Synergistic Interaction of Telomerase-Specific Oncolytic Virotherapy

[12]

[13]
[14]

(15}

[16]

[17]
(18]

[19]

{20]

211

[22]

{231

[24]

[25]

[26]

[27]

[28]

29]

[30]

Kemp, B.; Khuri, F.R,; Kurie, JM,; Liao, Z.; McDomnell, T.J.;
Morice, R.; Morello, F.; Munden, R.; Papadimitrakopoulou, V.; Pis-
ters, K.M.; Putnam, J.B,, Jr.; Sarabia, A.J.; Shelton, T.; Stevens, C.;
Shin, D.M.; Smythe, W.R.; Vaporciyan, A:A;; Walsh, G.L.; Yin, M.
Induction of p53-regulated genes and tumor regression in lung cancer
patients after intratumoral delivery of adenoviral p53 (INGN 201)
and radiation therapy. Clin. Cancer Res., 2003, 9 (1), 93-101.
Fujiwara, T.; Tanaka, N,; Kanazawa, S.; Ohtani, S.; Saijo, Y.;
Nukiwa, T.; Yoshimura, K.; Sato, T,; Eto, Y.; Chada, S.; Naka-
mura, H.; Kato, H. Multicenter phase I study of repeated intratu-
moral delivery of adenoviral p53 in patients with advanced non-
small-cell lung cancer. J. Clin. Oncol., 2006, 24 (11), 1689-1699.
Hawkins, LK.; Lemeine, N.R.; Kim, D. Oncolytic biotherapy: a
novel therapeutic plafform. Lancet Oncol., 2002, 3 (1), 17-26.
Kawashima, T.; Kagawa, S.; Kobayashi, N.; Shirakiya, Y.;
Umeoka, T.; Teraishi, F.; Taki, M.; Kyo, S.; Tanaka, N.; Fujiwara,
T. Telomerase-specific replication-selective virotherapy for human
cancer, Clin. Cancer Res., 2004, 10 (1 Pt 1), 285-292.

Umeoka, T.; Kawashima, T.; Kagawa, S.; Teraishi, F.; Taki, M.;
Nishizaki, M.; Kyo, S.; Nagai, K.; Urata, Y.; Tanaka, N.; 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
(17), 6259-6265.

Taki, M.; Kagawa, S.; Nishizaki, M.; Mizuguchi, H.; Hayakawa,
T.; Kyo, S.; Nagai, K.; Urata, Y.; Tanaka, N.; Fujiwara, T. En-
hanced oncolysis by a tropism-modified telomerase-specific repli-
cation-selective adenoviral agent OBP-405 ('Telomelysin-RGD").
Oncogene, 2005, 24 (19), 3130-3140.

Shay, J.W.; Bacchetti, S. A survey of telomerase activity in human
cancer. Eur. J. Cancer, 1997, 33 (5), 787-791.

Dong, C.K.; Masutomi, K.; Hahn, W.C. Telomerase: regulation, function
and transformation. Crit Rev. Oncol. Hematol., 2005, 54 (2), 85-93.
Hiyama, K.; Hirai, Y.; Kyoizumi, S.; Akiyama, M.; Hiyama, E.;
Piatyszek, M.A.; Shay, J.W.; Ishioka, 8.; Yamakido, M. Activation
of telomerase in human lymphocytes and hematopoietic progenitor
cells. J. Immunol., 1995, 155 (8), 3711-3715.

Tahara, H.; Yasui, W.; Tahara, E.; Fujimoto, J.; Ito, K.; Tamai, K.;
Nakayama, J.; lshikawa, F.; Tahara, E.; Ide, T:.. Immuno-
histochemical detection of human telomerase catalytic component,
hTERT, in human colorectal tumor and non-tumor tissue sections.
Oncogene, 1999, 18 (8), 1561-1567.

Shay, J.W.; Wright, W.E. Telomerase: a target for cancer therapeu-
tics. Cancer Cell, 2002, 2 (4), 257-265.

Feng, J.; Funk, W.D.; Wang, S.S.; Weinrich, S.L.; Avilion, A.A.; Chiu,
C.P,; Adams, RR; Chang, E.; Allsopp, R.C; Yu, J.; . The RNA compo-
nent of human telomerase. Science, 1995, 269 (5228), 1236-1241.
Harrington, L.; McPhail, T.; Mar, V.; Zhou, W.; Oulton, R.; Bass,
M.B.; Amuda, 1; Robmson, M.O. A mammalian telomerase-
associated protein. Science, 1997, 275 (5302), 973-977.

Meyerson, M.; Counter, C.M.; Eaton, E:N; Ellisen, L.W.; Steiner, P.;
Caddle, S.D.; Ziaugra, L.; Beijersbergen, R.L.; Davidoff, M.J.; Liu,
Q.; Bacchetti, S.; Haber, D.A.; Weinberg, R.A. hEST2, the putative
human telomerase catalytic subunit gene, is up-regulated in tumor
cells and during immortalization. Cell, 1997, 90 (4), 785-795.
Nakamura, T.M.; Morin, G.B.; Chapman, K.B.; Weinrich, S.L.;
Andrews, W.H.; Lingner, J.; Harley, C.B.; Cech, T.R. Telomerase
catalytic subunit homologs from fission yeast and human. Science,
1997, 277 (5328), 955-959.

Nakayama, J.; Tahara, H.; Tahara, E.; Saito, M.; Ito, K.; Nakamura,
H.; Nakanishi, T.; Tahara, E.; Ide, T.; Ishikawa, F. Telomerase ac-
tivation by hTRT in human normal fibroblasts and hepatocellular
carcinomas. Nat. Genet., 1998, 18 (1), 65-68.

Beattie, T.L.; Zhou, W.; Robinson, M.O.; Harrington, L. Reconsti-
tution of human telomerase activity in vitro. Curr. Biol, 1998, 8
(3),177-180.

Wirth, T.; Zender, L.; Schulte, B.; Mundt, B.; Plentz, R.; Rudolph,
K.L.; Manns, M.; Kubicka, S.; Kuhnel, F. A telomerase-dependent
conditionally replicating adenovirus for selective treatment of can-
cer. Cancer Res., 2003, 63 (12),3181-3188.

Lanson, N.A., Jr.; Friedlander, P.L.; Schwarzenberger, P.; Kolls,
JK.; Wang, G. Replication of an adenoviral vector controlled by
the human telomerase reverse transcriptase promoter causes tumor-
selective tumor lysis. Cancer Res., 2003, 63 (22), 7936-7941.
Irving, J.; Wang, Z.; Powell, S.; O'Sullivan, C.; Mok, M.; Murphy,
B.; Cardoza, L.; Lebkowski, J.S.; Majumdar, A.S. Conditionally

139

[31]

{32]

[33]

[34]

[33]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Current Phavmaceutical Biotechnology, 2012, Vol. 13, No. 9 1815

replicative adenovirus driven by the human telomerase promoter
provides broad-spectrum antitumor activity without liver toxicity.
Cancer Gene Ther., 2004, 11 (3), 174-185.

