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Summary Check point kinases (Chk) play a major role in
facilitating DNA repair upon radiation exposure. We tested
the potency of a novel inhibitor of Chk1 and Chk2, XL-844
(provided by Exelixis Inc., CA, USA), to radiosensitize
human cancer cells grown in culture and investigated the
underlying mechanisms. HT-29 cells (a human colon cancer
line) were exposed to XL-844, radiation, or both, and
assessed for clonogenic cell survival. Treatment-dependent
effects on phosphorylated forms of Chk proteins were
assessed by Western blots. Further mechanistic investiga-
tions in HT-29 cells included cell cycle analysis by
flowcytometry and assessment of DNA repair kinetics by
immuno-cytochemistry (ICC) for nuclear appearance of the
phosphorylated form of histone 2AX protein (γ-H2AX)
staining. Cells undergoing mitotic catastrophe were identi-
fied by irregular pattern of mitotic spindle markers α and
γ-tubulin staining by ICC. XL-844 enhanced radiosensitivity
in a dose and schedule-dependent manner and the enhance-
ment factor was 1.42 at 0.5 survival fraction. Mechanistically
XL-844 abrogated radiation-induced Chk2 phosphorylation,
induced pan-nuclear γ-H2AX, and prolonged the presence of
radiation-induced γ-H2AX foci, and promoted mitotic catas-
trophe. In conclusion, our data showed that inhibition of Chk2

activity by XL-844 enhanced cancer cell radiosensitivity that
was associated with inhibition of DNA repair and induction of
mitotic catastrophe.
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Introduction

Check point kinases 1 and 2 (Chk1 and Chk2) play a major
role in mediating the signal transduction pathways that are
activated upon DNA damage induced by cytotoxic agents
such as radiation [1]. Radiation-induced cascade of molec-
ular events are attributed to the activation of ataxia
telangiectasia, mutated (ATM) or ATM and Rad3-related
(ATR) proteins [2–6], which thus lead to the phosphorylation
of Chk proteins [7–9]. Chk1 and/or 2 activation leads to
cdc-2 (Cdk1) inhibition through inactivation of cdc25 by
phosphorylation thereby causing G2-arrest [10]. Cdc-2 is a
cyclin-dependent kinase (CDK) which, when bound to
cyclin B, allows a dividing cell to enter into mitosis from
G2 cell cycle phase.

Radiation-induced cell cycle arrest in the G2 phase
enables the cells to undertake DNA repair processes before
entering into mitosis to ensure genomic stability resulting in
increased cell survival, thus antagonizing the effects of
radiation [11, 12]. Premature entry into mitosis may result
in mitotic catastrophe, associated with the formation of
large cells, lobulated micronuclei, multi- or unipolar
spindles, and/or lagging chromosomal material and subse-
quently in cell death. The inhibition of Chk proteins in
cancer cells is therefore a rational approach to sensitizing
these cells to radiation-induced cell killing. XL-844
(formerly, EXEL-9844) is a novel agent that selectively
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inhibits the kinase activity of Chk proteins [13]. As a single
agent, XL-844 exhibited moderate antitumor activity in
pancreatic cancer cells; however, when combined with
gemcitabine, a chemotherapeutic agent, XL-844 displayed a
synergistic effect on clonogenic cell survival and substan-
tially enhanced gemcitabine-induced cell killing [13]. In
addition, XL-844 increased the gemcitabine-induced DNA
damage, blocked cdc25A phosphorylation, abrogated the
gemcitabine-induced S phase checkpoint and induced
premature mitotic entry [13].

However, no studies of the effect of XL-844 given with
radiation therapy have been performed so far. A report on a
broad-spectrum serine-threonine kinase inhibitor 7-hydroxy-
staurosporine, also known as UCN-01, showed a synergistic
interaction with radiation that was associated with inhibition
of Chk activity [14]. A recent report showed that inhibition of
Chk-2 using PV1019 potentiated the effects of camptothe-
cins and radiation [15]. Recently, XL-844 entered into phase
I clinical trials along with two other Chk inhibitors,
AZD7762 and PF00477736 [16]. The present study was
undertaken to determine the efficacy of XL-844 in enhancing
the sensitivity of human HT-29 colon carcinoma cells to
radiation and also to investigate the underlying cellular
mechanisms of this sensitization.

