of DNA-PKcs is also associated with paclitaxel resistance, thus
further supporting the notion that DNA-PKcs regulates
microtubule dynamics via the Chk2–Brca1 pathway.

The role of the Chk2–Brca1 pathway in k-MT attachments could
be modulated or compensated by the Aurora kinases. Aurora-B
kinase is known to have an important role in correcting aberrant
microtubule attachment through phosphorylation/activation of
the mitotic centromere-associated kinesin (microtubule depoly-
merizing enzyme MCAK), which depolymerizes microtubules.43,44

Overexpression of MCAK suppresses lagging chromosomes and
aneuploidy owing to the loss of Chk2.17 However, our result
indicates that mitotic activation of DNA-PKcs is independent of
Aurora-B regulation (data not shown), suggesting that the DNA-
PKcs-Chk2–Brca1 axis acts parallel to the Aurora-B pathway to
suppress aberrant microtubule attachment and facilitate
chromosomal stability. It has also been reported that Aurora-A
kinase phosphorylates Brca1 during mitosis and attenuates its E3
ubiquitin ligase activity.45 It is possible that DNA-PKcs and Aurora-
A are required for a balanced Brca1 activity for optimal regulation
of microtubule dynamics and k-MT attachments in mitosis.

It is conceivable that the defect in this DNA-PKcs-Chk2–Brca1
signaling pathway will result in chromosomal instability, which not
only is a hallmark of cancer cells but also an early event and the
driving force for tumorigenesis.46 The connection of Chk2 and
Brca1 to cancer development has been well documented, as they
have been recognized as multiorgan cancer susceptibility
genes.47,48 In addition, a growing body of evidence has
implicated a role of DNA-PKcs in tumorigenesis.49 For example,
progressive loss of DNA-PKcs expression has been correlated to
the advancement in ovarian cancer development.50 Loss of DNA-
PKcs expression has also been found in gastric tumors and
correlated to a frameshift mutation of the poly(A)10 tract, as well
as microsatellite instability, tumor progression and poor patient
survival.51,52 In addition, reduction in DNA-PKcs activity in
peripheral blood lymphocytes has been associated with an
increase in chromosomal instability and cancer risk.53,54

Consistent with these analyses, DNA-PKcs kinase inhibition with
small-molecule inhibitor not only attenuated mitotic Chk2

Figure 6. DNA-PKcs deficiency renders cells resistant to paclitaxel.
(a) HCT116 and DNA-PKcs� /� cells were treated with indicated
concentrations of paclitaxel and were analyzed for clonal survival
ability. (b) HCT116 and DNA-PKcs� /� cells were treated with
paclitaxel for 72 h, and viability was determined using an MTT assay.
***Po0.001; ****Po0.0001.
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phosphorylation (Figure 1) but also impaired chromosomal
alignment and prolonged mitosis progression.24 The current
study thus provides a molecular mechanism that DNA-PKcs-
dependent Chk2–Brca1 signaling pathway is critical for proper
chromosomal segregation during mitosis and contributes as a
barrier against chromosomal instability and tumorigenesis.

In summary, our study suggests that DNA-PKcs is the upstream
activator of Chk2 and Brca1. The DNA-PKcs-Chk2–Brca1 pathway
has an important role in the maintenance of chromosome stability
through the regulation of centrosome homeostasis and proper
microtubule attachment to the kinetochore. Our results also
highlight the role of DNA-PKcs in the control of microtubule
dynamics and the response to microtubule damage.

MATERIALS AND METHODS
Cell lines and treatment
Human cervical cancer HeLa cells, human colorectal carcinoma HCT116
cells and derivative cells55 were maintained in a-minimum essential
medium supplemented with 10% fetal bovine serum and penicillin/
streptomycin in a humidified incubator at 37 1C with 5% CO2. For mitosis
synchrony, cells were treated with 50 ng/ml nocodazole (Sigma, St Louis,
MO, USA) for 16 h; in certain experiments, cells were treated for an
additional 2 h with kinase inhibitors before harvest. Cells were treated with
ionizing radiation using a Mark-II Cesium-137 irradiator (J L Shepherd and
Associates) with or without a 30-min pretreatment with kinase inhibitors.
Cells were harvested at 1 h after irradiation. Cell transfection with siRNA
oligonucleotides or constructs for expression of Chk2 or Brca118 was
performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Small inhibitory RNA (siRNA)
oligonucleotides against DNA-PKcs were previously described.24

Immunoblotting and antibodies
Whole-cell lysate preparation and western blotting were performed as
previously described.22,24 For immunofluorescent staining, cells were
grown on poly-D-lysine-coated culture slides (BD Pharmingen, San
Diego, CA, USA), washed in phosphate-buffered saline (PBS), fixed in PBS
containing 4% paraformaldehyde, permeabilized in 0.5% Triton X-100 and
blocked in PBS containing 5% bovine serum albumin. The cells were
incubated with indicated primary antibodies for 2 h at room temperature,
washed with PBS and incubated with Alexa-568- and Alexa-488-
conjugated secondary antibodies for 1 h (Invitrogen). Cells were then
washed with PBS and mounted in Vectashield mounting medium with 4,6-
diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA).
Images were acquired from a Zeiss AxioImager M2 microscope system
equipped with a Plan-Apochromat 63� /NA 1.40 objective, an AxioCam
MRm CCD camera and AxioVision software (Carl Zeiss, Oberkochen,
Germany). Anti-Chk2 total (Cell Signaling, Beverly, MA, USA), anti-
phosphorylated Chk2 at Thr68 (Cell Signaling), anti-phospho-histone H3
(EMD Millipore, Billerica, MA, USA), anti-b-actin (Sigma) and anti-Brca1 total
(Santa Cruz, Dallas, TX, USA) antibodies were purchased from the indicated
vendors. Antibodies against total and phosphorylated forms of DNA-PKcs
were described previously.22

Microtubule nucleation assay
Cells were treated with cold medium containing 10 mg/ml nocodazole for
40 min, washed with PBS and added to prewarmed fresh medium without
nocodazole to allow microtubule regrowth. Cells were fixed at the
indicated time and subjected to immunofluorescent staining as described
above.

Clonogenic survival and MTT cell proliferation assays
Exponentially growing cells were trypsinized and counted. HCT116 cells
were diluted serially to appropriate concentrations, plated into 60-mm
dishes in triplicate and treated with paclitaxel (0.5, 1, 2 and 6 nM). Cells
were fixed at 10–14 days and were stained with 4% formaldehyde in PBS
containing 0.05% crystal violet. Colonies containing 450 cells were
counted. For cell proliferation assays, 1� 104 cells were seeded per well in
a 96-well plate. Cells were cultured with paclitaxel for 72 h, and then were
analyzed for viability using the previously described MTT assay.56
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