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ionizing radiation; NHEJ, non-homologous end-joining; PFGE, pulsed-field gel

electrophoresis,

PIKK, phosphoinositide 3-kinase related kinase.
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Abstract

NK314 is a benzo[c]phenanthridine alkaloid that inhibits topoisomerase Ila, leading to
the generation of DNA double-strand breaks (DSBs) and activating the G2 checkpoint
pathway. The purpose of the present studies was to investigate the DNA intercalating
properties of NK314, to evaluate the DNA repair mechanisms activated in cells that may
lead to resistance to NK314, and to develop mechanism-based combination strategies to
maximize the antitumor effect of the compound. A DNA unwinding assay indicated
that NK314 intercalates in DNA, a property that likely cooperates with its ability to trap
topoisomerase llo in its cleavage complex form. The consequence of this is the
formation of DNA DSBs, as demonstrated by pulsed-field gel electrophoresis and H2AX
phosphorylation.  Clonogenic assays demonstrated a significant sensitization in
NK314-treated cells deficient in DNA-PKcs, Ku80, ATM, BRCA2, or XRCC3,
compared with wild-type cells, indicating that both non-homologous end-joining (NHEJ)
and homologous recombination (HR) DNA repair pathways contribute to cell survival.
Furthermore, both the DNA-PK inhibitor, NU7441 and the ATM inhibitor, KU55933
significantly sensitized cells to NK314. We conclude that DNA-PK and ATM
contribute to cell survival in response to NK314, and could be potentia targets for

abrogating resi stance and maximizing the anti-tumor effect of NK314.
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Introduction

NK314 is a novel synthetic benzo|c]phenanthridine alkaloid that has been shown to
inhibit topoisomerase lla activity by stabilizing the topoisomerase Il cleavage complex
and generating DNA double-strand breaks (DSBs), which activate the G2 DNA damage
checkpoint pathway and lead to cytotoxicity (Fig. 1A) (Guo et al., 2007; Toyoda €t al.,
2008). The specific topoisomerase Ila targeting activity of NK314, and lack of activity
against topoisomerase I3 (Toyoda et al., 2008), distinguishes its actions from other
topoisomerase Il inhibitors such as etoposide and doxorubicin, in that inhibition of
topoisomerase |1 is associated with secondary malignancies and toxicity (Azarova et al.,
2007). NK314 also showed activity towards tumors resistant to other topoisomerase ||
inhibitors (Onda et al., 2008). Because NK314 has been demonstrated to induce rapid
and extensive DNA DSBs (Guo et al., 2007; Onda et al., 2008), further investigation of
the response of DNA repair pathways to NK314 is needed to understand the cell survival

and resistance mechanisms, and develop mechanism-based combination strategies.

DNA DSBs are considered to be the most lethal DNA damage if they are not repaired
properly, because they lead to the formation of chromosomal aberrations that then cause
cell death due to a loss of genetic material. DSBs are repaired either through
homologous recombination (HR) or non-homologous end-joining (NHEJ) (Khanna and

Jackson, 2001).  HR requires the presence of an identical sequence, often from a sister
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chromatid available in late S or G2 phase after DNA replication, as a template for repair
of thebreak. ATM (ataxiatelangiectasia mutated) plays an important role in HR and is
required in the activation of the HR repair pathway in response to ionizing radiation (IR)
(Morrison et al., 2000). Other important proteins involved in HR include RAD51,
BRCA2 and XRCC3 (San Filippo et al., 2008). In contrast, NHEJ does not need
homol ogous sequences to repair damaged DNA.  In NHEJ, DNA breaks are joined after
resection to small regions of homology (Ahnesorg et al., 2006; Chen et a., 2000).
Although NHEJ is error-prone, it is especially important before the cell has replicated its
DNA, because there is no template available for repair by homologous recombination.
The DNA-dependent protein kinase (DNA-PK) is a key component of the NHEJ
apparatus promoting the joining of broken DNA ends (Durocher and Jackson, 2001).
DNA-PK comprises a catalytic subunit (DNA-PKcs), and regulatory subunits Ku70 and
Ku80. Ku 70 and Ku80 bind directly to free DNA termini and activate DNA-PKcs to

form the DNA-PK complex (Collis et al., 2005).