Materials and methods

Cell culture

Human cancer cell line, HT-29 (colorectal adenocarcinoma)
was obtained from American Type Culture Collection,
(Manassas, VA). Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM)/F-12 medium supplemented with
fetal calf serum (10%) and penicillin-streptomycin
(10,000 U/mL).

XL-844

XL-844 was obtained from Exelixis Inc. (CA, USA) as a
10 mM solution dissolved in dimethyl sulfoxide (DMSO)
and stored at −20°C. Dilutions of XL-844 for the treatment
of cells were made using DMSO and culture media.

Clonogenic cell survival assays

Cells in culture were exposed to XL-844 (500 nM or
1,500 nM) for 16 h, radiation treatment (γ-rays using a
137Cs source, 3 Gy/min) of 2 Gy, 4 Gy, or 6 Gy, or a
combination of both. Three different schedules were tested.
(1): Cells were pretreated with 500 nM or 1,500 nM of XL-
844 for 16 h followed by removal of the drug and then
radiation exposure. (2): Cells were exposed to radiation first

and immediately after radiation, XL-844 was added to the
cells and incubated for 16 h. (3): Cells were exposed to
radiation and 24 h later, cells were treated with XL-844 for
16 h. After treatments, cells were assayed for colony-
forming ability by trypsinizing and replating them in
specified numbers in 100-mm dishes in drug-free medium.
After 10–12 days of incubation, the cells were stained with
0.5% crystal violet in absolute ethanol, and colonies with
more than 50 cells were counted under a dissection
microscope. Radiation survival curves were plotted after
normalizing for the cytotoxicity induced by XL-844 alone.
Clonogenic survival curves were constructed from at least
two or three independent experiments by fitting the average
survival levels using least-squares regression by the linear
quadratic model [17].

Western blot analysis

Cells were exposed to γ-radiation followed by XL-844
treatment. Cells were collected 30 min after treatment.
Whole cell lysates were subjected to Western blot analysis.
The immunoreaction was visualized using an ECL-Plus
detection system (Amersham, Arlington Heights, IL, USA)
and analyzed using a Typhoon 9400 Scanner (Molecular
Dynamics, Sunnyvale, CA, USA).

Apoptosis and cell-cycle analysis

Cells were plated in 100-mm dishes and treated with XL-
844 (1,500 nM), γ-radiation, or both, where the cells were
exposed to radiation and immediately after irradiation XL-
844 was added to the culture media. Cells were subjected to
terminal deoxy-nucleotidyltransferase (TdT) dUTP nick-
end labeling (TUNEL) assay 16 h after treatment. An Apo-
Direct kit (Pharmingen, San Diego, CA, USA) was used
following the manufacturer’s protocol, including that for
staining with propidium iodide for cell-cycle analysis. Cells
were analyzed by flow cytometry to quantify the numbers
of apoptotic cells and the distribution of cells throughout
the cell cycle.

Immuno-cytochemical analysis

Cells were grown on cover slips placed in 35-mm dishes for
48 h and then treated with XL-844, radiation, or both. After
an incubation period of 30 min, 4 h or 16 h, the cells were
fixed in 1% paraformaldehyde first and then in 70% ethanol
and processed for immuno-fluorescent staining. Then the
cells were exposed to 1% Igepal. After washing with
phosphate buffered saline (PBS), cells were exposed to 5%
bovine serum albumin (BSA) in PBS before the primary
antibody incubation. The primary antibodies (1:300 dilution)
used were rabbit anti-phosphorylated histone H2AX
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(γ-H2AX) (Trevigen Inc., Gaithersburg, MD), mouse anti-α-
tubulin (B7) (Santa Cruz) and mouse anti-γ-tubulin (clone
GTU-88) (Sigma-Aldrich, St. Louis, MO). After overnight
incubation in primary antibodies the cells were washed with
PBS and then exposed to the appropriate secondary anti-
bodies. The secondary antibodies (1:500 dilution) used were
fluorescein isothiocyanate (FITC) conjugated donkey anti-
rabbit immunoglobulin (IgG) (Jackson ImmunoResearch
Labs., West Grove, PA, USA) for γ-H2AX and Texas Red
anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA)
for both α-tubulin and γ-tubulin.