Kim, E.; Kim, JH;; Shin, HY; Lee, H.; Yang, JM.; Kim, J.; Sohn,
JH.; Kim, H;; Yun, CO. Ad-mTERT-deltal, a conditional replica-
tion-competent adenovirus driven by the human telomerase promoter,
selectively replicates in and elicits cytopathic effect in a cancer cell-
specific manner. Hum. Gene Ther., 2003, 14 (15), 1415-1428.

Li, Y; Yu, D.C; Chen, Y.; Amin, P.; Zhang, H,, Nguyen, N.;
Henderson, D.R. A hepatocellular carcinoma-specific adenovirus
variant, CV890, eliminates distant human liver tumors in combina-
tion with doxorubicin. Cancer Res., 2001, 61 (17), 6428-6436.
Hashimoto, Y.; Watanabe, Y.; Shirakiya, Y.; Uno, F.; Kagawa, S.;
Kawamura, H.; Nagai, K.; Tanaka, N.; Kumon, H.; Urata, Y.; Fu-
jiwara, T. Establishment of biological and pharmacokinetic assays
of telomerase-specific replication-selective adenovirus. Cancer
Sci., 2008, 99 (2), 385-390.

Fujiwara, T.; Urata, Y.; Tanaka, N. Telomerase-specific oncolytic
virotherapy for human cancer with the hTERT promoter. Curv.
Cancer Drug Targets, 2007, 7(2), 191-201.

Kurihara, Y.; Watanabe, Y.; Onimatsu, H:; Kojima, T.; Shirota, T.;
Hatori, M,; Liu, D.; Kyo, S.; Mizuguchi, H.; Urata, Y.; Shintani, S.;
Fujiwara, T. Telomerase-specific virotheranostics for human head
and neck cancer. Clin. Cancer Res., 2009, {5 (7),2335-2343.
Fujiwara, T. Telomerase-specific virotherapy for human squamous
cell carcinoma. Expert. Opin. Biol. Ther., 2009, 9 (3), 321-329.
Nemunaitis, J.; Tong, A.W.; Nemunaitis, M.; Senzer, N.; Phadke,
A.P.; Bedell, C.; Adams, N.; Zhang, Y.A.; Maples, P.B.; Chen, S.;
Pappen, B.; Bwike, J.; Ichimara, D.; Urata, Y.; Fujiwara, T. A
phase I study of telomerase-specific replication competent onco-
lytic adenovirus (telomelysin) for various solid tumors. Mol. Ther.,
2010, 18 (2), 429-434.

DeWeese, T.L.; van der, P.H,; Li, S.; Mikhak, B.; Drew, R.; Goemann,
M.; Hamper, U,; Delong, R.; Detorie, N.; Rodriguez, R.; Haulk, T.;
DeMarzo, A.M.; Piantadosi, S.; Yu, D.C.; Chen, Y.; Henderson, D.R;
Carducci, M.A.; Nelson, W.G.; Simons, J.W. A phase I trial of CY706,
a replication-competent, PSA selective oncolytic adenovitus, for the
treatment of locally recurrent prostate cancer following radiation ther-
apy. Cancer Res., 2001, 61 (20), 7464-7472.

Small, EJ.; Carducci, M.A.; Burke, J.M.; Rodriguez, R.; Fong, L.;
van, UL; Yu, D.C,; Aimi, J.; Ando, D.; Working, P.; Kim, D.;
Wilding, G. A Phase I Trial of Intravencus CG7870, a Replication-
selective, prostate-specific antigen-targeted oncolytic adenovirus,
for the treatment of hormone-refractory, metastatic prostate cancer,,
Mol. Ther., 2006.

Bischoff, J.R.; Kim, D.H.; Williams, A.; Heise, C.; Hom, S.; Muna, M;;
Ng, L; Nye, LA.; Sampson-Johannes, A.; Fattaey, A.; McCormick, F.
An adenovirus mutant that replicates selectively in p53-deficient human
tumor cells. Science, 1996, 274 (5286), 373-376.

Rodriguez, R.; Schuur, E.R.; Lim, H.Y.; Henderson, G.A.; Simons,
J.W.; Henderson, D.R. Prostate attenuated replication competent
adenovirus (ARCA) CN706: a selective cytotoxic for prostate-
specific antigen-positive prostate cancer cells, Cancer Res., 1997,
57 (13),2559-2563.

Kirn, D.; Martuza, R.L.; Zwiebel, J. Replication-selective virother-
apy for cancer: Biological principles, risk management and future
directions. Nat. Med., 2001, 7 (7), 781-787.

Heise, C.; Sampson-Johannes, A.; Williams, A.; McCormick, F.;
Von Hoff, D.D.; Kirn, D.H. ONYX-015, an E1B gene-attenuated
adenovirus, causes tumor-specific cytolysis and antitumoral effi-
cacy that can be augmented by standard chemotherapeutic agents.
Nat. Med., 1997, 3 (6), 639-645.

You, L.; Yang, C.T.; Jablons, D.M. ONYX-015 works synergisti-
cally with chemotherapy in lung cancer cell lines and primary cul-
tures freshly made from lung cancer patients. Cancer Res., 2000,
60 (4), 1009-1013.

Toyoizumi, T.; Mick, R.; Abbas, A.E.; Kang, E.H.; Kaiser, L.R.;
Molnar-Kimber, K.L. Combined therapy with chemotherapeutic
agents and herpes simplex virus type 1 ICP34.5 mutant (HSV-
1716) in human non-small cell lung cancer. Hum. Gene Ther.,
1999, 10 (18), 3013-3029.

Khuri, F.R.; Nemunaitis, J.; Ganly, L; Arseneau, J.; Tannock, LF.;
Romel, L.; Gore, M.; Ironside, J.; MacDougall, R.H.; Heise, C.;
Randlev, B.; Gillenwater, A.M.; Bruso, P.; Kaye, S.B.; Hong,
W.K.; Kirn, D.H. a controlled trial of intratumoral ONYX-015, a
selectively-replicating adenovirus, in combination with cisplatin



1816 Current Pharmaceutical Biotechnology, 2012, Vol. 13, No. 9

and 5-fluorouracil in patients with recurrent head and neck cancer.
Nat. Med., 2000, 6 (8), 879-885.