DNA DSB repair pathways are crucial for the maintenance of genome integrity and
cell survival. Impairing DSB repair pathways using specific inhibitors of repair proteins
might sensitize tumor cells to particular DNA-damaging agents, especialy those that
induce DSBs. Thus, inhibitors of ATM and DNA-PK are being developed as potential

therapeutics for the treatment of cancer (Ding et al., 2006). Inhibition of ATM may
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disrupt the HR repair pathway and sensitize cells to DSB-inducing agents. DNA-PK,
ATM and ATR (ATM and Rad3-rdlated) all belong to the PIKK (phosphoinositide
3-kinase related kinase) family and are DNA damage sensors functioning in different
pathways. Recently, a small-molecule inhibitor of ATM (KU55933) has been shown to
sensitize cells to ionizing radiation, etoposide, doxorubicin, and camptothecin (Hickson
et a., 2004). Severa small-molecule inhibitors of DNA-PKcs have also been developed,
including NU7441, which sensitizes cells to IR and etoposide, increases DSBs, and
increases the anti-tumor activity of etoposide in vivo (Leahy et al., 2004; Zhao €t al.,
2006). Inhibitors of these repair pathways are being prepared to enter clinical trials,
offering the promise of mechanism-based combinations with DNA damaging agents in

cancer therapeutics.

Materials and Methods

Cell culture

ML-1, a human acute myeloid leukemia cell line, was a gift from Dr. Michael B.
Kastan (St. Jude Children's Research Hospital, Memphis, TN) (Kastan et al., 1991).
OCI-AML3 was kindly provided by Dr. Michad Andreeff (The University of Texas,
M.D. Anderson Cancer Center, Houston, TX) (Carter et a., 2001). ML-1 and

OCI-AML3 cells were maintained in exponential growth phase in RPMI-1640 medium
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supplemented with 10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere
with 5% CO,. AT22IJE-T (AT-C), a fibroblast cell line derived from a patient with
ataxia telangiectasia, and lines stably transfected with full-length ATM cDNA
(AT22IJE-TpEBS7-YZ5, AT-AT) were gifts from Dr. Yosef Shiloh (Te Aviv
University, Isragl) (Ziv et al., 1997), and were cultured in Dulbecco’s modified Eagle
medium (DMEM) with high glucose and 20% FBS. Glioma-derived cell lines M059-K
(wild type) and M059-J (DNA-PKcs deficient) were obtained from Dr. M. J
Allalunis-Turner (Brookhaven National Laboratory, Upton, NY) (Anderson et a., 2001),
and cultured in a-minimum essential medium (MEM) supplemented with 20% FBS.
FO2-98hTERT, an ATR-deficient Seckel fibroblast cell line, and 1BRhTERT ATR
wild-type cells, gifts from Dr. Penny A. Jeggo (University of Sussex, Sussex, UK),were
cultured in a-MEM supplemented with 20% FBS. ATR protein was not detectable in
FO2-98hTERT cells by immunoblotting, consistent with that reported in the original
article (O'Driscoll et al., 2003). Colon carcinoma cell line HCT116 with wild type p53
was provided by Dr. Bert Vogelstein (Johns Hopkins Medical School, MD), and cultured
in McCoy’s 5A with 10% FBS. Cervica cancer cell line HeLa CCL2 was purchased
from the American Type Culture Collection and cultured in MEM with nonessential
amino acids, sodium pyruvate, and 10% fetal bovine serum. CHO line AA8 was
purchased from ATCC (Manassas, VA). AAS8-derived mutant irs1lSF (Xrcc3), Chinese

hamster lung cell line V79 and its mutant VV-C8 (Brca2) were generously provided by Dr.
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R. Legerski (MDACC, TX). xrs6 (Ku80) and xrs6-hamKu80 (Ku80 repleted) CHO
(Ross et a., 1995) were obtained from ECACC (European Collection of Cell Cultures,
Salisbury, Wiltshire, UK).  All hamster cells were maintained in a-MEM supplemented
with 10% FBS. All human cell lines were authenticated by short tandem repeat analysis
at aM. D. Anderson core facility.