Statistical analysis

Statistical analysis was conducted using Student’s t test.
Group differences resulting in p values of less than or equal
to 0.05 were considered to be statistically significant.

Results

XL-844 enhanced the sensitivity of HT-29 cells to radiation

To test the efficacy of XL-844 in enhancing cell radiosen-
sitivity, cells were exposed to XL-844, radiation, or both.
As a single agent XL-844 did not induce measurable
amount of cell killing. However, it suppressed clonogenic-
ity of these cells that was apparent in the reduced plating
efficiency (PE) of XL-844 treated cells in clonogenic cell
survival assay. When XL-844 was applied to these cells for
16 h, the PE of HT-29 cells was reduced to 93.7% (when a
dose of 500 nM was used) and 90.7% (at a dose of
1,500 nM) of that seen in untreated controls. When
combined with radiation, XL-844 elicited its radiosensitiz-
ing effect in a schedule-specific manner. To determine the
optimal time of application of XL-844 in conjunction with
radiation exposure, and also to determine the mode of
interaction of Chk and radiation pathways, three different
experimental schedules were applied: XL-844 given prior
to, immediately after, or 24 h after irradiation. Radiation
alone caused a dose-dependent reduction in cell survival.
As far as dosing was concerned, 500 nM of XL-844 was
not effective in enhancing the radiosensitivity of HT-29
cells (data not shown), however, 1,500 nM of XL-844 was
effective in enhancing the radiosensitivity, which was
schedule-dependent. When XL-844 was administered for
16 h before or 24 h after irradiation, no enhancement in the
cellular radiosensitivity was observed (data not shown), but,
when XL-844 was applied immediately after radiation
exposure and left in the culture media for the next 16 h,
HT-29 cells exhibited enhanced radiosensitivity (Fig. 1).
The curves representing the effect of XL-844 plus radiation
were normalized, i.e., the colony number after drug alone

was used as 1 (100% survival). The enhancement factor
was calculated at the surviving fraction of 0.5 by dividing
radiation dose of the control curve with that of the
corresponding XL-844 plus radiation curves. The enhance-
ment factor was 1.42. Treatment with XL-844 (1,500 nM)
modified the shape of the cell survival curve by reducing
the “shoulder” region on the survival curve.

XL-844 inhibited the Chk2 signaling pathway

To determine the effect of XL-844 and radiation on Chk
kinases, cells were exposed to XL-844 (1,500 nM), 4 Gy of
radiation, or both (XL-844 was added to the cells
immediately after irradiation). Cells were collected 30 min
after treatments and whole cell lysates were subjected to
Western blot analysis. Radiation-induced Chk2 phosphory-
lation (p-Chk2) involving threonine 68 (Thr-68), was
almost completely inhibited by XL-844 (Fig. 2). Interest-
ingly, analysis of Chk1 phosphorylation (p-Chk1) involving
serine 345 (Ser-345) showed that XL-844 alone and in
combination with radiation significantly increased the
expression levels of p-Chk1. Analysis of the levels of
phosphorylated forms of cyclin-dependent kinase-1 (p-
cdk1, also known as p-cdc2) showed that the cells
expressed constitutively high levels of cdc2, phosphorylat-
ed at tyrosine15 (Tyr-15) (Fig. 2). Exposure to radiation did
not alter the Tyr-15 phosphorylation of cdc2 protein.
However, the phosphorylation of threonine 161 (Thr-161)
residue of cdc2 protein was up regulated by radiation alone
and also in combination with XL-844 suggesting activation
of cdc2 by both treatments.
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Fig. 1 Effect of XL-844 on radiosensitivity of HT-29 cells in culture.
Exponentially growing cells were exposed to radiation first and
immediately after irradiation, they were treated with XL-844
(1,500 nM) for 16 h. Then, cells were trypsinized and replated in
specific numbers for colony formation in drug free media. Twelve
days later colonies were stained, counted and survival curves were
constructed with normalized values for the cytotoxicity induced of
XL-844 alone. Values shown are the means ± SE from three
independent experiments
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XL-844 suppressed the radiation-effect on cell-cycle
redistribution, but no induction of apoptosis

