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malignant tumors [17], whereas telomerase is absent in most
normal somatic tissues [18], with a few exceptions including
peripheral blood leukocytes and certain stem cell population
[19, 20]. There is also a gradient increase in telomerase ac-
tivity between carly and late stage tumors. The strong asso-
ciation between telomerase activity and malignant tissue
suggests that telomerase can be a plausible target for the
treatment of cancer [21].

The enzyme telomerase is a ribonucleoprotein complex
responsible for the addition of TTAGGG repeats to the te-
lomeric ends of chromosomes, and contains three compo-
nents: the RNA subunit (known as hTR, hTER, or hTERC)
[22], the telomerase-associated protein (WTEP1) {23], and the
catalytic subunit (hTERT) [24, 25]. Both hTR and hTERT
are required for the reconstitution of telomerase activity in
vitro [26] and, therefore, represent the minimal catalytic core
of telomerase in humans [27]. However, while hTR is widely
expressed in embryonic and somatic tissues, hTERT is
tightly regulated and is not detectable in most somatic cells.
Thus, the hTERT promoter region can be used as a fine-
tuning molecular switch that works exclusively in tumor
cells.

TELOMERASE-SPECIFIC ONCOLYTIC ADENOVI-
RUS FOR CANCER THERAPEUTICS

Structure of hTERT Promoter-Driven Oncolytic Adeno-
virus

The use of modified adenoviruses that replicate and com-
plete their lytic cycle preferentially in cancer cells is a prom-
ising strategy for treatment of cancer. One approach to
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achieve tumor specificity of viral replication is based on the
transcriptional control of genes that are critical for virus rep-
lication such as E14 or £4. As described above, telomerase,
especially its catalytic subunit hTERT, is expressed in the
majority of human cancers and the hTERT promoter is pref-
erentially activated in human cancer cells [17]. Thus, the
broadly applicable hTERT promoter might be a suitable
regulator of adenoviral replication. Indeed, it has been re-
ported previously that the transcriptional control of E1A ex-
pression via the hTERT promoter could restrict adenoviral
replication to telomerase-positive tumor cells and efficiently
lyse tumor cells [28-31].

The adenovirus E/B gene is expressed early in viral in-
fection and its gene product inhibits ElA-induced p53-
dependent apoptosis, which in turn promotes the cytoplasmic
accumulation of late viral mRNA, leading to a shut down of
host cell protein synthesis. In most vectors that replicate un-
der the transcriptional control of the E/4 gene including
hTERT-specific oncolytic adenoviruses, the EIB gene is
driven by the endogenous adenovirus E1B promoter. How-
ever, Li ef al. [32] have demonstrated that transcriptional
control of both EJA and EIB genes by the o- fetoprotein
(AFP) promoter with the use of IRES significantly improved
the specificity and the therapeutic index in hepatocellular
carcinoma cells. Based on the above information, we devel-
oped OBP-301 (Telomelysin), in which the tumor-specific
hTERT promoter regulates both the E/4 and EIB genes
Fig. (1). OBP-301 is expected to control viral replication
more stringently, thereby providing better therapeutic effects
in tumor cells as well as attenuated toxicity in normal tissues
[14].
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Fig. (1). Structures of telomerase-specific oncolytic adenovirus. OBP-301, in which the hTERT promoter element drives the expression of
El14 and EIB genes linked with an IRES. OBP-401 (TelomeScan) is a telomerase-specific replication-competent adenovitus variant, in which
GFP gene is inserted under cytomegalovirus (CMV) promoter into E3 region for monitoring viral replication. Upper panel, schematic represen-
tation depicting major structural components of OBP-301 (hexon, penton base, and fiber) and transmission electron microscopy image.
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Preclinical Studies of hTERT Promoter-Driven Oncolytic
Adenovirus

The majority of human cancer cells acquire immortality
and unregulated proliferation by expression of the hTERT
[17] and, therefore theoretically, hTERT-specific OBP-301
can possess a broad-spectrum antineoplastic activity against
a variety of human tumors [14, 16]. OBP-301 induced selec-
tive E1A and E1B expression in cancer cells, which resulted
in viral replication at 5-6 logs by 3 days after infection; on
the other hand, OBP-301 replication was attenuated up to 2
logs in cultured normal cells [14, 16]. In vitro cytotoxicity
assays demonstrated that OBP-301 could efficiently kill
various types of human cancer cell lines including head and
neck cancer, lung cancer, esophageal cancer, gastric cancer,
colorectal cancer, breast cancer, pancreas cancer, hepatic
cancer, prostate cancer, cervical cancer, melanoma, sarcoma,
and mesothelioma in a dose-dependent manner [33]. These
data clearly demonstrate that OBP-301 exhibits desirable
features for use as an oncolytic therapeutic agent, as the pro-
portion of cancers potentially treatable by OBP-301 is ex-
tremely high.

The in vivo antitumor effect of OBP-301 was also inves-
tigated by using athymic mice carrying xenografts. Intratu-
moral injection of OBP-301 into human tumor xenografts
resulted in a significant inhibition of tumor growth and en-
hancement of survival [14, 16]. Macroscopically, massive
ulceration was noted on the tumor surface after injection of
high-dose OBP-301, indicating that OBP-301 induced intra-
tumoral necrosis due to direct lysis of tumor cells by virus
replication in vivo [34]. Head and neck cancer is character-
ized by locoregional spread, and it is clinically accessible,
making it an attractive target for intratumoral virotherapy.
Thus, an orthotopic nude mouse model of human tongue
squamous cell carcinoma was also used to explore the in vivo
antitumor effect of OBP-301. Intratumoral injection of OBP-
301 significantly shrunk the tongue tumor volumes, which in
turn increased the body weight of mice by enabling oral in-
gestion [35]. Since the body weight loss due to a feeding
problem in this orthotopic tongue cancer model resembles
the disease progression in head and neck cancer patients, the
finding that OBP-301 increased the body weight of mice
suggests that telomerase-specific virotherapy could poten-
tially improve the quality of life in advanced head and neck
cancer patients [36].

Clinical Application of Telomerase-Specific Oncolytic
Adenovirus

Preclinical models suggested that OBP-301 could selec-
tively kill a variety of human cancer cells in vitro and in vivo
via intracellular viral replication regulated by the hTERT
transcriptional activity. Pharmacological and toxicological
studies ranging from 10° to 10" virus particles (VP) in mice
and cotton rats demonstrated that none of the animals treated
with OBP-301 showed signs of viral distress (e.g., ruffled fur,
weight loss, lethargy, or agitation) or histopathological changes
in any organs at autopsy. These promising data led us to de-
sign a phase I clinical trial of OBP-301 as a monotherapy.

The protocol “A phase I dose-escalation study of intra-
tumoral injection with telomerase-specific replication-
competent oncolytic adenovirus, Telomelysin (OBP-301) for
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various solid tumors” sponsored by Oncolys BioPharma, Inc.
is an open-label, phase I, 3 cohort dose-escalation study [37].
The trial commenced following approval of the US Food and
Drug Administration (FDA) in October, 2006. The study has
completed to assess the safety, tolerability, and feasibility of
intratumoral injection of the agent in patients with advanced
solid cancer. The doses of OBP-301 were escalated from low
to high VP in one log increment. Patients were treated with a
single dose intratumoral injection of OBP-301 and then
monitored over one month.

All patients received OBP-301 without dose-limiting
toxicity. Additionally, it was demonstrated tat circulating
OBP-301 viral genome became detectable in the plasma
within 24 hours after injection in 13 of 16 patients. This
dose-dependent initial peak in circulating virus was followed
by a rapid decline; however, 3 patients showed a second
peak of circulating viral DNA on days 7 and 14, suggesting
OBP-301 replication in primary tumors. Clinical trials of
CG7870, a replication-selective oncolytic adenovirus geneti-
cally engineered to replicate preferentially in prostate tissue,
also demonstrated a second peak of the virus genome in the
plasma [38,39], suggesting similar active viral replication
and shedding into the bloodstream. One of the 3 “second
peak” patients also had disappearance of the injected malig-
nant lesion and loco-regional un-injected satellite nodules,
fulfilling a definition of complete response at day 28. Seven
patients fulfilled RECIST definition for stable disease day 56
after treatment. Thus, OBP-301 is well-tolerated and war-
rants further clinical studies for solid cancer,

SYNERGISTIC INTERACTION OF ONCOLYTIC VI-
ROTHERAPY AND CHEMOTHERAPEUTIC AGENTS

Preclinical studies provided experimental evidence for
effectively killing of cancer cells by oncolytic viruses [40-
42]. In animal models, however, established xenograft tu-
mors are rarely eliminated despite existence of persistently
high viral titers within the tumor. Total elimination of solid
tomor requires higher doses of oncolytic viruses, which
might be toxic or lethal. The efficacy of virotherapy com-
bined with anticancer drugs has been reported previously in
preclinical studies. A replication-selective adenovirus,
ONYX-015 combined with 5-fluorouracil or CDDP pro-
duced greater effect than each individual modality and pro-
longed survival [43, 44]. Furthermore, synergistic efficacy
was also observed in the combination of a tumor-specific
HSV mutant (HSV-1716) with chemotherapeutic agents in
human non-small cell lung cancer [45].