Chemicals and antibodies

NK314 was provided by Nippon Kayaku Co. Ltd (Tokyo, Japan). A stock solution
(20 mM) was prepared in 5% glucose solution, sterilized by filtration, stored at —70°C,
and diluted in sterile 5% glucose solution just before use. The DNA-PK inhibitor,
NU7441 was kindly provided by Dr. Graeme C.M. Smith (KuDOS Pharmaceuticals,
Cambridge, UK) (Zhao et a., 2006) and the ATM inhibitor, KU55933 was purchased
from EMD Chemicals (Gibbstown, NJ) (Hickson et al., 2004; Zhao et a., 2006). All
other chemicals were reagent grade.  Sources of antibodies are as follows:
phospho-Ser139 of H2AX (05-507, 05-636; Upstate Biotechnology, Charlottesville, VA),
mouse monoclonal antibodies againgt B-actin (A1978; Sigma-Aldrich, St. Louis, MO),
IRDye 680 goat anti-mouse or IRDye 800CW goat anti-rabbit IgG (Li-Cor Inc., Lincoln,
NE).

DNA unwinding assay

Super-coiled pHOT1 plasmid DNA (0.25 ug; TopoGEN, FL) was incubated with 1 L

of topoisomerase | in reaction buffer composed of 10 mM Tris-HCI (pH 7.9), 1 mM
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EDTA, 0.15 M NaCl, 0.1% BSA (bovine serum albumin), 0.1 mM spermidine, and 5%
glycerol for 30 min at 37°C. Various concentrations of NK314, etoposide and
m-AMSA were added, and the mixture was incubated for another 30 minutes. The
reaction was terminated by the addition of SDS to 1% and digested by 50 pg/mL
proteinase K for 15 min at 56°C. The reaction products were separated on a 1% agarose
gdl, then visualized with 0.5 pg/mL ethidium bromide, and photographed under UV light
(Bauer, 1978; Okuhara et a., 1999). m-AMSA was used as a positive control and
etoposide was used as a negative control.

Pulsed-field gel electrophoresis (PFGE)

Drug-treated cells (1 x 10°) were washed in PBS, resuspended in 0.5 mL of PBS and
mixed with 0.5 mL of 1% agarose. Plugs were cast and cooled at 4°C for 20 minutes
before incubation in 1.5 mL of lysis buffer (1% sarkosyl, 50 mM EDTA, 50 mM
TrissHCI [pH 7.8], and 1 mg/mL proteinase K) overnight at 45°C. The plugs were
loaded into the wells of an 11 x 11 cm, 0.5% agarose gel and sealed in the well with
molten agarose. Electrophoresis was performed in a contour-clamped homogeneous
field (CHEF) DR 1l unit (Bio-Rad, Hercules, CA) at 40V with a 75-minute switch time
for 16 hoursin 0.5 x TBE (tris-borate-EDTA) buffer. Gels were stained with ethidium
bromide (1 png/mL) and photographed under UV light (Schwartz and Cantor, 1984; Story
et a., 1994). Quantitation was done using Kodak 1D 3.5 software (Kodak, Rochester,

NY).

10
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Clonogenic assays

Cells were incubated with different concentrations of drug for a population doubling
time, washed in fresh medium, and dilutions of 500 to 10,000 suspension cells were
plated in 35-mm plastic dishes containing MethoCult H4230 methylcellulose medium
(Stem Cell Technologies, Vancouver, Canada). Adherent cells were plated in 60-mm
Petri dishes containing fresh medium. Colonies of 100 to 200 cells were counted using
a dissecting microscope after 8 doubling times. The plating efficiencies of untreated
controls were 30%-50%. Results are reported as the mean + SD of at least triplicate
plates.