To test whether Chk-inhibition induced apoptosis and / or
altered cell-cycle distribution, cells were treated with
1,500 nM of XL-844 alone, 6 Gy of radiation alone, or
the combination of both. Cells were subjected to TUNEL
assay and cell-cycle analysis by flowcytometry16 h after
treatment. XL-844 (1,500 μM, 16 h) as a single agent as
well as in combination with 6 Gy-radiation did not induce
apoptosis in these cells. However it suppressed radiation-
induced alterations in cell cycle distribution. As shown in
Fig. 3, radiation at a dose of 6 Gy caused cells to
accumulate in the G2 phase of the cell-cycle, increasing
from a control value of 10.5% to 52%. However,
combination treatment with XL-844 and radiation resulted
in only 32% of cells accumulated in the G2 phase,
suggesting that XL-844 treatment suppressed partially the
effect of radiation.

XL-844 induced pan-nuclear γ-H2AX and prolonged
the presence of radiation-induced γ-H2AX-foci

To investigate whether the radioenhancement induced by
XL-844 involved inhibition of DNA repair, HT-29 cells
were subjected to γ-H2AX staining, a marker for DNA
double strand breaks (DSBs). At different time points after
treatment with XL-844, radiation, or both, cells were
processed for immuno-cytochemical analysis. Figure 4a
illustrates representative nuclei of each treatment condition
at 30 min, 4 h or 16 h after the treatments. The immuno-
reaction with γ-H2AX was visualized using FITC-conjugated
secondary antibody. Whereas, untreated control cells

exhibited no γ-H2AX foci or pan-nuclear γ-H2AX, exposure
of cells to 6 Gy of radiation induced formation of γ-H2AX
foci minutes after irradiation that was considerably reduced by
4 h and 16 h after irradiation (Fig. 4a, red arrow). XL-844
treatment alone did not induce any γ-H2AX foci formation,
but, it generated the appearance of pan-nuclear γ-H2AX by
4 h, which was extended up to 16 h time point after
treatment (Fig. 4a white arrow). Quantification of γ-H2AX
foci showed that radiation exposure induced the appearance
of γ-H2AX foci in >90% of nuclei and the presence of XL-
844 did not have any significant effect at 0.5 h time point
(Fig. 4b). By 4 h after irradiation, the number of nuclei with
γ-H2AX foci had decreased to 31%. When the cells were
exposed to radiation and XL-844 treatments, the number of
nuclei with γ-H2AX foci plus the number of nuclei showing
pan-nuclear γ-H2AX together (γ-H2AX positive) was 52%
at 4 h, which was 21% more than the number generated in
cells that were exposed to radiation only (Fig. 4b). Quanti-
fication of pan-nuclear appearance of γ-H2AX showed that
by 4 h after XL-844 treatment, 3% of cells exhibited pan-
nuclear γ-H2AX staining that was extended to 9% of cells
by 16 h (Fig. 4c). By 16 h, the appearance of pan-nuclear
γ-H2AX generated by XL-844, made it impossible to
visualize γ-H2AX foci. Combination treatment with radia-
tion and XL-844 had a profound effect on the formation of
pan-nuclear γ-H2AX, with 25% of nuclei exhibiting pan-
nuclear γ-H2AX (p=0.0002) (Fig. 4c).