Most of the clinical trials for oncolytic viruses have been
also conducted in combination with chemotherapy or radio-
therapy [46-49]. Disappointingly, a clinical trial of Onyx-015
showed no clinical benefit in the majority of patients, despite
the encouraging biological activity [50]. Tumor progression
was rapid in most patients, even though substantial necrosis
was noted in the tumors after treatment [51, 52]. Therefore,
multi-disciplinary therapy composed of oncolytic virother-
apy combined with low-dose chemotherapeutic agent may
provide capacity to enhance the antitumor efficacy. Moreo-
ver, the combination of two agents may allow the use of re-
duced dosage of each agent, and lessen the likelihood of ad-
verse effects.
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Enhanced Antitumor Efficacy of Telomerase-Selective
Oncolytic Adenovirus with Docetaxel

Taxanes are novel antimicrotubule agents that promote
the assembly of microtubules from tubulin dinters and stabi-
lize microtubules by preventing depolymerization. This sta-
bility results in the inhibition of the normal dynamic reor-
ganization of the microtubule network, which is essential for
vital interphase and mitotic cellular functions, resulting in
cell arrest in G2 and M phases [53, 54]. Apoptotic cell death
is induced subsequently, but this does not inhibit DNA syn-
thesis of host cells. Therefore, taxanes are promising for
combination with virotherapy. It was reported previously
that paclitaxel had a synergistic or an additive effect in sev-
eral cancer models when combined with adenovirus vector-
mediated p53 gene therapy [55]. It has been also demon-
strated that CV787, a prostate cancer-specific adenovirus,
exhibited synergistic antitumor effect when combined with
taxanes [56].

Infection with OBP-401 (GFP-expressing OBP-301 was
used as an alternative to OBP-301 in some experiments)
alone or followed by treatment with docetaxel {Taxotere), a
chemotherapeutic agent, resulted in a profound i vitro cyto-
toxicity in various human cancer cell lines originating from
different organs (lung, colon, esophagus, stomach, liver, and
prostate), although the magnitude of the antitumor effect
varied among the cell types Fig. (2) [57]. Quantitative real-
time PCR analysis demonstrated that docetaxel did not affect
viral replication. For in vivo evaluation, mice xenografted
with human lung tumor received intratumoral injection of
OBP-301 and intraperitoneal administration of docetaxel.
Analysis of growth of implanted tumors showed a signifi-
cant, therapeutic synergism, while each treatment alone
showed modest inhibition of tumor growth [57]. The antitu-
mor effect of the combination therapy was likely additive in
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vitro; there might be, however, some particular interactions
between OBP-301 and docetaxel to produce a synergistic
effect in vivo. It has been reported that metronomic chemo-
therapy, which refers to long-term administration of com-
paratively low doses of cytotoxic drugs at close, regular in-
tervals, has an antiangiogenic basis [58]. Like our approach,
the potent antiangiogenic properties of drugs administered in
a metronomic fashion find favor in a number of in vivo pre-
clinical studies; to prove this efficacy by in vitro experiments
is, however, technically difficult. There are some possible
explanations for the superior in vive antitumor activity in our
experiments. Systemically administered docetaxel may at-
tack the vascular endothelial cells at the tumor site, which in
turn can block the escape of locally injected OBP-301 into
the peripheral circulation. Another possibility is that OBP-
301 itself may inhibit the vascular supply by killing endothe-
lial cells.

Enhanced Antitumor Efficacy of Telomerase-Selective
Oncolytic Adenovirus with Histon Deacetylase Inhibitor

FR901228 (depsipeptide, FK228) is a novel anticancer
agent isolated from the fermentation broth of Chromobacte-
rium violaceum. FR901228 has been identified as a potent
histone deacetylase (HDAC) inhibitor. Histone deacetylation
is an important component of transcriptional control, and
FR901228 increases Coxsackie’s-adenovirus receptor (CAR)
gene expression in various cancer cell lines [59-62]. Moreo-
ver, FR901228 is known to increase viral and transgene ex-
pression following adenovirus infection [59]. Indeed,
FR901228 treatment upregulated CAR levels on target tumor
cells, which in turn increased the amount of cellular OBP-
301 replication, thereby promoting a synergistic antitumor
effect [63]. These data indicate that FR901228 may be an
appropriate partner for OBP-301 because it does not affect
the virus life cycle. Two phase I clinical trials involving ad-
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Fig. (2). Combination effect of OBP-401 and docetaxel on human cancer cell lines. Cells were infected with 0.1 or 1 MOI of OBP-401,
and then exposed to docetaxel at the indicated concentrations at 24 hours after infection, Cell viability was assessed by XTT assay at 5 days
after OBP-401 infection. The results of H1299 (lung), SW620 (colon), DLD-1 (colon), A549 (lung), MKN28 (stomach), TES (esophagus),
HepG2 (liver), and LNCaP (prostate) cells were shown as representative of 10 cell lines. Bars, standard deviation (SD).
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vanced cancer and leukemia have shown that FR901228 can
be safely administered without life-threatening toxicity, in-
cluding cardiac toxicity, although the appropriate administra-
tion schedule has to be further examined [64, 65].

Enhanced Antitumor Efficacy of Telomerase-Selective
Oncolytic Adenovirus with Gemcitabine

Gemcitabine (2,2-difluorodeoxycytidine) is a third-
generation agent that has been developed in the past decades.
Gemcitabine is a deoxycytidine analogue that has shown
efficacy as a treatment for many solid tumors and is now
extensively used in the treatment of patients with various
tumor types [66, 67], but inherent and acquired resistance
has resulted in low response rates. Adenovirus therapy com-
bined with gemcitabine has been reported in the treatment of
pancreatic cancer. Halloran et al. reported that incubation of
Panc-1 cells with either 5-FU or gemcitabine followed by
adenovirus-mediated overexpression of p16™<“ resulted in a
substantial reduction in cell viability under conditions where
the drugs alone had minimal cytotoxicity [68]. It has been
also reported that the type 5 adenoviral E1A sensitizes hepa-
tocellular carcinoma cells to gemcitabine [69]. These obser-
vations support the notion that oncolytic adenoviruses com-
bined with gemcitabine is a rational modality for the treat-
ment of human cancer.

The antitumor efficacy of OBP-301 was found to be en-
hanced when combined with gemcitabine in human lung
cancer cells in vitro and in vive [70]. Gemcitabine is a de-
oxycytidine analogue and the incorporation of gemcitabine
triphosphate into DNA causes chain termination, which is
the major mechanism underlying the cytotoxicity of gemcit-
abine [71]. Although there was concern over whether gem-
citabine would interrupt the viral replication of OBP-301,
quantitative real-time PCR analysis showed that intracellular
replication of OBP-301 was not affected by gemcitabine,
The cytotoxic mechanisms of OBP-301 are distinct from
those of gemcitabine and, therefore, combination effects
could be observed provided that gemcitabine does not inhibit
viral replication.

It has been reported that many DNA viruses can drive
quiescent cells through G1 into S phase by the expression of
viral proteins [72-74]. During the early phase of the adenovi-
rus infection, the host cell is transformed into an efficient
producer of the viral genome. The first gene that is tran-
scribed in the viral genome is E1A, which can bind to nu-
merous cellular proteins and acts as a multi-functional pro-
tein. Qur data demonstrated that OBP-301 infection in-
creases the phosphorylation of Akt, as well as E2F-1 expres-
sion Fig. (3). These effects are thought to be due to adenovi-
ral E1A protein expression, as the d1312 adenovirus lacking
the E1 genes did not phosphorylate Akt. As cells progress
into the cell cycle, cyclin-dependent kinases phosphorylate
retinoblastoma (Rb), freeing E2F and allowing it to directly
transactivate genes required for S phase entry [75]. In fact,
replication-deficient adenovirus-mediated E2F-] gene trans-
fer into human cancer cells resulted in accumulation of an S-
phase cell population. Thus, OBP-301 infection expressed
E1A protein, which in tumn upregulated the expression of
phosphorylated Akt and E2F-1, leading to cell cycle promo-
tion and S phase entry presumably by the deactivation of Rb
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(Table 1). The accumulation of the tumor cells in S phase
increases the cytotoxicity of gemcitabine, which kills cells in
S phase.
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Fig. (3). Changes in cell cycle regulator protein expression foi-
lowing OBP-301 infection. H460, H322, and H358 cells were
either mock-infected or infected with OBP-301 at an MOI of 40,
100 and 80 MOI, respectively. Following the removal of virus in-
ocula, cells were collected at 24 h after infection, and were sub-
jected to analysis. Equivalent amounts of protein obtained from
whole cell lysates were loaded into each lane, probed with primary
antibodies, and then visualized using an ECL detection systen.
Equal loading of samples was confirmed by reprobing with anti-
actin antiserum. Protein expression was quantified by densitometric
scanning using NIH Image software. Expression levels of adenovi-
ral E1A and E2F1 greatly increased after OBP-301 infection as
compared with the mock-infected controls in all three cell lines.