Immunoblotting

Cdl lysates were subjected to isolation by SDS-PAGE and immunoblotting, as
described previously (Guo et al., 2007).

Cell cycle analysis

Cdls were washed with ice-cold PBS (pH 7.4) and fixed in 70% ethanol. Fixed cells
were washed with PBS before incubation with 50 pg/mL  propidium iodide
(Sigma-Aldrich) and 2.5 pg/mL DNase-free RNase A (Roche). Fuorescence was
measured using a Becton Dickinson FACSCalibur flow cytometer. At least 20,000 cells
were measured for each sample.

Statistical analysis

11
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Statistical analyses were performed using the GraphPad Prism 5 software (GraphPad
Software, San Diego, CA). The significance of results was determined using Student’s
paired t-test. Results were considered dgnificant when P<0.05.  Inhibitory
concentration (ICsp and 1Cqp) values were calculated by nonlinear regression (sigmoidal

dose-response curve).

Results
NK314 is a DNA Intercalator

Unwinding of the double strands of the DNA helix is a hallmark feature of intercalating
agents, such as chloroquine, ethidium bromide and m-AMSA. DNA unwinding assays,
originally developed by Pommier, et a. (Pommier et al., 1987), are used to identify
intercalating agents. We applied a modified unwinding assay using the pHOT1 plasmid
as a supercoiled DNA substrate to detect changes in the linking number of topoisomers,
which are generated by relaxation of closed circular DNA with excess topoisomerase |.
The presence of a DNA intercalator alters the distribution of topoisomers. NK314
started decreasing the linking number of topoisomers at a concentration as low as 2 uM,
equivalent to the effect of 10 uM m-AMSA (Fig. 1B). Thisdemonstrates that NK314 is
arather potent intercalator, much more effective than m-AMSA.  Etoposide, which does
not intercalate into DNA, did not have any effect. Our previous study demonstrated that

NK314 stabilized topoisomerase lla. cleavage complex and inhibited its activity. Taken

12
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together, NK314 appears to act as a DNA intercalator that stabilizes topoisomerase lla
cleavage complex and inhibitsits activity.

NK314 Induces DNA DSBs

The observation that NK314 induces y-H2AX formation suggested that NK314 may
induce DSBs (Guo et al., 2007; Onda et al., 2008). However, H2AX may also be
phosphorylated in response to replication stress or stalled replication forks (Ewald et al.,
2007; Ward and Chen, 2001). To investigate whether NK314 induces DNA DSBs,
ML-1 cells were treated with 50 and 100 nM NK314 for 24 hours and with 0.4, 0.8, or
1.6 uM NK314 for 1 hour prior to PFGE analysis (Fig. 1C). lonizing radiation (10 Gy)
was used as a positive control. Large molecular weight DNA fragments indicating
DNA DSBs were observed after a 24-hour treatment with 50 and 100 nM NK314 (data
not shown). Concentrations of NK314 greater than 0.4 uM aso induced DNA DSBs
after 1 hour, which was concomitant with the phosphorylation of H2AX (Fig. 1C). This
was not seen in cells incubated with cytotoxic concentrations of etoposide.  Quantitation
of fluorescent intensities of DNA indicated that the fraction of large molecular weight
DNA fragmentsin total DNA increased in a concentration-dependent manner after 1 hour
of treatment with NK314 (Fig. 1D). The DNA DSBs demonstrated by PFGE results
were consistent with the phosphorylation of H2AX, supporting the conclusion that the
H2AX phosphorylation caused by NK314 is attributable to DNA DSBs and not to

another cause such as induction of apoptosis.

13
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DNA-PK contributes to cell survival in response to NK314

To study the function of DNA-PK in cel survival in response to NK314, the
clonogenic survival of the DNA-PKcs wild-type MO59K cdll line was compared to that
of the DNA-PKcs mutant M059J cells. A significant decrease in colony formation was
observed in M059J cells compared with MO59K cells (P=0.02, paired t-test) (Fig. 2A).
In response to 200 nM NK314, M059J cells were approximately 10 times more sensitive
than M0O59K cells were (0.5% colony formation compared to 4.4%). This indicates that
DNA-PKcs contributes to the survival of the cellsin response to NK314. These results
provided a rationale for using a DNA-PKcs inhibitor to increase the cytotoxicity of
NK314.