[47] Reid, T.; Galanis, E.; Abbruzzese, J.; Sze, D., Wein, L.M.; Andrews, J.;
Randlev, B.; Heise, C.; Uprichard, M.; Hatfield, M.; Rome, L.; Rubin,
J.; Kimn, D. Hepatic arterial infusion of a replication-selective oncolytic
adenovirus (di1520): phase II viral, immunologic, and clinical end-
points. Cancer Res., 2002, 62 (21), 6070-6079.

48] Hecht, J.R.; Bedford, R.; Abbruzzese, J.L.; Lahoti, S.; Reid, T.R.;
Soetikno, RM.; Kimn, D.H.; Freeman, S.M. A phase I/1I trial of in-
tratumoral endescopic ultrasound injection of ONYX-015 with
intravenous gemcitabine in unresectable pancreatic carcinoma.
Clin. Cancer Res.; 2003, 9 (2), 555-561.

[49] Galanis, E.; Okuno, S.H.; Nascimento, A.G.; Lewis, B.D.; Lee,
R.A,; Otliveira, A.M.; Sloan, J.A;; Atherton, P.; Edmonson, J.H.;
Erlichman, C.; Randlev, B.; Wang, Q.; Freeman, S.; Rubin, J.
Phase I-II trial of ONYX-015 in combination with MAP chemo-
therapy in patients with advanced sarcomas. Gene Ther., 2005, 72
(5),437-445.

[50] Nemunaitis, J.; Ganly, I; Khuri, F.; Arsenean, J.; Kubn, 1;
McCarty, T.; Landers, S.; Maples, P.; Romel, L.; Randlev, B.;
Reid, T.; Kaye, S.; Kimn, D. Selective replication and oncolysis i
p53 mutant tamors with ONYX-015, an E1B-55kD gene-deleted
adenovirus, in patients with advanced head and neck cancer: a
phase Il trial. Cancer Res., 2000, 60 (22), 6359-6366.

[51] Jacobs, C.; Lyman, G.; Velez-Garcia, E.; Sridhar, K.S.; Knight, W.;
Hochster, H.; Goodnough, L.T:; Mortimer, J.E.; Einhomn, L.H.;
Schacter, L. A phase III randomized study comparing cisplatin and
fluorouracil as single agents and in combination for advanced
squamous cell carcinoma of the head and neck. J. Clin. Oncol.,
1992, 10 (2), 257-263.

{521 Vokes, E.E. Chemotherapy and integrated treatment approaches in
head and neck cancer. Curr. Opin. Oncol., 1991, 3 (3), 529-534,

[53] Jordan, M.A.; Toso, RJ.; Thrower, D.; Wilson, L. Mechanism of mi-
totic block and inhibition of cell proliferation by taxol at low concentra-
tions. Proc, Nati. Acad. Sei. US4, 1993, 90 (20), 9552-9556.

[54] Dumontet, C.; Sikic, B.I. Mechanisms of action of and resistance to
antitubulin agents: microtubule dynamics, drug transport, and cell
death. J. Clin. Oncol., 1999, 17 (3), 1061-1070.

[55] Nielsen, L.L.; Lipari, P.; Dell, J.; Gumani, M.; Hajian, G. Adenovi-
rus-mediated p53 gene therapy and paclitaxel have synergistic effi-
cacy in models of human head and neck, ovarian, prostate, and
breast cancer, Cfin. Cancer Res., 1998, 4 (4), 835-846.

[56] Yu, D.C.; Chen, Y.; Dilley, J; Li, Y.; Embry, M.; Zhang, H,;
Nguyen, N.; Amin, P.; Oh, J.; Henderson, D.R. Antitumor synergy
of CV787, a prostate cancer-specific adenovirus, and paclitaxel and
docetaxel. Cancer Res., 2001, 67 (2), 517-525.

[57]  Fujiwara, T.; Kagawa, S.; Kishimoto, H.; Endo, Y.; Hioki, M.;
Ikeda, Y.; Sakai, R.; Urata, Y.; Tanaka, N.; Fujiwara, T. Enhanced
antitumor efficacy of telomerase-selective oncolytic adenoviral
agent OBP-401 with docetaxel: Preclinical evaluation of chemovi-
rotherapy. Int. J. Cancer, 2006, 119 (2), 432-440.

[58] Shaked, Y.; Emmenegger, U.; Francia, G.; Chen, L.; Lee, CR.;
Man, S.; Paraghamian, A.; Ben-David, Y.; Kerbel, R.S. Low-dose
metronomic combined with interinittent bolus-dose cyclophos-
phamide is an effective long-term chemotherapy treatment strategy.
Cancer Res., 2005, 65 (16), 7045-7051.

[591 Kitazono, M.; Goldsmith, M.E.; Aikou, T.; Bates, S.; Fojo, T.
Enhanced adenovirus transgene expression in malignant cells
treated with the histone deacetylase inhibitor FR901228. Cancer
Res., 2001, 61 (17), 6328-6330.

[60] Goldsmith, M.E.; Kitazono, M.; Fok, P.; Aikou, T.; Bates, S.; Fojo,
T. The histone deacetylase inhibitor FK228 preferentially enhances
adenovirus transgene expression in malignant cells. Clin. Cancer
Res., 2003, 9 (14), 5394-5401.

[61] Pong, R.C.; Lai, Y.J.; Chen, H.; Okegawa, T.; Frenkel, E.; Saga-
lowsky, A:; Hsieh, J.T. Epigenetic regulation of coxsackie and ade-
novirus receptor (CAR) gene promoter in urogenital cancer cells.
Cancer Res., 2003, 63 (24), 8680-8686.

[62] Hemminki, A.; Kanerva, A.; Liu, Bs; Wang, M.; Alvarez, R.D.;
Siegal, G.P.; Curiel, D.T. Modulation of coxsackie-adenovirus re-
ceptor expression for increased adenoviral transgene expression.
Cancer Res., 2003, 63 (4), 847-853.

Received: May 03, 2010 ' Accepted: September 21, 2010

140

(63]

[64]

(65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

(751

{76

[77]

Fujiwara et al.

Watanabe, T.; Hioki, M.; Fujiwara, T.; Nishizaki, M.; Kagawa, S.;
Taki, M.; Kishimoto, H.; Endo, Y.; Urata, Y.; Tanaka, N.; Fuji-
wara, T. Histone deacetylase inhibitor FR901228 enhances the anti-
tumor effect of telomerase-specific replication-selective adenoviral
agent OBP-301 in human lung cancer cells. Exp. Cell Res., 2006,
312 (3),256-265.

Marshall, J.L.; Rizvi, N.; Kauh, J.; Dahut, W.; Figuera, M.; Kang,
MH.; Figg, W.D.; Wainer, I; Chaissang, C.; Li, M.Z.; Hawkins,
M.J. A phase I trial of depsipeptide (FR901228) in patients with
advanced cancer. J. Exp. Ther. Oncol., 2002, 2 (6), 325-332.