CONCLUSIONS AND PERSPECTIVES

There have been very impressive advances in our under-
standing of the molecular aspects of human cancer and in the
development of technologies for genetic modification of
viral genomes. Transcriptional targeting is a powerful tool
for tumor selectivity in cancer therapy and diagnosis, and the
hTERT-specific oncolytic adenovirus achieves a more strict
targeting potential due to the amplified effect by viral repli-
cation. Several independent studies that used different re-
gions of the hTERT promoter and different sites of adenovi-
ral genome responsible for viral replication, have shown that
the hTERT promoter allows adenoviral replication as a mo-
lecular switch and induces selective cytopathic effect in a
variety of human tumor cells [14, 16, 28-30, 33]. Among
these viral constructs, to the best of our knowledge, OBP-
301 seems to be the first \TERT-dependent oncolytic adeno-
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Tahle 1. - Cell Cycle Analysis after OBP-301 Infection in Human Lung Cancer Cells

Cell Cycle
Cell Lines Treatment
G1 (1%) S (%) G2 (%)

Mock 43,54 43.85 8.61
H460 OBP-301 10.91 56.41 32.54
Mock 40 46.72 10.85

322 OBP-301 27.49 67.09 323
H353 Mock 45.89 3822 14.29
OBP-301 [28.93 57.67 11.45

H460, H322 and H358 cell lines were treated with OBP-301 at 40 MOT, 100 MOI, and 80 MOI, respectively. Cells were then subjected to cell cycle analysis at 24 h after treatment
by the FACS method. The percentages of cells in the G1, 8 and G2 phases are shown. The number of cells in S phase increased as compared with mockOinfected cells after OBP-301
infection in all cell lines tested, although there was no increase in the sub-G0/G1 population indicating apoptotic cell death.

virus that has been used in a clinical trial based on preclinical
pharmacological and toxicological studies. Thus, telomerase-
specific targeted oncolytic adenovirus holds promise for the
treatment of human cancer.

A future direction for OBP-301 includes combination
therapy with conventional therapies such as chemotherapy,
radiotherapy, surgery, immunotherapy, and new modalities
such as antiangiogenic therapy. This review emphasized the
synergistic interaction of QOBP-301 with various types of
chemotherapeutic agents. Since clinical activities observed
by intratumoral injection of OBP-301 suggest that even par-
tial elimination of the tumor could be clinically beneficial,
the combination approaches may lead to the development of
more advanced biological therapy for human cancer. We
recently confirmed that OBP-301 infection and ionizing ra-
diation mutally modulate their respective biological effects
and thereby potentiate each other, profoundly enhancing in
vivo antitumor activity [76]. Moreover, we demonstrated that
preoperative delivery of OBP-301 into primary tumors pre-
vented the exacerbation of lymph node metastasis by surgi-
cal procedures [77], suggesting that OBP-301 may be also
valuable as adjuvant therapy in areas of microscopic disease
to prevent recurrence or regrowth of tumors.

The field of targeted oncolytic virotherapy is progressing
considerably and is rapidly gaining medical and scientific
acceptance. Delineating specific virus/drug combinations
tailored to be particularly effective in human cancer could
potentially improve the already encouraging results seen in
the field of oncolytic virotherapy.
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Ataxia-Telangiectasia Mutated and the Mre11-Rad50-NBS1
Complex: Promising Targets for Radiosensitization
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Radiotherapy plays a central part in cancer treatment, and use of radiosensitizing agents can greatly
enhance this modality. Although studies have shown that several chemotherapeutic agents have the
potential to increase the radiosensitivity of tumor cells, investigators have also studied a number of
molecularly targeted agents as radiosensitizers in clinical trials based on reasonably promising pre-
clinical data. Recent intense research into the DNA damage-signaling pathway revealed that ataxia-
telangiectasia mutated (ATM) and the Mrell-Rad50-NBS1 (MRN) complex play central roles in DNA
repair and cell cycle checkpoints and that these molecules are promising targets for radiosensitization.
Researchers recently developed three ATM inhibitors (KU-55933, CGK733, and CP466722) and an MRN
complex inhibitor (mirin) and showed that they have great potential as radiosensitizers of tumors in
preclinical studies. Additionally, we showed that a telomerase-dependent oncolytic adenovirus that we
developed (OBP-301 [telomelysin]) produces profound radiosensitizing effects by inhibiting the MRN
complex via the adenoviral EIB55kDa protein. A recent Phase I trial in the United States determined
that telomelysin was safe and well tolerated in humans, and this agent is about to be tested in combi-
nation with radiotherapy in a clinical trial based on intriguing preclinical data demonstrating that
telomelysin and ionizing radiation can potentiate each other. In this review, we highlight the great
potential of ATM and MRN complex inhibitors, including telomelysin, as radiosensitizing agents.

Key words: ATM (ataxia-telangiectasia mutated), MRN (Mrell-Rad50-NBS1) complex, radiosensitization,
adenovirus, E1B55kDa

R adiotherapy is one of the standard treatment ment, and it often targets not only primary tumors but
options for various malignant cancers and is  also regional lymph nodes. One of the advantages of
often combined with surgical resection and/or chemo-  radiotherapy over surgical resection is that it is less
therapy as a part of multidisciplinary treatment. More invasive; for that reason, radiotherapy contributes
than 50% of patients with cancer receive radiother- significantly to treatment of cancers in areas of the
apy at some point during their treatment process [1].  body in which resection could greatly impair quality of
Like surgical resection, radiotherapy is a local treat-  life, such as the esophagus and the head and neck.
Although the systemic side effects of radiotherapy are
Received June 21, 2011; accepted July 25, 2011. much less severe than those of chemotherapy, radio-
;?;ij&fgfgﬁgﬁ:ﬁ;g1}2::3(‘12;)8905; Fax:+1-713-794-4669 therapy son?etimes causes severe local adeerse effegts
SThe wimer of the 2010 Hayashibara Prize of the Okayama Medical such as radiodermatitis, because normal tissues adja-
Association cent to tumors are usually included in the radiation
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fields. Although both stereotactic and fractionated
radiotherapy have contributed to the improvement of
irradiation methods in clinical practice, radiotherapy
still has plenty of room for improvement [2, 3].

Hypoxia is one of the major limitations of radio-
therapy, and researchers have made many attempts to
improve it, such as through oxygenation, blood trans-
fusion, and treatment with erythropoietin [4-6].
Although the oxygen level in a tumor is one of the
most important factors in its response to radiother-
apy, improving the local tumor control and survival
rates for radiotherapy using pretreatment oxygenation
is controversial. In one study, correction of tumor
hypoxia significantly improved the locoregional tumor
control and overall survival rates after radiotherapy
for head and neck cancer, but was less effective for
other types of cancer [7]. Although the rationale for
intratumoral oxygenation before radiotherapy appears
to be convincing, oxygenation alone does not improve
radiotherapy sufficiently.

Many studies have been conducted in an attempt to
improve radiotherapy, with much of the work being
based on either of 2 hypotheses (Fig. 1). The first is
that radiosensitizing agents should increase the cyto-
toxic effects of radiation on cancer cells by increasing
the cells’ radiosensitivity. The second is that radio-
protective agents should decrease the adverse effects
of radiation on normal cells by increasing their
radioresistance. In this review, we describe several
chemotherapeutic and molecularly targeted agents that
have displayed radiosensitizing effects in preclinical
and/or clinical studies and then focus on the potential
of inhibitors of ataxia-telangiectasia (A-T) mutated
(ATM) and the Mrell-Rad50-Nijmegen breakage syn-
drome (NBS) 1 (MRN) complex as radiosensitizing
agents. Furthermore, we highlight the great potential
of OBP-301 (telomelysin), a telomerase-dependent
oncolytic adenovirus that we developed, as an MRN
complex inhibitor.