NU7441 is a potent and specific DNA-PK inhibitor that has been reported to
potentiate the cytotoxicity of ionizing radiation and of etoposide (Leahy et a., 2004;
Zhao et al., 2006). Treatment of ML-1 and OCI-AML3 cells with NU7441 abrogated
the increase in phosphorylation of XRCC4, a downstream target of DNA-PKcs, induced
by v-irradiation in a concentration dependent manner (Supplemental Figure S1).
Phosphorylation of SMC1 and Nbsl, targets of the ATM kinase, were not atered by
NU7441, indicating its specificity for DNA-PKcs.  Clonogenic assays in both ML-1 and
OCI-AML3 cells demonstrated that 2 uM NU7441 increased the cytotoxicity of NK314
(Fig. 2B). NU7441 sensitized cells to 80 nM NK314 by approximately 6 times (1.2%

colony formation compared to 7.4%) in ML-1 cells and approximately 60 times in

14
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OCI-AML3 cdls (7.2% vs 0.13%). NU7441 increased the proportion of ML-1 cells
arrested in G2 in response to 40 nM NK314 from 20% to 60%, possibly due to inhibition
of repair of DNA damage (Fig. 2C). In contrast, NU7441 alone did not significantly diminish
clonogenic survival or affect cell cycle distribution. Furthermore, NU7441 decreased the
survival of MO59K (P=0.02, paired t-test) but not M059J cells (P=0.13, paired t-test) treated
with NK314 (Supplemental Figure S2). These results indicate that DNA-PK is the
target of NU7441 in these cells, and that it is an important survival factor in response to
NK314.

Ku80 is an important component of NHEJ pathway which binds and activates
DNA-PKcs. Thus, Ku80-deficient xrs6 and Ku80-repleted xrs6-hamKu80 cells were
used to study the function of Ku80 subunit in DNA-PK complex in response to NK314.
A significant decrease in colony formation was observed in xrs6 cells compared with
xrs6-hamKu80 cells (P=0.003, paired t-test) (Fig. 2D). In response to 60 nM NK314,
xrs6 cells were approximately 100 times more sensitive than xrs6-hamKu80 cells were
(0.12% colony formation compared to 14%). These results demonstrate that both
DNA-PKcs and Ku80 contribute to the survival of the cells in response to NK314, and
are consistent with the conclusion that NHEJ is likely the major repair pathway of the
NK314-induced DNA damage.

Lack of ATM, BRCA2 or XRCC3 sensitizes cells to NK314

15
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ATM is a key protein involved in the homologous recombination repair of DNA
DSBs; it phosphorylates BRCA1 (Cortez et al., 1999) and is required for efficient Rad51
focus formation (Jazayeri et al., 2006). ATM-deficient and repleted cells were used in
clonogenic assays to study the function of ATM in cell survival in response to NK314.
A significant decrease in colony formation was observed in AT-C cells compared with
that in AT-AT cdls (P=0.01, paired t-test) (Fig. 3A), indicating that ATM and likely
homologous recombination also contribute to the survival of the cells in response to
NK314. On exposureto 160 nM NK314, AT-C cells (0.12% colony formation) were 70
times more sensitive than were AT-AT cells (8.7%). This provided arationale for using
an ATM specific inhibitor to sensitize cellsto NK314. KU55933 is a highly potent and
specific ATM inhibitor that has been reported to increase the cytotoxicity of ionizing
radiation (Cowell et al., 2005; Hickson et a., 2004). Pre-incubation of HCT116 and
OCI-AML3 cells with KU55933 abolished phosphorylation of SMC1 and Nbsl induced
by NK314 (50 nM and 100 nM, respectively, Supplemental Figure S3A) or y-irradiation
(Supplemental Figure S3B), demonstrating specificity of KU55933 for ATM.
Consistent with results with the mutant cells, clonogenic assays in HCT116 cells
demonstrated that KU55933 increased the cytotoxicity of NK314 significantly (P=0.003,
paired t-test) (Fig. 3B). For instance, KU55933 increased the sensitivity of HCT116

cellsto 80 nM NK314 by approximately 14-fold.