Byrd, J.C.; Marcucci, G.; Parthun, M.R.; Xiao, 1.1.; Klisovic, R.B:;
Moran, M.; Lin, T.S.; Liu, S.; Sklenar, A.R.; Davis, M.E.; Lucas,
D.M.; Fischer, B.; Shank, R.; Tejaswi, S.L.; Binkley, P.; Wright, I.;
Chan, K X.; Grever, M.R. A phase | and pharmacodynamic study
of depsipeptide {(FK228) in chronic lymphocytic leukemia and
acute myeloid leukemia. Blood, 2005, 105 (3), 959-967.
Heinemann, V.; Quietzsch, D.; Gieseler, F.; Gomnermann, M.;
Schenekas, H.; Rost, A.; Neuhaus, H.; Haag, C.; Clemens, M.; Hein-
rich, B.; Vehling-Kaiser, U.; Fuchs, M.; Fleckenstein, D.; Gesierich,
W.; Uthgenannt, D.; Einsele, H.; Holstege, A.; Hinke, A.; Schalhom,
A.; Wilkowski, R. Randomized phase III trial of gemcitabine plus
cisplatin compared with gemcitabine alone in advanced pancreatic
cancer. J. Clin. Oncol., 2006, 24 (24), 3946-3952.

Paz-Ares, L.; Douillard, J.Y.; Koralewski, P.; Manegold, C.; Smit,
E.F.; Reyes, JM.; Chang, G.C.; John, W I; Peterson, P.M.; Oba-
saju, C.K.; Lahn, M.; Gandara, D.R. Phase Il study of gemcitabine
and cisplatin with or without aprinocarsen, a protein kinase C-alpha
antisense oligonucleotide, in patients with advanced-stage non-
small-cell lung cancer. J. Clin. Oncol., 2006, 24 (9), 1428-1434,
Halloran, C.M.; Ghaneh, P.; Shore, S.; Greenhalf, W.; Zumstein,
L.; Wilson, D.; Neoptolemos, J.P.; Costello, E. 5-Fluorouracil or
gemcitabine combined with adenoviral-mediated reintroduction of
pl6INK4A greatly enhanced cytotoxicity in Panc-1 pancreatic ade-
nocarcinoma cells. J. Gene Med., 2004, 6 (5), 514-525.

Lee, W.P; Tai, D.L; Tsai, S.L.; Yeh, C.T.; Chao, Y., Lee, S.D,;
Hung, M.C. Adenovirus type 5 E1A sensitizes hepatocellular carci-
noma cells to gemcitabine. Cancer Res., 2003, 63 (19), 6229-6236.:
Liu, D.; Kojima, T.; Ouchi, M.; Kuroda, S.; Watanabe, Y.; Hashi-
moto, Y.; Onimatsu, H.; Urata, Y.; Fujiwara, T. Preclinical evalua-
tion of synergistic effect of telomerase-specific oncolytic virother-
apy and gemcitabine for human lung cancer, Mol Cancer Ther.,
2009, 8 (4): 980-987.

Huang, P.: Chubb, S.; Hertel, L.W.; Grindey, G.B.; Plunkett, W.
Action of 2'2'-difluorodeoxycytidine on DNA synthesis. Cancer
Res., 1991, 51 (22),6110-6117.

Wang, H.G.; Draetta, G.; Moran, E. E1A induces phosphorylation
of the retinoblastoma protein independently of direct physical asso-
ciation between the E1A and retinoblastoma preducts. Mol. Cell
Biol., 1991, 71 (8), 4253-4265.

Hollyoake, M.; Stuhler, A.; Farrell, P.; Gorden, J.; Sinclair, A, The
normal cell cycle activation program is exploited during the infec-
tion of quiescent B lymphocytes by Epstein-Barr virus. Cancer
Res., 1995, 55 (21), 4784-4787.

Morozov, A.; Shiyanov, P.; Bamr, E.; Leiden, J.M.; Raychaudhuri,
P. Accumulation of human papillomavirus type 16 E7 protein by-
passes G1 arrest induced by serum deprivation and by the cell cycle
inhibitor p21. [ Virel, 1997, 71 (5), 3451-3457.

Nahle, Z.; Polakoff, J.; Davuluri, R.V.; McCuirach, M.E.; Jacob-
son, M.D.; Narita, M.; Zhang, M.Q.; Lazebnik, Y.; Bar-Sagi, D.;
Lowe, S.W. Direct coupling of the cell cycle and cell death ma-
chinery by E2F. Nat. Cell Biol., 2002, 4 (11), 859-864.

Kuroda, S.; Fujiwara, T.; Shirakawa, Y.; Yamasaki, Y.; Yano, S,;
Uno, F.; Tazawa, H.; Hashimoto, Y.; Watanabe, Y.; Noma, K.;
Urata, Y.; Kagawa, S.; Fujiwara, T. Telomerase-dependent onco-
lytic adenovirus sensitizes human cancer cells to ionizing radiation
via inhibition of DNA repair machinery. Cancer Res., 2010, 70
(22): 9339-G348.

Kojima, T.; Watanabe, Y.; Hashimoto, Y.; Kuroda, S.; Yamasaki,
Y.; Yano, S.; Ouchi, M.; Tazawa, H.; Uno, F.; Kagawa, S.; Kyo,
S.; Mizuguchi, H.; Urata, Y; Tanaka, N.; Fujiwara, T. In vivo bio-
logical purging for lymph node metastasis of human colorectal
cancer by telomerase-specific oncolytic virotherapy. Ann. Surg.,
2010, 257 (6),1079-1086.



Acta Med. Okayama, 2012 I —

Vol. 66, No. 2, pp. 83-92 Acta Medica
Copyright@©2012 by Okayama University Medical School. Okayama
. [
Revlew http:/escholarship.lib.okayama-w.ac.jp/amo/

Ataxia-Telangiectasia Mutated and the Mre1 1-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 E1B55kDa 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
§gceived June 21, 2011; accepted July 25, 2011. much less severe than those of chemotherapy, radio-
E;’;f?&ild“f cgfntﬁdigﬁi;( S7.1}:{3ur7§d2;,1)8905’ Fax:+1-713-794-4669 therapy son}etlmes causes severe local advgrse effec?ts

such as radiodermatitis, because normal tissues adja-

$The winner of the 2010 Hayashibara Prize of the Okayama Medical ! . o
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 *~MmTOR
* VEGF
*5-FU * NFkB
* Platinum drugs * Cox-2
* Gemcitabine * Glucose metabolism
* Taxanes * ATM
* Topoisomerase I inhibitors * MRN complex
Radioprotection
Antioxidants Target Molecules
* Amifostine * NFxB
* 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 1 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 VEGEF 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 1is 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 yHZAX,
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 cerevisiae in genetic screens in which an Mrell
mutant was defective in meiotic recombination [67]
and a Rad50 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, 751.