XL-844 and radiation induced mitotic catastrophe

To determine whether XL-844 and radiation treatments
resulted in mitotic catastrophe, co-staining with α- or γ-
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Fig. 2 Expression levels of Chk2, Chk1 and cdc2 proteins and their
phosphorylated forms by Western blot analysis. Cells were exposed to
4 Gy, XL-844 (1,500 nM), or both (irradiation followed by XL-844
treatment), and collected 30 min after treatments. Cell lysates were
analyzed for protein expression. Data shown are representative of
three independent experiments
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Fig. 3 Cell cycle redistribution in HT-29 cells. Cells were treated with
6 Gy of radiation, XL-844 (16 h, 1,500 nM), or both (irradiation,
immediately followed by XL-844 treatment for 16 h). Then, cells were
trypsinized and fixed in 70% ethanol. After washing, cells were
exposed to propidium iodide/RNase solution before performing flow
cytometry analysis. G1: Black; S: White; G2: Striped. Data shown are
representative of two independent experiments
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tubulin (with Texas red) and γ-H2AX (with FITC, green)
were performed. Further, DNA was stained with Dapi
(blue). In the untreated control cell population, about 7% of
cells stained positive with α-tubulin (red), showing the
presence of well-defined two polar bodies with interpolar
microtubules in the anaphase of mitosis showing normal
anaphase components (red arrow in Fig. 5a). Whereas, the
number of cells that stained positive for α-tubulin was not
altered by XL-844 treatment, the staining patterns were
different. Treatment with XL-844 alone or in combination
with radiation induced atypical staining with α-tubulin
(red) with abnormal spindle anatomy and it was associated
with pan-nuclear γ-H2AX (green) staining (white arrows,
Fig. 5a). In addition, staining of the DNA (blue) showed
that XL-844 alone or in combination with radiation induced
an uneven chromatid distribution along with atypical α-

tubulin (which was co-stained with red) (white arrow-head,
Fig. 5a). Quantification of the number of cells with
α-tubulin, γ-H2AX, and co-staining of both showed that
radiation treatment induced a small increase in the number
of cells stained with α-tubulin with mostly normal bipolar
anatomy (7% in controls and 10% with 6 Gy of radiation).
Interestingly, combined treatment with XL-844 Gy and
6 Gy of radiation dramatically increased the number of
α-tubulin-positive cells from 7% to 18% (Fig. 5b), and the
localization of α-tubulin was not confined to microtubular
spindles and polar bodies, but was also observed as
irregular staining independent of polar bodies. When the
images of samples stained with each of these two markers,
γ-H2AX and α-tubulin, were merged, it was evident that
most of the cells showing aberrant α-tubulin staining also
stained positive for pan-nuclear γ-H2AX (Fig. 5b).

γ-
H

2A
X

 p
o

si
ti

ve
 c

el
ls

 (
%

)

0

20

40

60

80

100 6 Gy
6 Gy +XL

p
an

-n
u

cl
ea

r 
γ-

H
2A

X
 (

%
)

0

5

10

15

20

25

30

XL 
6 Gy + XL 

*

* * *

* *

0.5 h                   4 h 4 h                     16 h

Time after treatment Time after treatment

(B) (C)

6 Gy

4h

XL + 6 Gy

XL-844

30min 16h

Control

(A)Fig. 4 Immuno-cytochemical
analysis for γ-H2AX staining. a
HT-29 cells were treated with
6 Gy, XL-844 (1,500 nM), or
both (irradiation followed by
XL-844 treatment). Cells were
fixed 30 min, 4 h, or 16 h after
treatments and stained for
γ−H2AX (green). Shown are
representative nuclei containing
γ−H2AX foci (red arrow) and/
or pan nuclear γ−H2AX (white
arrow). b Quantification of
γ-H2AX positive cells at 0.5 h
and 4 h (including pan-nuclear
γ-H2AX) after 6 Gy alone or
6 Gy + XL-844 (*p=0.007).
c Quantification of cells
displaying only pan-nuclear
γ-H2AX at 4 and 16 h after
treatment with XL-844 alone or
both 6 Gy + XL-844. The
graphs show the means ± SE of
three independent experiments.
For every experiment at least
200 nuclei were counted per
treatment condition. **p=0.009,
***p=0.0002
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Treatment-induced mitotic catastrophe was further
evident when the cells were co-stained with γ-tubulin and
γ-H2AX. As shown in Fig. 5c, combination treatment
evoked the appearance of other nuclear phenotypic changes