16
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BRCAZ2 and XRCC3 are crucial proteinsin the HR pathway. To study their rolesin
cell survival in response to NK314, BRCA2 deficient V-C8 and wild-type V79-4 célls,
and XRCC3-deficient irs1SF and wild-type AA8 cells were treated with NK314 and their
viability was compared in clonogenic assays. A significant decrease in colony
formation was observed in the cell lines deficient in these HR proteins compared with
colony formation in wild-type cell lines (P=0.01, paired t-test) (Fig. 3C, D). This
sensitization of approximately 100-fold provides additional evidence that homologous
recombination contributes to the survival of the cells in response to NK314.

ATR does not contribute to cell survival in response to NK314

ATR is another important DNA damage sensor that initiates S-phase cell cycle arrest
in response to replication stress (Shiloh, 2001). To study therole of ATR in the survival
of cells in response to NK314, ATR wild-type 1BRhTERT and ATR deficient
FO2-98hTERT Seckel fibroblasts were used in clonogenic assays. There was no
significant difference in colony formation between these two cell lines in response to
NK314 (P>0.05, paired t-test) (Fig. 4A), suggesting that ATR may not contribute to cell
survival in response to NK314. Our earlier studies demonstrated that UCN-01
abrogates NK314-activated G2 checkpoint though inhibition of the Chk1 kinase (Guo et
a., 2007). However, UCN-01 did not ater the survival of ML-1 cells after NK314
treatment (Fig. 4B). Similar results were observed for OCI-AML3 cells after NK314

treatment in the presence or absence of UCN-01 (data not shown). Therefore, depletion
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of ATR has a minimal impact on cell survival after exposure to NK314. In addition,
phosphorylation of ATR on Ser428 was not altered by NK314 at cell cycle-arresting
concentrations (50 nM and 100 nM) in HelLa cdls (Fig. 4C), suggesting no further
activation of ATR in responseto NK314. Thus, ATR does not play a significant role in

repairing NK314-induced DNA lesions.

Discussion

The initial studies of the actions of NK314 demonstrated that it was a potent inhibitor
of topoisomerase llow (Guo et al., 2007; Onda et al., 2008; Toyoda et al., 2008). The
present investigation extended this work to develop an understanding that NK314
intercalates into DNA, an action that may contribute to its inhibition of topoisomerase
llo. This earlier work also demonstrated that cells respond to the DNA damage caused by
NK314 by activating the G2 cell cycle checkpoint (Guo et al., 2007). This arrest in
progression of cells through the cell cycle to mitosis could be a potentia resistance
mechanism by facilitating repair of damaged DNA. However, present studies
demonstrate that abrogation of the checkpoint with the Chk1 inhibitor, UCN-01, added
little to the cytotoxicity of NK314. Importantly, evaluation of the apical sensors of
DNA damage and repair responses demonstrated that cells lacking the double-stand break
repair pathways were substantially sensitized to the toxicity of NK314. Thus, we

conclude that the major survival mechanisms in response to NI314-induced DNA damage
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are the DNA-PK—mediated NHEJ and ATM-mediated HR pathways to facilitate DNA
repair (Fig. 5). Finaly, inhibitors of DNA-PK and of ATM each sensitized cells to
NK314, indicating a rationale for combination strategies.