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 eycle 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 (WTERT) 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 K1B-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 wvilro;
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

Cell cycle checkpoints

DNA Repair

Fig. 2 The molecular mechanism of radiosensitization via the adenoviral £1B55kDa 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 1 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.
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A simple detection system for adenovirus receptor expression
using a telomerase-specific replication-competent adenovirus

T Sasaki', H Tazawa??, J Hasei', S Osaki ', T Kunisada'*, A Yoshida', Y Hashimoto®, S Yano?, R Yoshida®, S Kagawa®, F Uno?, Y Urata®,

T Ozaki' and T Fujiwara®

Adenovirus serotype 5 (Ad5) is frequently used as an effective vector for induction of therapeutic transgenes in cancer gene
therapy or of tumor cell lysis in oncolytic virotherapy. Ad5 can infect target cells through binding with the coxsackie and
adenovirus receptor (CAR). Thus, the infectious ability of Ad5-based vectors depends on the CAR expression level in target cells.
There are conventional methods to evaluate the CAR expression level in human target cells, including flow cytometry, western
blotting and immunohistochemistry. Here, we show a simple system for detection and assessment of functional CAR expression

in human tumor cells, using the green fluorescent protein (GFP)-expressing telomerase-specific replication-competent
adenovirus OBP-401. OBP-401 infection induced detectable GFP expression in CAR-expressing tumor cells, but not in CAR-
negative tumor cells, nor in CAR-positive normal fibroblasts, 24 h after infection. OBP-401-mediated GFP expression was
significantly associated with CAR expression in tumor cells. OBP-401 infection detected tumor cells with low CAR expression
more efficiently than conventional methods. OBP-401 also distinguished CAR-positive tumor tissues from CAR-negative tumor
and normal tissues in biopsy samples. These results suggest that GFP-expressing telomerase-specific replication-competent
adenovirus is a very potent diagnostic tool for assessment of functional CAR expression in tumor cells for Ad5-based antitumor

therapy.
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INTRODUCTION

Adenovirus serotype 5 (Ad5) is widely and frequently used as an
effective vector in cancer gene therapy and oncolytic virother-
apy.'”® Adenovirus-mediated transgene transduction is a highly
efficient method for induction of ectopic transgene expression in
tumor cells.'? The p53 tumor suppressor gene, which is a
potential therapeutic transgene that may induce a very strong
antitumor effect, has been transduced into tumor cells using a
replication-deficient adenovirus vector (Ad-p53, Advexin, Intorgen
Therapeutics, Inc., Austin, TX, USA), and Ad-p53 has been reported
to induce an antitumor effect in clinical studies.*”” Recently, an
Ad5-based replication-competent oncolytic adenovirus has been
developed as a promising anticancer reagent for induction of
tumor-specific cell lysis.®® Ad5-based vectors infect human target
cells through binding with the coxsackie and adenovirus receptor
(CAR).'® Thus, the infection efficiency of Ad5-based vectors mainly
depends on the CAR expression level in tumor tissues."' ™'’
Increased CAR expression has been fre%uently shown in tumor
cells in various organs such as the brain,'® thyroid,'® esophagus,®
gastrointestinal tract,?’ prostate," bone and soft tissues.??"2*
However, tumor cells often show reduced CAR expression
following tumor progression.'®2'2>2¢ Decreased CAR expression
has also been shown in tumor tissues after repeated injection of
Ad-p53.278 It is therefore necessary to assess the CAR expression
level of target tumor tissues before and after Ad5-based cancer
gene therapy and oncolytic virotherapy.

There are some conventional methods for evaluation of the
CAR expression level in tumor tissues, such as flow cytometry,
immunohistochemistry, western blotting and reverse trans-
cription (RT)-PCR . Flow cytometry is mainly used to detect
CAR-positive human tumor cell lines."*?*?*?° Immunohistochemistry
is frequently used to assess CAR expression in various human
tumor tissues.'""'*?%%325 Western blotting is usually performed to
confirm the expression of many types of proteins including CAR
in molecular biological experiments. Quantitative RT-PCR is also a
useful method for evaluation of the mRNA expression of CAR.'8%2
Although these conventional methods can detect CAR expression
in tumor tissues, it still remains unclear whether Ad5-based
vectors really infect target tumor cells through binding with the
CAR that is detected using conventional methods. Therefore, the
development of a novel method for assessment of the level of
expression of functional CAR in tumor tissues, which is what the
Ad5-based vectors really bind, is required for Ad5-based anti-
cancer therapy.

We previously developed a telomerase-specific replication-
competent adenovirus OBP-301 (Telomelysin, Oncolys BioPharma,
Inc,, Tokyo, Japan) that drives the ETA and E1B genes under the
human telomerase reverse transcriptase (hTERT) promoter.52°-3!
OBP-301 infects both normal and tumor cells that express CAR, but
replicates only in CAR-positive tumor cells in a telomerase-
dependent manner. Furthermore, we recently generated a green
fluorescent protein (GFP)-expressing telomerase-specific replication-
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competent adenovirus OBP-401, which induces ectopic GFP
expression in tumor cells, but not in normal cells.>> OBP-401
infection efficiently induces GFP expression in metastatic tumor
cells at regional lymph nodes? and liver,?® circulating tumor cells
in blood flow®* and disseminated tumor cells in the abdominal
cavity.>® These results suggest that OBP-401 is a highly sensitive
tool for the detection of tumor cells. Furthermore, Ad5-based OBP-
401 would also be useful for induction of GFP expression in CAR-
positive tumor cells, but not in CAR-negative tumor cells.

In the present study, we evaluated whether induction of GFP
expression by OBP-401 infection is associated with CAR expression
in tumor cells. OBP-401-mediated GFP induction was further
examined in xenograft tumor tissues that have different levels of
CAR expression and in surrounding normal tissues.

RESULTS AND DISCUSSION

Assessment of an OBP-401 infection protocol for the detection of
CAR-positive tumor cells

We recently demonstrated that the level of CAR expression that
was detected using flow cytometry was significantly associated
with OBP-301-mediated c%/topathic activity in human bone and
soft tissue sarcoma cells.”® Furthermore, OBP-401 infection has
been shown to induce GFP expression 24h after infection of
human sarcoma cells.>* To evaluate whether GFP expression that
is induced by OBP-401 infection is associated with CAR expression
in tumor cells, we used three human sarcoma cell lines (OST,
NMFH-1 and OUMS-27) that have different levels of CAR
expression, as previously reported.?® Flow cytometric analysis
confirmed that OST cells showed detectable CAR expression,
whereas cells of the NMFH-1 and OUMS-27 sarcoma cell lines had
no detectable CAR expression (Figure 1a).