DNA Double-Strand Break Response: DNA
Repair and Cell Cycle Checkpoints

Following DNA double strand-breaks (DSBs)
induced by ionizing radiation, DNA repair and cell
cycle checkpoints are the main mechanisms of mainte-
nance of genomic stability [8]. Cells have several
checkpoints that function at various phases of the cell
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Radiosensitization
Improvement of Hypoxia Target Molecules
* Oxygenation * HDAC
* Transfusion * PARP
» Erythropoietin * Hsp90
* Chk1/2
. * DNA-PK
Hyperthermia * EGFR (tyrosine kinase)
* Her2/neu
Chemotherapeutic Agents * ™TOR
* VEGF
*5-FU * NFxB
* Platinum drugs * Cox-2
* Gemcitabine * Glucose metabolism
* Taxanes *ATM
* Topoisomerase I inhibitors * MRN complex
Radioprotection
Antioxidants Target Molecules
* Amifostine * NFkB
* Melatonin * Pro-apoptosis proteins
(p53, p21, Bax, c-Abl, p71)

Fig. 1 Approaches to improvement of radiotherapy. Radiosen-
sitizing agents are designed to increase the cytotoxic effects of
radiation on cancer cells, and radioprotective agents are designed
to decrease the adverse effects of radiation on normal cells. Hsp90,
heat shock protein 90; NF-kB, nuclear factor-«B; COX-2,
cyclooxygenase-2.

cycle. Specifically, the G1/S and intra-S checkpoints
prevent inappropriate DNA replication, whereas the
G2/M checkpoint prevents cells with DNA damage
from entering mitosis. When these checkpoints detect
DNA damage at each phase, they induce cell cycle
arrest and make time for repair of DNA damage.
ATM plays a central role in the DNA damage
response pathway by controlling the checkpoints via
effector proteins such as Chkl, Chk2, p53 and
BRCAL.

Homologous recombination (HR) and nonhomolo-
gous end joining (NHEJ) are major DNA DSB repair
pathways, and cells use them according to the phase
of the cell cycle and condition of the DSB ends [9,
10]. HR provides accurate genetic recombination
using a sister chromatid as a template, which is
essential for maintenance of genomic stability.

Although HR is a desirable method of DNA DSB
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repair, it is limited in cells during the S and G2
phases because of the need for a sister chromatid.
NHEJ is a simple method of directly connecting the
DSB ends. Although NHEJ is not as accurate as HR,
it plays an important role in minimizing DNA damage,
especially in cells in the GO and G1 phases, in which
HR is not available. Ku70/80, the DNA-dependent
protein kinase, catalytic subunit, and DNA ligase IV
are major contributors to NHEJ.

DNA repair and cell cycle checkpoints must coop-
erate closely to repair DNA damage and maintain
genomic stability. Defects in this network produce
dysfunction in the repair of DNA damage induced by
ionizing radiation, which results in enhancement of the
cytotoxic activity of radiation. Thus, molecules
involved in these mechanisms can be suitable targets
for radiosensitization.

Chemotherapeutic Agents as Radiosensitizers

As described above, radiotherapy is often com-
bined with chemotherapy, and several chemotherapeu-
tic agents are known to enhance the radiosensitivity of
cancer cells [11, 12]. 5-Fluorouracil (5-FU), one of
the most commonly used chemotherapeutic agents, is
a member of the thymidylate synthase inhibitor family;
these inhibitors produce cytotoxic effects by interfer-
ing with DNA synthesis [13]. Researchers have tested
the combination of 5-FU and ionizing radiation and
shown it to be effective against various types of can-
cers. This combination is a central component of
current chemoradiation regimens [14].

Cisplatin, another commonly used chemotherapeu-
tic agent, causes cytotoxicity by cross-linking DNA
and interfering with cell division. Although cisplatin
use is often combined with radiotherapy, oxaliplatin,
another platinum derivative, has displayed more pro-
found radiosensitizing effects [14, 15].

Gemcitabine, which is a nucleoside analogue that
produces cytotoxic activity by blocking DNA replica-
tion, is another chemotherapeutic agent that is consid-
ered to be a radiosensitizer [16]. In preclinical
studies, gemcitabine produced radiosensitization by
interfering with Rad51 function and HR repair [17]
as well as by redistributing cells into S phase by cor-
relating with Chk1 and Chk2 [18]. Gemcitabine and
radiotherapy have been shown to exert synergistic
effects against cancers of the lung, pancreas, and
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head and neck in several clinical trials [19-21].

Taxanes such as paclitaxel and docetaxel produce
cytotoxic activity by disrupting the function of micro-
tubules that lead to cell division. A remarkable point
is that taxanes arrest cells at the G2/M phase, which
is the phase at which ionizing radiation is most effec-
tive [22]. Not only preclinical studies but also sev-
eral clinical trials of regimens including taxanes and
ionizing radiation used to treat cancers of the head and
neck, esophagus, and lung have shown that taxanes are
effective radiosensitizers [23-27].

Topoisomerase I inhibitors such as irinotecan,
topotecan, and camptothecin interfere with topoiso-
merases, which are enzymes that are essential for
winding and unwinding the DNA double helix during
DNA replication and repair. Considering that ionizing
radiation targets DNA and causes DNA DSBs, the
combination of a topoisomerase I inhibitor and ionizing
radiation may produce synergistic effects. Many pre-
clinical studies using cultured cells and animal models
have supported the synergy of this combination,
although the specific mechanism of the synergistic
effects remains unclear [28]. Also, many clinical trials
have shown that these combinations are effective
against various solid tumors, including head and neck,
esophageal, lung, and brain tumors [29-32].

Molecularly Targeted Therapy for
Radiosensitization

Although traditional chemotherapeutic agents that
target rapidly dividing cells are still central to current
cancer therapy, the attention of scientists is moving
toward targeted therapy, which is expected to increase
the effectiveness of treatment against cancer cells
while reducing its harmfulness to normal cells [33].
Several small molecules and monoclonal antibodies
that target epidermal growth factor receptor (EGFR),
Her2/neu receptor, and vascular endothelial growth
factor (VEGF) are currently in clinical use, and
investigators have developed various types of molecu-
larly targeted agents and are currently testing them in
clinical trials [34, 35]. Some examples of molecu-
larly targeted agents that are undergoing testing in
clinical trials and expected to be used as radiosensi-
tizers of tumors are described below.

Histone deacetylases (HDACs) are enzymes that
control histone acetylation in coordination with the
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opposing actions of histone acetyltransferases and play
important roles in the regulation of gene expression.
Physicians have long employed HDAC inhibitors such
as valproic acid as anticonvulsants and mood-stabiliz-
ing drugs in the clinic, and use of these agents
recently has generated a great deal of interest in their
potential as antitumor drugs [36]. HDAC inhibitors
have induced tumor-selective apoptosis and growth
arrest in preclinical studies and exhibited effective-
ness against tumors alone or in combination with che-
motherapy in many clinical trials [37, 38]. To date,
two HDAC inhibitors approved by the U.S. Food and
Drug Administration—vorinostat and romidepsin—
are in clinical use for treatment of T-cell lymphoma.
Regarding the potential radiosensitizing effect of
HDAC inhibitors, histone hyperacetylation induced by
HDAC inhibitors appears to increase the cytotoxic
activity of ionizing radiation [39, 40], and several
clinical trials are testing these inhibitors in combina-
tion with radiotherapy for many types of cancer [41,
42].

Poly (ADP-ribose) polymerase (PARP) enzymes
are proteins that play critical roles in DNA repair and
replication. PARP1, which is the most abundant
PARP and accounts for most PARP activities in
cancer cells, binds to both DNA single-strand breaks
(SSBs) and DSBs, but its role in SSB repair is bet-
ter established. Although PARP inhibitors mainly
contribute to SSB repair and often do not directly
contribute to DSB repair, which is more critical for
cell survival, defects in HR brought about by PARP
inhibitors appear to increase the cytotoxic activity of
ionizing radiation, especially in cells that are defec-
tive in DSB repair or NHEJ function [43-46]. Many
PARP inhibitors are currently in clinical trials as
single agents or in combination with DNA damage-
inducing chemotherapeutic agents, and the PARP
inhibitor ABK-888 administered in combination with
radiotherapy recently entered clinical trials [47].

In addition, inhibitors of heat shock protein 90 or
Chk1/2, some of which are currently in clinical trials
as monotherapy or in combination with chemothera-
peutic agents, have exhibited potential as radiosensi-
tizers in preclinical studies, although combinations of
them with radiotherapy have yet to be tested in clini-
cal trials as far as we know [48-50]. Some EGFR
tyrosine kinase inhibitors such as erlotinib and gefi-
tinib and VEGE inhibitors such as bevacizumab,
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which are currently in clinical use for cancer therapy,
also have displayed radiosensitizing effects in many
preclinical studies and clinical trials [51].

ATM as a Target for Radiosensitization

As described above, molecules involved in DNA
repair or cell cycle checkpoints can be targets to
enhance tumor radiosensitivity. Interest in molecu-
larly targeted therapy has deepened our understanding
of the signaling pathways for DNA repair and cell
cycle checkpoints, and ATM has been revealed to play
a central in these signaling pathways. Studies origi-
nally identified the ATM gene in A-T, a disease that
causes several severe disabilities, such as cerebellar
degeneration, immunodeficiency, hypersensitivity to
radiation and genomic instability, and increased inci-
dence of malignancies [52, 53]. All patients with A-T
have mutations in the ATM gene, and intensive inves-
tigation of such patients and A-T cells has contributed
to the elucidation of ATM function. The construction
of the ATM protein is similar to that of ATM- and
RAD3-related (ATR), the DNA-dependent protein
kinase, catalytic subunit, and mammalian target of
rapamycin (mTOR), and ATM belongs to the phos-
phatidylinositol 3-kinase (PI3K)-related kinase family.