A DNA unwinding assay demonstrated that NK314 at concentrations above 10 uM
induced forced supercailing of relaxed DNA (Fig. 1A), This concentration is consi stent
with that which also stabilized cleavage complexes in vitro and inhibited the activity of
topoisomerase Il in a previous study (Guo et al., 2007), indicating that NK314 may be a
DNA intercalator. Other DNA intercalators such as anthracyclines, mitomycin and
amsacrine are potent topoisomerase Il inhibitors and DNA DSBs inducers (Liu, 1989;
Tewey et a., 1984) that have a wide spectrum of activity against solid tumors and
hematological malignancies. However, some of these agents are known to generate free
radicals that contribute to their cardiotoxicity and limit their usage (Singal and Iliskovic,
1998). This would seem less likely for NK314, a benzo[ c]phenanthridine alkaloid that
lacks the quinone structure responsible for free radical production.

Inhibition of topoisomerase Il arrests the enzyme in the cleavable complex
intermediate, preventing the re-ligation of DNA cleavage product resulting in frank DNA
DSBs (Long €t al., 1985; Osheroff, 1989). Consistent with this mechanism of action,
results of PFGE assays demonstrated that NK314 induced DNA DSBs both after 1 hour
at concentrations greater than 400 nM and in 24 hours at concentrations less than 100 nM

(Fig. 1B). This was associated with the phosphorylation of H2AX, a well documented
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marker of DSB (Rogakou et al., 1998). H2AX phosphorylation has been reported to
occur as a result of cleavage stabilization caused by topoisomerase | inhibition in
association with DNA replication. (Bonner et al., 2008; Furuta et al., 2003) This
alternative explanation must be considered, as the activity of NK314 against this enzyme
has not been investigated. The fact that these events occurred within an hour makes is
unlikely that the breaks were a result of either apoptosis or of replication over damaged
DNA. NK314 is more potent than etoposide at inducing DNA breaks, possibly because
of its DNA intercalation properties. NK314 also induced DNA DSBs at 24 hours at
concentrations less than 100 nM, conditions that induce G2 arrest in cells at 24 hours
(Guo et a., 2007), which is consistent with the conclusion that G2 arrest is a consequence
of the DNA DSB formation.

Clonogenic studies demonstrated that cells lacking either DNA-PKcs or Ku80 were
significantly more sensitive to NK314 than wild-type cells (Fig. 2A, D), indicating that
DNA-PK-mediated NHEJ is involved in the repair of NK314-induced DNA DSBs.
These results are in accord with those of Toyoda et a. (Toyoda et al., 2008) who reported
sensitization in pre-B Nalm-6 cells lacking the NEHJ enzyme, ligase 4. In addition,
cells lacking ATM were significantly more sensitive to NK314 than ATM-repleted cells
(Fig. 3A), indicating that ATM contributes to the survival of cellsin response to NK314.
Moreover, cells lacking BRCA2 or XRCC3, two other proteins in the HR pathway that

interact with Rad51(Bishop et al., 1998; Davies et a., 2001), were sensitized cells to
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NK314 (Fig. 3C, D). The consistency of these results indicating the participation of the
HR pathway in response to NK314, is somewhat in contrast to an earlier study(Toyoda et
al., 2008) that showed only a small sensitization in cells deficient in Rad54, another HR
participant. Because both results were generated using clonogenic assays, it may be that
there are redundant activities for the function of Rad54. Consistent with our studies in
deficient cell lines, inhibitors of DNA-PK and ATM, NU7441 and KU55933,
respectively, mimicked these findings by increasing the cytotoxicity of NK314. This
suggests that the pharmacologic inhibition of these DSB sensors may be a useful strategy
for mechanism-based combinations with NK314. Therefore, both the NHEJ and HR
pathways are likely to be involved in the repair of NK314-induced DNA damage and

contribute to the survival or resistance of the célls.
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Legends for Figures