To determine suitable conditions for OBP-401 infection in order
to detect CAR-positive tumor cells, OST sarcoma cells were
infected with OBP-401 at multiplicity of infections (MOIs) of 1, 10
and 100 plaque-forming units (PFU) per cell over 24 h (Figure 1b
and c). Twelve hours after infection, only OBP-401 infection
at an MOI of 100 had induced GFP expression in all of the OST
cells. Twenty-four hours after infection, OBP-401 infection at MOls
of 10 and 100 had induced ectopic GFP expression in all of the
OST cells, whereas OBP-401 infection at an MOI of 1 had induced
GFP expression in about 80% of the OST cells. These results
indicate that OBP-401 infection at an MOI of greater than 10 is
necessary to efficiently detect CAR-positive tumor cells 24 h after
infection.

To subsequently determine a suitable condition for OBP-401
infection that would exclude CAR-negative tumor cells, the NMFH-1
and OUMS-27 sarcoma cells that do not express CAR were
infected with OBP-401 at MOlIs of 10 and 100 for 60 h (Figures 1d
and e). NMFH-1 cells expressed GFP at 24 and 48 h after OBP-401
infection at MOls of 100 and 10, respectively. In contrast, OUMS-27
cells exhibited no GFP expression after OBP-401 infection. To
investigate the different GFP expression between these CAR-
negative tumor cells, expression of integrins, avf3 and avf5, was
further examined by flow cytometry. NMFH-1 cells showed
twofold higher expression of integrin avp3 compared with
OUMS-27 cells, whereas avp5 expression was similar in these
cells (Supplementary Figure Sla). These results indicate that
OBP-401 infection at an MOI of 10 for 24 h is a suitable protocol
for distinguishing CAR-negative tumor cells from CAR-positive
tumor cells, when CAR-negative tumor cells express integrin
molecules.

Relationship between OBP-401-induced GFP expression and CAR
expression

To evaluate whether OBP-401-induced GFP expression correlates
with CAR expression in tumor cells, six human sarcoma cell lines

Gene Therapy (2012), 1-7

152

(OST, U20S, NOS-10, MNNG/HOS, NMFH-1 and OUMS-27) and
normal human lung fibroblasts (NHLF) cells that have different
levels of CAR expression (Figure 1a and Supplementary Figure
S1b) were infected with OBP-401 at an MOI of 10 for 24 h, and the
GFP-positive cells in each cell type were analyzed under
fluorescence microscopy (Figures 2a and b). OBP-401 infection-
induced GFP expression from 12 h after infection and, after 24 h,
more than 40% of all CAR-positive tumor cells (OST, U20S, NOS-10
and MNNG/HOS) were detected as GFP-positive cells. However, no
GFP-positive cells were detected in the CAR-negative tumor cells
(NMFH-1, OUMS-27), or in the normal NHLF cells, 24h after
infection. Furthermore, OBP-401-mediated GFP induction in CAR-
positive tumor cells was suppressed by blocking CAR proteins with
anti-CAR antibody (Supplementary Figure S2). To assess the GFP
expression level in all tumor and normal cells in a more
quantitative manner, we quantified the level of GFP fluorescence
in each cell type 24h after infection using a fluorescence
microplate reader (Figure 2c). We also quantified the level of
CAR expression in these cells by calculating the mean fluores-
cence intensity in flow cytometric analysis (Figure 2d). GFP
fluorescence was detected in CAR-positive tumor cells, but not in
either CAR-negative tumor cells or in CAR-positive normal cells.
There was a significant relationship between the CAR expression
level and the GFP fluorescence level (r=0.885; P=0.019)
(Figure 2e). These results indicate that OBP-401-mediated GFP
expression is highly associated with CAR expression in tumor cells.

Comparison of the potential of OBP-401-mediated GFP induction
and of conventional methods for CAR detection

To estimate the potential of OBP-401-mediated GFP induction for
the detection of CAR-positive tumor cells, we compared the above
protocol using OBP-401 with western blot analysis and immuno-
cytochemistry. CAR expression was detected in OST, U20S and
NOS-10 sarcoma cells, but not in CAR-positive MNNG/HOS
sarcoma cells, using western blot analysis (Supplementary Figure
S3a). In contrast, only OST cells displayed a positive CAR signal
using immunocytochemistry, whereas the CAR signal of the other
three CAR-positive tumor cells was almost as weak as that from
CAR-negative tumor cells (Supplementary Figure S3b). CAR
expression was also not detected in CAR-positive NHLF cells by
either western blot analysis or by immunocytochemistry. These
results suggest that the GFP induction protocol using OBP-401 is
more sensitive for the detection of CAR-positive tumor cells than
conventional methods.

OBP-401-mediated GFP induction was detected in MNNG/HOS
sarcoma cells that expressed a low level of CAR (Figure 2c),
although neither western blot analysis nor immunocytochemistry
detected CAR in these cells (Supplementary Figure S3). Further-
more, although conventional methods may be able to detect high
CAR expression in tumor cells, whether the CAR expression that is
detected by conventional methods is really functional for binding
with Ad5-based vectors still remains unclear. In contrast, as OBP-
401 is an Ad5-based vector that expresses a fluorescent GFP gene,
OBP-401-induced GFP expression directly proves that the CAR that
is expressed is functional for Ad5-based vector binding. Thus, the
OBP-401-mediated GFP induction strategy is a potential diagnos-
tic method that can efficiently and directly assess functional CAR
expression in tumor cells.

OBP-401-mediated GFP induction in xenograft tumor and normal
tissues with different CAR expression

Finally, to investigate the potential of the OBP-401-mediated
method for the detection of CAR expression in tumor and normal
tissues, we used this method to analyze CAR expression of human
xenograft tumor tissues, that do or do not express CAR, as well as
of surrounding normal muscle tissues, which have been previously
shown to lose CAR expression.>® CAR-positive OST sarcoma cells or
CAR-negative OUMS-27 sarcoma cells were inoculated into nude