Following DNA damage, ATM immediately acti-
vates signaling pathways for DNA repair and cell
cycle checkpoints. Although recent studies have shown
that downstream signaling of ATM is becoming
increasingly complicated, p53 and Chk2 are undoubt-
edly the main targets of ATM and control the G1/S
and G2/M checkpoints while interacting with each
other. Also, inhibition of these checkpoints allows
damaged cells to move to the mitotic phase without
undergoing proper DNA repair, leading to mitotic
catastrophe, which is currently considered a main
cause of cell death induced by radiotherapy [54-56].
Moreover, ATM is known to affect HR repair by
directly or indirectly phosphorylating at least 12 tar-
gets, such as BRCA1/2 and NBS1, and defects in
ATM function lead to dysfunction in HR repair [57,
58]. These findings indicate that targeted ATM inhi-
bition is an attractive approach to enhancing tumor
radiosensitivity.

Caffeine and wortmannin, which are nonspecific
PI3K inhibitors, have been widely used in studies
related to ATM/ATR functions [59, 60]. However,
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some of the effects of caffeine and wortmannin in cells,
such as apoptosis and checkpoint abrogation, are
caused not only by ATM/ATR inhibition but also by
other factors in the PI3K family [60, 61]. Recently,
researchers developed several more specific ATM and
ATM/ATR inhibitors—KU-55933, CGK733, and
CP466722 — and tested their potential as radiosensi-
tizers in preclinical studies. KU-55933 was found to
exhibit a specific inhibitory effect on ATM but not on
other PI3K-family proteins, such as PI3K, DNA-PK,
ATR, and mTOR, and sensitized cells to ionizing
radiation by blocking phosphorylation of yH2AX,
NBS1, and Chkl [62]. CGK733 demonstrated selec-
tive inhibition of ATM and ATR, which led to block-
age of the checkpoint signaling pathways, and
researchers showed that its inhibitory effects were
more beneficial than its small interfering RNA-
mediated inhibition [63]. CP466722 exhibited inhibi-
tion of ATM and its downstream signaling pathways in
the same way that KU-55933 did, and investigators
emphasized that transient (4h or less) inhibition of
ATM expression was sufficient to increase the radio-

sensitivity of tumor cells [64]. Small interfering

RNAs and antisense DNA for ATM also exhibited
potent radiosensitizing effects [65, 66]. Based on
this preclinical evidence, ATM inhibitors are expected
to be promising candidate radiosensitizers.

The MRN Complex as a Target for
Radiosensitization

Although the importance of the ATM signaling
pathway in DNA repair and cell cycle checkpoints has
been established, the MRN complex has emerged as
an essential factor in ATM activation. Mrell and
Rad50 were originally isolated from the yeast Saccha-
romyces cerevisige in genetic screens in which an Mrell
mutant was defective in meiotic recombination [67]
and a Radb0 mutant was sensitive to DNA damage
[68]. NBS1 was isolated as a member of the complex
that binds with Mrell and Rad50, and mutations in
this gene cause NBS, which is characterized by high
cancer incidence, cell-cycle-checkpoint defects, and
radiosensitivity [69]. Mutations in the Mrell gene
have been reported to cause A-T like disorder [70],
and deficiency of the Rad50 gene causes NBS-like
disorder [71]. The indispensability of the MRN
complex to cells is emphasized by the fact that null
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mutations of either of these genes cause embryonic
lethality in mice [72]. The Mrell protein is uni-
formly distributed in the nucleus under undamaged
conditions, but it migrates to sites of damage within
30 minutes after DNA DSB induction and forms a
complex with Rad50 and NBS1, which is visualized as
nuclear foci [73].

The MRN complex plays important roles in signal
transduction related to DNA repair and cell cycle
checkpoints [10]. One of these roles is activation of
the ATM/ATR signaling pathway. Dysfunction of the
MRN complex results in impairment of the ATM sig-
naling pathway, which leads to hypersensitivity to
DNA-damaging agents. The MRN complex has also
been reported to contribute to the DNA DSB-repair
pathway directly or indirectly via ATM activation
[9]. In the HR repair process, the MRN complex
serves as a primary damage sensor and is involved in
the early steps of HR repair, which include processing
of the broken DNA ends: in other words, removal of
the 5 strand to uncover the 3’ single strand [74].
Whereas Ku70/80 and DNA-PK are well known to be
the main components in NHEJ, the importance of the
MRN complex to NHEJ has only recently been demon-
strated, and whether the MRN complex is correlated
with Ku70/80 and DNA-PK in NHEJ remains unclear
[10, 75].

As might be expected from the fact that mutations
in members of the MRN complex are hypersensitive to
DNA DSBs, inhibitors of the MRN complex enhance
the cytotoxic activity of ionizing radiation. Although
disruptions of the MRN complex by gene therapy have
been reported to be effective in combination with
radiotherapy, researchers recently isolated a novel
small-molecule inhibitor of the MRN complex called
mirin from a chemical genetic screen [76, 77]. Mirin
inhibited MRN complex-dependent ATM activation and
Mrell-associated exonuclease activity, leading to
abolishment of the G2/M checkpoint and impairment
of HR repair. These results are consistent with the
known and anticipated functions of the MRN complex.
Considering the importance of the MRN complex in
DNA repair and cell cycle checkpoints, MRN complex
inhibitors appear to be very promising as radiosensi-
tizers.
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The Radiosensitizing Effect of the Adenoviral
E1B55kDa Protein

We recently demonstrated that telomelysin sensi-
tizes cancer cells to the cytotoxic activity of ionizing
radiation [78]. Telomelysin is a telomerase-depen-
dent oncolytic adenoviral agent whose replication is
controlled by the human telomerase reverse tran-
scriptase (h'TERT) promoter. Telomelysin can thus
induce cell death via oncolysis by replicating only in
cancer cells whose hTERT activity is high [79-81].
An American Phase I clinical trial of single-agent
telomelysin evaluated the clinical safety and pharma-
cokinetics of the agent in the human body following its
approval by the U.S. Food and Drug Administration
in 2006. When injected intratumorally in patients
with various solid tumors such as melanoma, sarcoma,
lung cancer, breast cancer, and head and neck cancer,
telomelysin proved to be effective and well-tolerated
without any severe adverse events [82].

The adenoviral E1B55kDa protein has been
reported to play an important role in creating the
optimal intracellular environment for adenoviral pro-
tein synthesis by inhibiting the function of the MRN
complex and p53 in cooperation with the adenoviral E4
protein [83]. Inhibition of the MRN complex is also
considered to be a self-defense response to concate-
mer formation of the double-strand DNA genome of
adenovirus by the MRN complex [84-86]. We showed
that expression of the MRN complex in cancer cells
began to decrease about 24 h after telomelysin treat-
ment, when the E1B55kDa protein began to be
expressed, which led to inhibition of ATM phospho-
rylation by ionizing radiation and inhibition of DNA
repair. We determined the importance of the presence
of E1B55kDa in regard to this inhibitory effect by
comparing telomelysin with the E1B-defective onco-
lytic adenovirus dl1520 (onyx-015), which has been
used in many clinical trials [87].

We demonstrated that inhibition of the MRN com-
plex by telomelysin via the E1B55kDa protein pro-
duced a profound radiosensitizing effect in wviiro;
interestingly, on the other hand, ionizing radiation
increased the cytotoxic activity of telomelysin, pre-
sumably by increasing viral uptake into cancer cells,
which means that telomelysin and ionizing radiation
potentiate each other. Furthermore, combined ther-
apy with telomelysin and ionizing radiation exhibited a
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strong synergistic antitumor effect in animal studies
[78]. A clinical study of the combination of telom-
elysin and ionizing radiation against cancers of the
head and neck and esophagus is currently under con-
sideration in Japan, and additional telomelysin-based
treatment is expected to contribute to improvement of
the survival rates and quality of life in patients with
these cancers. Moreover, this inhibitory effect on the
MRN complex via the E1B55kDa protein may apply to
not only telomelysin but also all of the other oncolytic
adenoviruses that produce this protein, which may
provide new clues to clinical applications of oncolytic
adenovirotherapy (Fig. 2).