representing mitotic catastrophe, such as formation of large
cells, lobulated micronuclei, multi- or unipolar spindles (red
stain, black arrows) and/or lagging chromosomal material
(blue stain, white arrows). Interestingly, most of the nuclei
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Fig. 5 Immuno-cytochemical
analysis for γ-H2AX, α-tubulin
and γ-tubulin staining. a Cells
were co-stained for the
expression of α-tubulin
(Texas-red) and γ-H2AX
(FITC-green) at 16 h after
treatment with 6 Gy, XL-844, or
both (irradiation followed by
XL-844 treatment). DNA is
stained using Dapi (blue). Red
arrow: α-tubulin staining (red),
normal interpolar spindles at
anaphase; green arrow: γ-H2AX
foci; white arrows: atypical
α-tubulin staining (red) co-
stained with pan-nuclear
γ-H2AX (green). white thick
arrow-head: co-staining of
atypical α-tubulin (red) and
DNA (blue), showing uneven
chromatid distribution.
b Quantification of nuclei
positive for abnormal α-tubulin
staining and co-staining of
α-tubulin and pan-nuclear
γ-H2AX. c Representative
nuclei displaying signs of
mitotic catastrophe with
abnormal staining of γ-tubulin
(red stain, black arrows),
γ-H2AX (green stain, green
arrows) and DNA (blue stain,
white arrows) 16 h after the
combined treatment with
XL-844 and radiation
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that exhibited, features of mitotic catastrophe also showed
pan-nuclear γ-H2AX staining (green stain, green arrows).

Discussion

The present study explored the ability of XL-844, a novel
Chk inhibitor, to enhance the sensitivity of HT-29 cells to
irradiation and also investigated the underlying mechanisms
therein. XL-844 improved cell radiosensitivity when ad-
ministered immediately after irradiation. Neither pre-
irradiation administration of XL-844 with discontinuation
just before irradiation nor administration of XL-844
beginning 24 h after irradiation was effective in enhancing
cell radiosensitivity, suggesting that XL-844 may enhance
cell radiosensitivity by interfering with the cellular repair
capacity immediately after irradiation. As an inhibitor of
Chk kinases, XL-844 interferes with the interactions
between Chk proteins and their downstream effector
proteins, leading to premature cell progression through the
cell-cycle to mitosis. In our model cell system, Chk2, rather
than Chk1 appeared to be activated by irradiation that was
suppressed by XL-844. This finding is consistent with
reports of irradiation activating Chk2, and to a lesser extent,
Chk1, in mammalian cells [8, 9, 18]. It is well established
that Chk2 is phosphorylated and activated in response to
DNA damage in an ATM-dependent manner [7, 19, 20].
Previous reports have shown that inhibition of Chk kinases
successfully sensitizes human tumor cells to cytotoxic
chemotherapy [21–23] and ionizing radiation [24–26].
Whereas, most chemical inhibitors are known to inhibit
other kinases as well, siRNA and knockdown studies,
targeting specifically Chk proteins, have established Chk
kinases as promising therapeutic targets for improving
tumor cell response to some cancer therapies.