© 2012 Macmillan Publishers Limited
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Figure 1. Establishment of a suitable protocol for the detection of CAR expression using OBP-401. (a) The level of CAR expression on

three human sarcoma cell lines (OST, NMFH-1 and OUMS-27) was analyzed using flow cytometry. The cells were incubated with a monoclonal
anti-CAR (RmcB) antibody and the signal was detected using a fluorescent isothiocyanate (FITC)-labeled secondary antibody. The mean
fluorescence intensity (MFI), which is a measure of CAR and integrin expression, was calculated for each cell and is shown at the top right
of each graph. (b) Time-lapse images of OST cells, which displayed the highest CAR expression, were recorded for 24 h after OBP-401 infection
at MOls of 1 and 10PFU per cell. Representative images taken at the indicated time points and MOIls show cell morphology that was
analyzed using phase-contrast microscopy (top panels) and GFP expression that was analyzed using fluorescence microscopy (bottom panels).
Original magnification: x 80. (c) The percentage of GFP-positive cells was counted in OST cells at the indicated time points after OBP-301
infection at MOIs of 1, 10 and 100 PFU per cell. (d) Time-lapse images of non-CAR-expressing OUMS-27 and NMFH-1 cells were recorded
for 60 h after OBP-401 infection at MOls of 10 and 100 PFU per cell. Representative images taken at the indicated time points and MOls
show cell morphology that was analyzed using phase-contrast microscopy (top panels) and GFP expression that was analyzed using
fluorescence microscopy (bottom panels). Original magnification: x 80. (e) The percentage of OUMS-27 and NMFH-1 GFP-positive cells

was counted at the indicated time points after OBP-301 infection at MOlIs of 10 and 100 PFU per cell.

mice to develop xenograft tumors. After resection of the OST
tumors, the OUMS-27 tumors and normal muscle tissue, the
tissues were subjected to the protocol for OBP-401-mediated GFP
induction using a three-step procedure (Figure 3a) as follows; step
1: OBP-401 infection for 24 h, step 2: washing with PBS and step 3:
observation under a fluorescence microscope. As shown in
Figure 3b, OBP-401 infection-induced GFP expression in CAR-
positive OST tumor tissues, but not in CAR-negative OUMS-27
tumor tissues or in normal muscle tissue. These results suggest
that OBP-401-mediated GFP induction is a simple and useful
method for the detection of CAR expression by tumor tissues.
Flow cytometry is a highly sensitive conventional method for
the detection of cell surface CAR expression, which is associated
with the therapeutic efficacy of Ad5-based vectors in tumor

© 2012 Macmillan Publishers Limited

cells.'*2*282% However, as many tumor cells tightly bind to each
other or to normal stromal cells within tumor tissues, the
preparation of single tumor cells is not easy, and therefore flow
cytometry is an inadequate method for the detection of CAR
expression in tumor tissues. In contrast, the preparation of single
tumor cells is not necessary for the OBP-401-mediated GFP
induction protocol. Furthermore, assay of OBP-401-induced GFP
expression was more sensitive than flow cytometry (Figure 2d) in
distinguishing CAR-positive normal cells from CAR-positive tumor
cells (Figure 2c). Thus, the OBP-401-mediated GFP induction
method is a simple and tumor-specific system for the detection of
CAR expression in tumor tissues.

Fluorescent proteins including GFP have great potentials to
visualize tumor cells in real time on the in vivo setting.>”*®
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In vitro CAR-dependent GFP expression induced by OBP-401 infection. (a) The percentage of GFP-positive cells in all tumor and

normal cells was counted at the indicated time points after OBP-301 infection at an MOI of 10 PFU per cell. (b) Time-lapse images of all tumor
and normal cells were recorded for 24 h after infection with OBP-401 at an MOI of 10 PFU per cell. Representative images taken at the
indicated time points show cell morphology that was analyzed using phase-contrast microscopy (top panels) and GFP expression that was
analyzed using fluorescence microscopy (bottom panels). Original magnification: x 80. (c) Quantitative assessment of the level of GFP
fluorescence in all tumor and normal cells 24 after OBP-401 infection at an MOI of 10 PFU per cell, using a fluorescent microplate reader with
excitation/emission at 485 nm/528 nm. The intensity of GFP fluorescence was evaluated based on the brightness determinations used as
relative fluorescence units (RFU). (d) The mean fluorescent intensity (MFI) of (CAR) expression on human sarcoma cells and normal fibroblasts.
The cells were incubated with a monoclonal anti-CAR (RmcB) antibody, followed by a FITC-labeled secondary antibody, and were analyzed
using flow cytometry. (e) Relationship between the level of GFP fluorescence and CAR expression in all tumor and normal cells after OBP-401
infection. The slope represents the inverse correlation between these two factors. Statistical significance was determined as P<0.05, after

analysis of Pearson’s correlation coefficient.

We previously reported that OBP-401 can efficiently induce GFP
expression in small populations of metastatic tumor cells at
various regions in vivo.>?~3* In this study, we further demonstrated
that OBP-401-mediated GFP expression provides us the important
information for detection of CAR-positive tumor cells. OBP-401
with hTERT gene promoter-induced GFP expression in CAR-
positive tumor cells with telomerase activity, but not CAR-positive
normal cells without telomerase activity (Figure 2c). There was
significant relationship between the CAR expression and the GFP
expression in tumor cells (Figure 2d). Among the four CAR-positive
tumor cells, U20S cells showed low GFP expression compared
with high CAR expression (Figure 1a and 2c). As we recently
reported that U20S cells showed low hTERT mRNA expression, the
low activity of hTERT gene promoter in tumor cells would affect
OBP-401-mediated GFP expression. However, as various types of
human cancer cells frequently show high telomerase activities,*
OBP-401-mediated GFP induction system would be widely useful
method to evaluate CAR expression in tumor cells.

Gene Therapy (2012), 1-

154

Previous reports have suggested that ex vivo infection of human
cancer specimens with a GFP-expressing replication-deficient
adenovirus*® or a replication-selective oncolytic adenovirus*' is a
useful method for assessment of the transduction efficacy or
cytopathic activity, respectively, of Ad5-based vectors in individual
tumor tissues. In this study, we confirmed that the GFP-expressing
telomerase-specific oncolytic adenovirus OBP-401 is useful for
detection of CAR-positive tumor tissues through induction of GFP
expression (Figure 3b). Interestingly, OBP-401-infected OST tumor
tissues showed heterogenous GFP expression (Figure 3b),
although GFP expression was induced in all OBP-401-infected
OST cells in vitro (Figure 2b). Our finding of heterogenous GFP
expression in tumor tissues, which indicates heterogenous CAR
expression, is consistent with a previously reported heterogeneity
in CAR expression.*? As several factors such as hypoxia** and cell
cycle status* have been suggested to affect CAR expression in
tumor cells, factors in the tumor microenvironment may be
involved in the heterogenous CAR expression in tumor cells.

© 2012 Macmillan Publishers Limited
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Figure 3. A simple method for detection of CAR expression in tumor
tissues using OBP-401 infection. (a) Outline of the 3-step procedure;
step 1: infection with OBP-401, step 2: washing with PBS and

step 3: observation under a fluorescence microscope. Tumor tissues
(2 x 2 x 2mm?) were infected with OBP-401 at a concentration of
2.4 x 10°PFU for 24 h, were washed with PBS and were observed
using fluorescence microscopy. (b) Assessment of GFP expression in
the CAR-positive OST tumor (left panel), the CAR-negative OUMS-27

tumor (middle panel) and normal muscle tissues (right panel) under
a fluorescence microscope. Original magnification: x 30.