Perspectives on ATM and MRN Complex
Inhibitors

Precise cellular responses to DNA DSBs require
efficient recognition of the damaged DNA sites and
organized activation of the signaling pathways leading
to DNA repair and cell cycle checkpoints. Numerous
preclinical studies have shown that ATM and the MRN
complex play critical roles in this response, which
indicates that these molecules are promising targets
for radiosensitization. In fact, the ATM and MRN
complex inhibitors described above have exhibited
profound radiosensitizing effects in preclinical studies.
The next step should be to test these inhibitors toward
clinical application is to be tested in clinical settings,
but to our knowledge, none of them have entered
clinical trials.

One of the factors that could impede the success of
ATM and MRN complex inhibitors in clinical trials is
tumor selectivity. The expression and functions of
ATM and the MRN complex do not appear to differ
much in cancer cells and normal cells, which means
that unless these inhibitors are delivered to tumors
selectively, severe adverse events may occur when
they are combined with radiotherapy. Recent develop-
ments in the field of drug delivery could have remark-
able outcomes when combined with developments in the
field of drug discovery. For example, nanomedicine
has revolutionized drug delivery, and nanosized carri-
ers such as liposomes, polymers, and micelles increase
the stability of therapeutic drugs in the bloodstream
[88]. Moreover, these carriers can acquire tumor-
targeting potential by being equipped with antibodies
or peptides that target biomarkers that are overex-
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Adenoviral Proteins
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Cell cycle checkpoints

DNA Repair

Fig. 2 The molecular mechanism of radiosensitization via the adenoviral E1B55kDa protein. E1B55kDa inhibits the function of the MRN
complex in cooperation with the adenoviral E4orf6 protein, which inhibits the ATM signaling pathway and leads to cell-cycle-checkpoint

abrogation and DNA-repair dysfunction.

pressed in tumors [89]. This type of improvement in
drug delivery may be necessary for the use of ATM or
MRN complex inhibitors before they enter clinical
trials.

Regarding tumor-targeting potential, telomelysin
may be a step ahead of these ATM or MRN complex
inhibitors because its effect is strictly limited to can-
cer cells with high telomerase activity levels. Moreover,
Phase I clinical trials in the United States have
already determined the safety of monotherapy with
telomelysin, and this agent is about to undergo testing
in combination with ionizing radiation in a clinical trial
in Japan.

However, telomelysin also has some challenging
drawbacks that must be overcome in order to increase
its attractiveness and its application as a cancer
therapeutic agent. One of these issues is that telom-
elysin currently can only be administered via local
injection and not systemically. The majority of intra-
venously administered adenoviruses become trapped in
the liver, and thus they are not present at sufficient
levels at the tumor sites [90]. In addition, most
people have neutralizing antibodies against adenovirus
type 5, which is one of the common cold viruses.
Therefore, telomelysin, which consists of this adeno-
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virus, is removed by the immune system immediately
after systemic administration. For this reason, appli-
cation of telomelysin is currently limited to cancers
confined within locoregional areas, and improvements
in telomelysin that would facilitate its systemic deliv-
ery will be needed before the drug can be used in the
treatment of distant metastases.

In summary, the field of targeted radiosensitiza-
tion of tumors is developing rapidly and drawing much
attention. ATM and the MRN complex play central
roles in the DNA DSB-response pathways, and
inhibitors of these molecules are promising candidate
radiosensitizing agents. An upcoming clinical trial of
telomelysin combined with ionizing radiation will test
this agent’s function as an MRN complex inhibitor,
and the outcome of this trial is expected to open new
opportunities for other oncolytic adenoviruses that
produce the E1B55kDa protein as promising radiosen-
sitizers.

References

1. Mendelsohn FA, Divino CM, Reis ED and Kerstein MD: Wound
care after radiation therapy. Adv Skin Wound Care (2002) 15:
216-224.



90

1.

12.

13.

16.

17.

18.

19.

Kuroda et al.

Timmerman RD, Kavanagh BD, Cho LC, Papiez L and Xing L:
Stereotactic body radiation therapy in multiple organ sites. J Clin
Oncol (2007) 25: 947-952.

Bentzen SM, Harari PM and Bernier J: Exploitable mechanisms
for combining drugs with radiation: concepts, achievements and
future directions. Nat Clin Pract Oncol (2007) 4: 172-180.
Okunieff P, de Bie J, Dunphy EP, Terris DJ and Hockel M: Oxygen
distributions partly explain the radiation response of human
squamous cell carcinomas. Br J Cancer Suppl (1996) 27: S185-
190.

Harrison LB, Chadha M, Hill RJ, Hu K and Shasha D: Impact of
tumor hypoxia and anemia on radiation therapy outcomes. Oncol-
ogist (2002) 7: 492-508.

Varlotto J and Stevenson MA: Anemia, tumor hypoxemia, and the
cancer patient. Int J Radiat Oncol Biol Phys (2005) 63: 25-36.
Overgaard J and Horsman MR: Modification of Hypoxia-Induced
Radioresistance in Tumors by the Use of Oxygen and Sensitizers.
Semin Radiat Oncol (1996) 6: 10-21.

Krempler A, Deckbar D, Jeggo PA and Lobrich M: An imperfect
G2M checkpoint contributes to chromosome instability following
irradiation of S and G2 phase cells. Cell Cycle (2007) 6: 1682~
1686.

Mimitou EP and Symington LS: DNA end resection: many nucle-
ases make light work. DNA Repair (Amst) (2009) 8: 983-995.
Lamarche BJ, Orazio NI and Weitzman MD: The MRN complex in
double-strand break repair and telomere maintenance. FEBS Lett
(2010) 584: 3682-3695.

Cooper JS, Pajak TF, Forastiere AA, Jacobs J, Campbell BH,
Saxman SB, Kish JA, Kim HE, Cmelak AJ, Rotman M, Machtay
M, Ensiey JF, Chao KS, Schultz CJ, Lee N and Fu KK:
Postoperative concurrent radiotherapy and chemotherapy for high-
risk squamous-cell carcinoma of the head and neck. N Engl J Med
(2004) 350: 1937-1944.

Bernier J, Domenge C, Ozsahin M, Matuszewska K, Lefebvre JL,
Greiner RH, Giralt J, Maingon P, Rolland F, Bolla M, Cognetti F,
Bourhis J, Kirkpatrick A and van Glabbeke M: Postoperative irra-
diation with or without concomitant chemotherapy for locally
advanced head and neck cancer. N Engl J Med (2004) 350: 1945-
1952.

Longley DB, Harkin DP and Johnston PG: 5-fluorouracil: mecha-
nisms of action and clinical strategies. Nat Rev Cancer (2003) 3:
330-338.

Spalding AC and Lawrence TS: New and emerging radiosensitiz-
ers and radioprotectors. Cancer Invest (2006) 24: 444-456.
Hermann RM, Rave-Frank M and Pradier O: Combining radiation
with oxaliplatin: a review of experimental results. Cancer Radiother
(2008) 12: 61-67.

Morgan MA, Parsels LA, Maybaum J and Lawrence TS: Improving
gemcitabine-mediated radiosensitization using molecularly targeted
therapy: a review. Clin Cancer Res (2008) 14: 6744-6750.
Wachters FM, van Putten JW, Maring JG, Zdzienicka MZ, Groen
HJ and Kampinga HH: Selective targeting of homologous DNA
recombination repair by gemcitabine. Int J Radiat Oncol Biol Phys
(2003) 57: 553-562.

Morgan MA, Parsels LA, Parsels JD, Mesiwala AK, Maybaum J
and Lawrence TS: Role of checkpoint kinase 1 in preventing pre-
mature mitosis in response to gemcitabine. Cancer Res (2005) 65:
6835-6842.

Momm F, Kaden M, Tannock I, Schumacher M, Hasse J and
Henke M: Dose escalation of gemcitabine concomitant with radia-
tion and cisplatin for nonsmall cell lung cancer: a phase 1-2

53

20.

21.

22.

23.

24,

25.

28.

27.

28.

29,

30.

31.

32.

33.

35.

36.

Acta Med. Okayama Vol. 66, No. 2

study. Cancer (2010) 116: 4833-4839.

Cooke EW and Hazard L: Curative radiation therapy for pancreatic
malignancies. Surg Clin North Am (2010) 90: 341-354.

Benasso M, Vigo V, Bacigalupo A, Ponzanelli A, Marcenaro M,
Corvo R and Margarino G: A phase |l trial of low-dose gemcitabine
and radiation alternated to cisplatin and 5-fluorouracil: an active
and manageable regimen for stage IV squamous cell carcinoma of
the head and neck. Radiother Oncol (2008) 89: 44-50.

Milas L, Milas MM and Mason KA: Combination of taxanes with
radiation: preclinical studies. Semin Radiat Oncol (1999) 9: 12—
26.

Chen Y, Pandya K, Keng PP, Feins R, Raubertas R, Smudzin T,
Rosenblatt J and Okunieff P: Schedule-dependent pulsed pacli-
taxel radiosensitization for thoracic malignancy. Am J Clin Oncol
(2001) 24: 432-437.