Specific inhibitors of Chk kinases have been developed
recently and found to exhibit synergistic effect when
combined with some cytotoxic chemotherapeutic agents
(see review, [16]). Mathews et al. [13] recently showed that
XL-844 enhanced the cytotoxic effects of gemcitabine
chemotherapy. Here we report for the first time that XL-
844 enhanced human cancer cell radiosensitivity primarily
via Chk2 inhibition. At the molecular level, XL-844
inhibited radiation-induced activation of Chk2, which led
to activation of cdc2 further downstream and promoted the
premature entry of cells into mitosis. The cdc2 kinase is
inhibited downstream of Chk1/2 signaling, and activation
of cdc2 requires a multistep process that includes phos-
phorylation of cdc2 at Thr-161 [27–30] after dephosphor-
ylation at Tyr-15 [30, 31]. Our data showed that cdc2 was
constitutively phosphorylated at Tyr-15 in HT-29 cells that
was not affected by XL-844 and/or radiation. However, we
found an increase in the level of cdc2 phosphorylated at

Thr161 which is considered a step in the activation of cdc2.
Thus, the underlying mechanisms of phosphorylation of
cdc2 at dual sites (Tyr-15 as well as Thr-161) need further
investigation.

Interestingly, XL-844, despite being a Chk inhibitor, did
not inhibit phosphorylation of Chk1 (Ser-345), but rather
promoted it when tested 30 min after drug exposure. This
finding is consistent with that from a previous study
demonstrating XL-844-induced phosphorylation of Chk1
(Ser-317) in PANC-1 cells [13]. However, it is not clear
whether the phosphorylation of Chk1 at these sites indicates
the activation of Chk1.

The mechanisms of XL-844-induced radiosensitization
in our model system appeared to involve inhibition of DNA
repair and induction of mitotic catastrophe. Inhibition of
DNA repair is one of the major mechanisms by which
radiosensitizing agents increase the radiation-induced cell
killing in many tumor cell types [32, 33]. Early responses
of cells to radiation-induced DNA damage include phos-
phorylation of H2AX at Ser-345 (γ-H2AX) and accumu-
lation of γ-H2AX at the site of DSBs forming γ-H2AX
foci. Upon initiation of repair of these DSBs, γ-H2AX
undergoes dephosphorylation. Prolongation of the presence
of γ-H2AX in the nucleus indicates the presence of
unrepaired DSBs that may lead to cell death. Treatment
with XL-844 either alone or in combination with 6 Gy of
radiation induced appearance of massive levels of pan-
nuclear γ-H2AX and irradiation-induced γ-H2AX foci.
Similar pan-nuclear γ-H2AX expression was reported
previously after treatment with another Chk inhibitor,
CEP-3891, in human U2-OS osteosarcoma cells [34].

Staining of tubulin subunits showed that XL-844 and
radiation treatments resulted in an increase in the number of
cells expressing atypically distributed tubulin subunits.
Such expression of tubulin subunits has been described in
cells undergoing mitotic catastrophe [35–38]. The induction
of mitotic catastrophe with abnormal mitotic cells [39–41]
may result in apoptosis or other forms of cell death [34, 42,
43]. Mitotic spindle apparatus constitutes microtubules with
α- and β-tubulin subunits and centrosomes with γ-tubulin
[44, 45]. Our data on co-staining of tubulin subunits (α or
γ) and γ-H2AX after treatments with XL-844 and radiation
showed the presence of damaged DNA in mitotic cells (co-
stained with α-tubulin) undergoing mitotic catastrophe as
shown by an abnormal number of centrosomes (co-stained
with γ-tubulin). Consistent with our results, Castedo et al
[39] showed that Chk2 was a negative regulator of mitotic
catastrophe in Hela and HT116 cells. Chemical inhibition of
Chk2 or transfection with a dominant-negative Chk2 mutant
induced mitotic catastrophe and sensitized proliferating cells
to doxorubicin [39].

In conclusion, this is the first study demonstrating in
vitro sensitization to the effects of radiation by XL-844.
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The mechanism of radiosensitization included inhibition of
DNA repair and induction of premature mitotic entry,
leading to mitotic catastrophe. These data suggest that XL-
844 has the potential to increase tumor response to
radiotherapy and warrants further investigation using in
vivo tumor models.
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