Figure 1. DNA intercalation and DSBs induced by NK314. A, structure of NK314.
B, NK314 intercalates into DNA in vitro. Supercoiled plasmid DNA (pHOT1) was
incubated with topoisomerase | (topo 1) and various concentrations of NK314, etoposide
and m-AMSA. Lane 1. pHOT1 plasmid DNA; lane 2: pHOT1 and topo | (no drug
control); lanes 3-7: pHOT1 and topo | in the presence of 0 (solvent contral), 2, 10, 20, 40
uM NK314; lane 8: pHOT1 and 40 uM NK314 (no enzyme control); lanes 9-11: pHOT1
and topo | in the presence of 0 (solvent control), 10, and 50 uM M-AMSA; lanes 12-13:
pHOT1 and topo | in the presence of 0.1 and 1 mM etoposide. C, phosphorylation of
H2AX in response to NK314. ML-1 cdlls were incubated with 0.1-0.8 uM NK314 or
0.4-3.2 uM etoposide for 24 hours, and samples were collected to detect y-H2AX by
immunoblotting. ML-1 cells were also incubated with 1 uM NK314 or 10 uM
etoposide and samples were collected at 10, 30, and 60 minutes to detect y-H2AX by
immunoblotting. D, the fraction of the intensity of large molecular weight DNA
fragment and total DNA was calculated by Kodak 1D Image Analysis Software 3.5.

Each column is the mean of two independent experiments.

Figure 2. DNA-PK complex contributes to cell survival in response to NK314. A,

MO059J (DNA-PKcs mutant) and M0O59K (DNA-PKcs wild type) cells were incubated
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with various concentrations of NK314 for 24 hours. Each data point represents the
mean = SEM of triplicate samples. B, ML-1 and OCI-AML3 cells were treated with
NK314 in the absence or presence of NU7441, a specific DNA-PK inhibitor. In both
experiments, after 24 hours, cells were washed and fresh medium was added. Colonies
were counted after 8 doubling times. Each data point represents the mean £+ SEM of
triplicate samples. C, ML-1 cells were treated with NK314 in the absence or presence
of 2 uM NU7441. Samples were collected at 24 hours, stained with propidium iodide,
and analyzed by flow cytometry. The data are representative of two independent
experiments. D, xrs6 (Ku80 deficient) and xrs6-hamKu80 (Ku80 repleted) cells were
treated with 0-100 nM NK314 for 24 hours. Colonies were counted after 5 days. Each

data point represents the mean + SEM of triplicate samples.

Figure 3. ATM, XRCC3 and BRCA2 are involved in DNA repair in response to
NK314. A, AT-C (ATM deficient) and AT-AT (ATM repleted) cells were incubated
with various concentrations of NK314 for 24 hours. B, HCT116 cells were incubated
with various concentrations of NK314 in the presence or absence of 10 uM KU55933 for
24 hours. At 24 hours, cells were washed and plated in the presence of 10 uM
KU55933 in the medium. C, V79-4 (BRCA2 wild type) and V-C8 (BRCAZ2 deficient)
and D, AA8 (XRCC3 wild type) and irs1SF (XRCC3 deficient) cells were incubated with

various concentrations of NK314 for 24 hours. At 24 hours, cells were washed, and
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fresh medium was added. Colonies were counted after 8 doubling times. Each data

point represents the mean = SEM of triplicate samples.

Figure 4. ATR does not play a role in survival in response to NK314. A, ATR
wild-type 1BRhTERT and ATR deficient FO2-98hTERT Seckel cells were incubated
with various concentrations of NK314 for 24 hours. The insert shows immunaoblotting
of ATR and B-actin (loading control) in these two cell lines. B, ML-1 cells were
incubated with various concentrations of NK314 in the presence or absence of 100 nM
UCN-01 for 24 hours. For experiments in A and B, colonies were counted after 8
doubling times. Each data point represents the mean + SEM of triplicate samples. C,
ATR phosphorylation level does not change in response to NK314. Hela cells were
exposed to 50 nM and 100 nM NK314 for 24 hours and lysates were subjected to

SDS-PAGE and then immunoblotting with indicated antibodies.

Figure 5. The model of mechanism of action of NK314 and cellular responses.
NK314 induces DNA DSBs, which are sensed by ATR, ATM and DNA-PK. ATM and
DNA-PK are important to cell survival. They may mediate the HR and NHEJ DNA
repair pathways, respectively. ATR may lead to cdl cycle checkpoint activation by

activating Chk1.
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