Zhao J, Kim JE, Reed E and Li QQ: Molecular mechanism of
antitumor activity of taxanes in lung cancer (Review). Int J Oncol
(2005) 27: 247-256.

Lau D, Leigh B, Gandara D, Edelman M, Morgan R, lIsrael V,
Lara P, Wilder R, Ryu J and Doroshow J: Twice-weekly paclitaxel
and weekly carboplatin with concurrent thoracic radiation followed
by carboplatin/paclitaxel consolidation for stage Il non-small-cell
lung cancer: a Califomia Cancer Consortium phase Il trial. J Clin
Oncol (2001) 19: 442-447.

Tishler RB, Norris CM Jr, Colevas AD, Lamb CC, Karp D, Busse
PM, Nixon A, Frankenthaler R, Lake-Willcutt B, Costello R, Case
M and Posner MR: A Phase 1/ trial of concurrent docetaxel and
radiation after induction chemotherapy in patients with poor prog-
nosis squamous cell carcinoma of the head and neck. Cancer
(2002) 95: 1472-1481.

Kleinberg L and Forastiere AA: Chemoradiation in the manage-
ment of esophageal cancer. J Clin Oncol (2007) 25: 4110-4117.
Chen AY, Chou R, Shih SJ, Lau D and Gandara D: Enhancement
of radiotherapy with DNA topoisomerase I-targeted drugs. Crit Rev
Oncol Hematol (2004) 50: 111-119.

Murphy BA: Topoisomerases in the treatment of metastatic or
recurrent squamous carcinoma of the head and neck. Expert Opin
Pharmacother (2005) 6: 85-92.

lison DH, Bains M, Kelsen DP, O'Reilly E, Karpeh M, Coit D,
Rusch V, Gonen M, Wilson K and Minsky BD: Phase | trial of
escalating-dose irinotecan given weekly with cisplatin and concur-
rent radiotherapy in locally advanced esophageal cancer. J Clin
Oncol (2003) 21: 2926-2932.

Takeda K, Negoro S, Tanaka M, Fukuda H, Nakagawa K,
Kawahara M, Semba H, Kudoh S, Sawa T, Saijo N and Fukuoka
M: A phase Il study of cisplatin and irinotecan as induction che-
motherapy followed by concomitant thoracic radiotherapy with
weekly low-dose irinotecan in unresectable, stage Ill, non-small
cell lung cancer: JCOG 9706. Jpn J Clin Oncol (2011) 41: 25-31.
Feun L and Savaraj N: Topoisomerase | inhibitors for the treatment
of brain tumors. Expert Rev Anticancer Ther (2008) 8: 707-716.
Zhukov NV and Tjulandin SA: Targeted therapy in the treatment of
solid tumors: practice contradicts theory. Biochemistry (Mosc)
(2008) 73: 605-618.

Press MF and Lenz HJ: EGFR, HER2 and VEGF pathways:
validated targets for cancer treatment. Drugs (2007) 67: 2045-
2075.

Janku F, Stewart DJ and Kurzrock R: Targeted therapy in non-
small-cell lung cancer--is it becoming a reality? Nat Rev Clin
Oncol {2010) 7: 401-414.

Camphausen K and Tofilon PJ: Inhibition of histone deacetylation:



April 2012

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

a strategy for tumor radiosensitization. J Clin Oncol (2007) 25:
4051-4058.

Almenara J, Rosato R and Grant S: Synergistic induction of mito-
chondrial damage and apoptosis in human leukemia cells by fia-
vopiridol and the histone deacetylase inhibitor suberoylanilide
hydroxamic acid (SAHA). Leukemia (2002) 16: 1331-1343.

Marks PA: The clinical development of histone deacetylase inhibi-
tors as targeted anticancer drugs. Expert Opin investig Drugs
(2010) 19: 1049-1066.

Camphausen K, Burgan W, Cerra M, Oswald KA, Trepel JB, Lee
MJ and Tofilon PJ: Enhanced radiation-induced cell killing and
prolongation of gammaH2AX foci expression by the histone
deacetylase inhibitor MS-275. Cancer Res (2004) 64: 316-321.
Munshi A, Kurland JF, Nishikawa T, Tanaka T, Hobbs ML,
Tucker SL, Ismail S, Stevens C and Meyn RE: Histone deacety-
lase inhibitors radiosensitize human melanoma cells by suppress-
ing DNA repair activity. Clin Cancer Res (2005) 11: 4912-4922.
Ree AH, Dueland S, Folkvord S, Hole KH, Seierstad T,
Johansen M, Abrahamsen TW and Flatmark K: Vorinostat, a his-
tone deacetylase inhibitor, combined with pelvic palliative radio-
therapy for gastrointestinal carcinoma: the Pelvic Radiation and
Vorinostat (PRAVO) phase 1 study. Lancet Oncol (2010) 11: 459-
464.

Shabason JE, Tofilon PJ and Camphausen K: Grand Rounds at
the National Institutes of Health: HDAC Inhibitors as Radiation
Modifiers, from Bench to Clinic. J Cell Mol Med (2011).

Noel G, Giocanti N, Fernet M, Megnin-Chanet F and Favaudon V:
Poly (ADP-ribose) polymerase (PARP-1) is not involved in DNA
double-strand break recovery. BMC Cell Biol (2003) 4: 7.

Schultz N, Lopez E, Saleh-Gohari N and Helleday T: Poly (ADP-
ribose) polymerase (PARP-1) has a controlling role in homologous
recombination. Nucleic Acids Res (2003) 31: 4959-4964.

Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA,
Richardson TB, Santarosa M, Dillon KJ, Hickson I, Knights C,
Martin NM, Jackson SP, Smith GC and Ashworth A: Targeting
the D NA repair defect in BRCA mutant cells as a therapeutic strat-
egy. Nature (2005) 434: 917-921.

Loser DA, Shibata A, Shibata AK, Woodbine LJ, Jeggo PA and
Chalmers AJ: Sensitization to radiation and alkylating agents by
inhibitors of poly (ADP-ribose) polymerase is enhanced in cells
deficient in DNA double-strand break repair. Mol Cancer Ther
(2010) 9: 1775-1787.

Chalmers AJ, Lakshman M, Chan N and Bristow RG: Poly (ADP-
ribose) polymerase inhibition as a model for synthetic lethality in
developing radiation oncology targets. Semin Radiat Oncol (2010)
20: 274-281.

Camphausen K and Tofilon PJ: Inhibition of Hsp80: a multitarget
approach to radiosensitization. Clin Cancer Res (2007) 13: 4326-
4330.

Kabakov AE, Kudryavisev VA and Gabai VL: Hsp90 inhibitors as
promising agents for radiotherapy. J Mol Med (Berl) (2010) 88:
241-247.

Laperna S and Giordano A: Cell cycle kinases as therapeutic tar-
gets for cancer. Nat Rev Drug Discov (2009) 8: 547-566.

Tofilon PJ and Camphausen K: Molecular targets for tumor radio-
sensitization. Chem Rev (2009) 109: 2974-2988.

Savitsky K, Bar-Shira A, Gilad S, Rotman G, Ziv Y, Vanagaite L,
Tagle DA, Smith S, Uziel T, Sfez S, Ashkenazi M, Pecker |,
Frydmman M, Hamnik R, Patanjali SR, Simmons A, Clines GA,
Sartiel A, Gatti RA, Chessa L, Sanal O, Lavin MF, Jaspers NG,
Taylor AM, Arlett CF, Miki T, Weissman SM, Lovett M, Collins

54

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

ATM and MRN Complex Inhibitors 91

FS and Shiloh Y: A single ataxia telangiectasia gene with a prod-
uct similar to PI-3 kinase. Science (1995) 268: 1749-1753.

Shiloh Y: Ataxia-telangiectasia and the Nijmegen breakage
syndrome: related disorders but genes apart. Annu Rev Genet
(1997) 31: 635-662.

Eriksson D and Stigbrand T: Radiation-induced cell death mecha-
nisms. Tumour Biol (2010) 31: 363-372.

Postiglione |, Chiaviello A and Palumbo G: Twilight effects of low
doses of ionizing radiation on cellular systems: a bird's eye view
on current concepts and research. Med Oncol (2010) 27: 495~
509.

Riesterer O, Matsumoto F, Wang L, Pickett J, Molkentine D, Giri
U, Milas L and Raju U: A novel Chk inhibitor, XL-844, increases
human cancer cell radiosensitivity through promotion of mitotic
catastrophe. Invest New Drugs (2011) 29: 514-522.

Morgan MA, Parsels LA, Zhao L, Parsels JD, Davis MA, Hassan
MC, Arumugarajah S, Hylander-Gans L, Morosini D, Simeone
DM, Canman CE, Normolie DP, Zabludoff SD, Maybaum J and
Lawrence TS: Mechanism of radiosensitization by the Chk1/2
inhibitor AZD7762 involves abrogation of the G2 checkpoint and
inhibition of homologous recombinational DNA repair. Cancer Res
(2010) 70: 4972-4981.

Shrivastav M, De Haro LP and Nickoloff JA: Regulation of DNA
double-strand break repair pathway choice. Cell Res (2008) 18:
134-147.

Alao JP and Sunnerhagen P: The ATM and ATR inhibitors
CGK733 and caffeine suppress cyclin D1 levels and inhibit cell
proliferation. Radiat Oncol (2009) 4: 51.

Sarkaria JN, Tibbetts RS, Busby EC, Kennedy AP, Hill DE and
Abraham RT: Inhibition of phosphoinositide 3-kinase related kinases
by the radiosensitizing agent wortmannin. Cancer Res (1998) 58:
4375-4382.

Zhou BB, Chaturvedi P, Spring K, Scott SP, Johanson RA,
Mishra R, Mattern MR, Winkler JD and Khanna KK: Caffeine
abolishes the mammalian G(2)/M DNA damage checkpoint by
inhibiting ataxia-telangiectasia-mutated kinase activity. J Biol
Chem (2000) 275: 10342-10348.

Hickson I, Zhao Y, Richardson CJ, Green SJ, Martin NM, Orr Al,
Reaper PM, Jackson SP, Curtin NJ and Smith GC: Identification
and characterization of a novel and specific inhibitor of the ataxia-
telangiectasia mutated kinase ATM. Cancer Res (2004) 64: 9152-
9158.

Won J, Kim M, Kim N, Ahn JH, Lee WG, Kim SS, Chang KY, Yi
YW and Kim TK: Small molecule-based reversible reprogramming
of cellular lifespan. Nat Chem Biol (2006) 2: 369-374.

Rainey MD, Charlton ME, Stanton RV and Kastan MB: Transient
inhibition of ATM kinase is sufficient to enhance cellular sensitivity
to ionizing radiation. Cancer Res (2008) 68: 7466-7474.

Collis SJ, Swartz MJ, Nelson WG and DeWeese TL: Enhanced
radiation and chemotherapy-mediated cell killing of human cancer
cells by small inhibitory RNA silencing of DNA repair factors.
Cancer Res (2003) 63: 1550-1554.

Guha C, Guha U, Tribius S, Alfieri A, Casper D, Chakravarty P,
Mellado W, Pandita TK and Vikram B: Antisense ATM gene
therapy: a strategy to increase the radiosensitivity of human
tumors. Gene Ther (2000) 7: 852-858.

Ajimura M, Leem SH and Ogawa H: Identification of new genes
required for meiotic recombination in Saccharomyces cerevisiae.
Genetics (1993) 133: 51-66.

Parry JM, Davies PJ and Evans WE: The effects of “cell age”
upon the lethal effects of physical and chemical mutagens in the



92

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Kuroda et al.

yeast, Saccharomyces cerevisiae. Mol Gen Genet (1976) 146:
27-35.

Camey JP, Maser RS, Olivares H, Davis EM, Le Beau M, Yates
JR, 3rd, Hays L, Morgan WF and Petrini JH: The hMre11/hRad50
protein complex and Nijmegen breakage syndrome: linkage of
double-strand break repair to the cellular DNA damage response.
Cell (1998) 93: 477-486.

Stewart GS, Maser RS, Stankovic T, Bressan DA, Kaplan M,
Jaspers NG, Raams A, Byrd PJ, Petrini JH and Taylor AM: The
DNA double-strand break repair gene hMRE11 is mutated in indi-
viduals with an ataxia-telangiectasia-like disorder. Cell (1999) 99:
577-587.

Waltes R, Kalb R, Gatei M, Kijas AW, Stumm M, Sobeck A,
Wieland B, Varon R, Lerenthal Y, Lavin MF, Schindler D and
Dork T:Human RADS50 deficiency in a Nijmegen breakage syn-
drome-like disorder. Am J Hum Genet (2009) 84: 605-616.
Williams RS, Williams JS and Tainer JA: Mre11-Rad50-Nbs1 is a
keystone complex connecting DNA repair machinery, double-
strand break signaling, and the chromatin template. Biochem Cell
Biol (2007) 85: 509-520.

Nelms BE, Maser RS, MacKay JF, Lagally MG and Petrini JH: In
situ visualization of DNA double-strand break repair in human fibro-
blasts. Science (1998) 280: 590-592.

Paull TT: Making the best of the loose ends: Mre11/Rad50 com-
plexes and Sae2 promote DNA double-strand break resection.
DNA Repair (Amst) (2010) 9: 1283-1291.

Di Virgilio M and Gautier J: Repair of double-strand breaks by
nonhomologous end joining in the absence of Mre11. J Cell Biol
(2005) 171: 765-771.

Dupre A, Boyer-Chatenet L, Sattler RM, Modi AP, Lee JH,
Nicolette ML, Kopelovich L, Jasin M, Baer R, Paull TT and
Gautier J: A forward chemical genetic screen reveals an inhibitor
of the Mre11-Rad50-Nbs1 complex. Nat Chem Biol (2008) 4: 119~
125.

Garner KM, Pletnev AA and Eastman A: Corrected structure of
mirin, a small-molecule inhibitor of the Mre11-Rad50-Nbs1 com-
plex. Nat Chem Biol (2009) 5: 129-130; author reply 130.

Kuroda S, Fujiwara T, Shirakawa Y, Yamasaki Y, Yano S, Uno F,
Tazawa H, Hashimoto Y, Watanabe Y, Noma K, Urata Y and
Kagawa S: Telomerase-dependent oncolytic adenovirus sensitizes
human cancer cells to ionizing radiation via inhibition of DNA
repair machinery. Cancer Res (2010) 70: 9339-9348.

Kawashima T, Kagawa S, Kobayashi N, Shirakiva Y, Umeoka T,
Teraishi F, Taki M, Kyo S, Tanaka N and Fujiwara T:
Telomerase-specific replication-selective virotherapy for human

55

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

0.

Acta Med. Okayama Vol. 66, No. 2

cancer. Clin Cancer Res (2004) 10: 285-292.

Umeoka T, Kawashima T, Kagawa S, Teraishi F, Taki M,
Nishizaki M, Kyo S, Nagai K, Urata Y, Tanaka N and Fujiwara T:
Visualization of intrathoracically disseminated solid tumors in mice
with optical imaging by telomerase-specific amplification of a
transferred green fluorescent protein gene. Cancer Res (2004)
64: 6259-6265.

Hashimoto Y, Watanabe Y, Shirakiya Y, Uno F, Kagawa S,
Kawamura H, Nagai K, Tanaka N, Kumon H, Urata Y and
Fujiwara T: Establishment of biological and pharmacokinetic
assays of telomerase-specific replication-selective adenovirus.
Cancer Sci (2008) 99: 385-390.

Nemunaitis J, Tong AW, Nemunaitis M, Senzer N, Phadke AP,
Bedell C, Adams N, Zhang YA, Maples PB, Chen S, Pappen B,
Burke J, Ichimaru D, Urata Y and Fujiwara T: A phase | study of
telomerase-specific replication competent oncolytic adenovirus
(telomelysin) for various solid tumors. Mol Ther (2010) 18: 429-
434.

Blackford AN and Grand RJ: Adenovirus E1B 55-kilodalton protein:
multiple roles in viral infection and cell transformation. J Virol
(2009) 83: 4000-4012.

Stracker TH, Carson CT and Weitzman MD: Adenovirus oncopro-
teins inactivate the Mre11-Rad50-NBS1 DNA repair complex.
Nature (2002) 418: 348-352.

Carson CT, Schwartz RA, Stracker TH, Lilley CE, Lee DV and
Weitzman MD: The Mre11 complex is required for ATM activation
and the G2/M checkpoint. EMBO J (2003) 22: 6610-6620.
Schwartz RA, Lakdawala SS, Eshleman HD, Russell MR, Carson
CT and Weitzman MD: Distinct requirements of adenovirus E1b55K
protein for degradation of cellular substrates. J Virol {2008) 82:
9043-9055.

Bischoff JR, Kim DH, Williams A, Heise C, Horn' S, Muna M, Ng
L, Nye JA, Sampson-Johannes A, Fattaey A and McCormick F: An
adenovirus mutant that replicates selectively in p53-deficient human
tumor cells. Science (1996) 274: 373-376.

Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R and Langer
R: Nanocarriers as an emerging platform for cancer therapy. Nat
Nanotechnol (2007) 2: 751-760.

Majumdar D, Peng XH and Shin DM: The medicinal chemistry of
theragnostics, multimodality imaging and applications of nanotech-
nology in cancer. Curr Top Med Chem (2010) 10: 1211-1226.

Eto Y, Yoshioka Y, Mukai Y, Okada N and Nakagawa S:
Development of PEGylated adenovirus vector with targeting ligand.
Int J Pharm (2008) 354: 3-8.