Furthermore, as OBP-401 induces tumor-specific GFP expression,
normal stromal or epithelial cells may be involved in hetero-
genous GFP expression in tumor tissues.

In conclusion, we have demonstrated that the GFP-expressing
telomerase-specific replication-competent adenovirus OBP-401
is a promising fluorescence imaging tool for the detection
of functional and tumor-specific CAR expression in tumor
tissues. OBP-401-mediated GFP induction is a simple and highly
sensitive method for analysis of tumor cells compared with
conventional methods. This novel CAR detection system using
OBP-401 has the potential of being widely applicable to
assessment of predictive biomarkers for Ad5-based vector-
mediated anticancer therapy.

MATERIALS AND METHODS

Cell lines

The human osteosarcoma cell line OST was kindly provided by Dr Satoru
Kyo (Kanazawa University, Ishikawa, Japan). The human osteosarcoma cell
line U20S and the transformed embryonic kidney cell line 293 were
obtained from the American Type Culture Collection (ATCC; Manassas, VA,
USA). The human osteosarcoma cell line NOS-10** and the human
malignant fibrous histiocytoma cell line NMFH-14¢ were kindly provided by
Dr Hiroyuki Kawashima (Niigata University, Niigata, Japan). The human
osteosarcoma cell line MNNG/HOS was purchased from DS Pharma
Biomedical (Osaka, Japan). The chondrosarcoma cell line OUMS-27 was
previously established in our laboratory.”” The normal human lung
fibroblast cell line NHLF was obtained from TaKaRa Biomedicals (Kyoto,
Japan). These cells were propagated as monolayer cultures in the medium
recommended by the manufacturer. All media were supplemented with
10% heat-inactivated fetal bovine serum, 100 unitsml™" penicillin and
100pugml~™" streptomycin. The cells were maintained at 37°C in a
humidified atmosphere containing 5% CO..

Recombinant adenoviruses

We previously generated and characterized OBP-401, which is a
telomerase-specific replication-competent adenovirus variant, in which
the hTERT promoter element drives the expression of ETA and E1B genes
that are linked to an internal ribosome entry site, and in which the GFP
gene is inserted into the E3 region under a cytomegalovirus promoter.3>34
The virus was purified by ultracentrifugation using cesium chloride step

© 2012 Macmillan Publishers Limited
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gradients. Viral titers were determined by a plaque-forming assay using
293 cells and viruses were stored at —80 °C.

Flow cytometry

The cells (5 x 10° cells) were labeled with the mouse monoclonal anti-CAR
(RmcB; Upstate Biotechnology, Lake Placid, NY, USA) antibody for 30 min at
4°C. The cells were then incubated with fluorescent isothiocyanate-
conjugated rabbit anti-mouse IgG second antibody (Zymed Laboratories,
San Francisco, CA, USA) and were analyzed using flow cytometry (FACS
Array; Becton Dickinson, Mountain View, CA, USA). The mean fluorescence
intensity of CAR for each cell line was determined by calculating the
differences between the mean fluorescence intensity in antibody-treated
and non-treated cells in triplicate experiments.

Time-lapse confocal laser microscopy

The cells (1 x 10° cells per dish) were seeded in 35 mm glass-based dishes
20 h before virus infection. OST cells were infected with OBP-401 at an MOI
of 1, 10 or 100PFU per cell for 24h. NMFH-1 and OUMS-27 cells were
infected with OBP-401 at an MOI of 10 or 100 PFU per cell for 60 h. Other
cells were infected with OBP-401 at an MOI of 10PFU per cell for 24 h.
Phase-contrast and fluorescence time-lapse recordings were obtained to
concomitantly analyze cell morphology and GFP expression using an
inverted FV10i confocal laser scanning microscopy (OLYMPUS; Tokyo,
Japan). Photographic images were taken every 5 min. The percentage of
GFP-positive cells in each field was calculated using the formula: the
number of CAR-positive cells / the total number of CAR-positive and CAR-
negative cells x 100.

Fluorescence microplate assay

The cells (5 x 10° cells per well) were seeded on 96-well black bottomed
culture plates and were incubated for 20 h before virus infection. The cells
were infected with OBP-401 at an MOI of 10 for 24h. The level of
expression of GFP fluorescence was measured using a fluorescent
microplate reader (DS Pharma Biomedical; Osaka, Japan) with excitation/
emission at 485 nm/528 nm. The mean expression of GFP fluorescence in
each cell was calculated in triplicate experiments, as previously reported.®*

Animal experiments

Animal experimental protocols were approved by the Ethics Review
Committee for Animal Experimentation of Okayama University School of
Medicine. OST and OUMS-27 cells (5 x 10° cells per site) were inoculated
into the flank of female athymic nude mice aged 6 to 7 weeks (Charles
River Laboratories, Wilmington, MA, USA). Palpable tumors developed
within 14 to 21 days and were permitted to grow to ~5 to 6mm in
diameter. At that stage, tumor and normal muscle tissues were resected.
The tumor and normal tissues (2 x 2 x 2 mm?) were placed in 96-well plates
with culture medium. As single tumor cell is about 10 um in diameter, we
considered that there are 2.4 x 10° cells on the surface area of each sample
tissue. Then, we infected each sample tissue with 2.4 x 10° PFU (10 MOI per
sample) of OBP-401 for 24 h. After washing with PBS, tumor and normal
tissues were again placed in 96-well plates with culture medium and
analyzed using an inverted fluorescence microscope (OLYMPUS).

Statistical analysis

Data are expressed as means * s.d. Student’s t-test was used to compare
differences between groups. Pearson’s product-moment correlation
coefficients were calculated using PASW statistics software version 18
(SPSS Inc., Chicago, IL, USA). Statistical significance was defined as when
the P value was less than 0.05.

ABBREVIATIONS

Ad5, Adenovirus serotype 5; CAR, coxsackie and adenovirus
receptor; GFP, green fluorescent protein; RT-PCR, reverse
transcription-polymerase chain reaction; hTERT, human telo-
merase reverse transcriptase; MOI, multiplicity of infection;
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PFU, plaque-forming unit; IRES, internal ribosome entry site;
FITC, fluorescent isothiocyanate; MFI, mean fluorescence intensity.
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Abstract

Tumor suppressor p53 is a multifunctional transcription factor that regulates diverse cell fates, including
apoptosis and autophagy in tumor biology. p53 overexpression enhances the antitumor activity of oncolytic
adenoviruses; however, the molecular mechanism of this occurrence remains unclear. We previously
developed a tumor-specific replication-competent oncolytic adenovirus, OBP-301, that kills human osteosar-
coma cells, but some human osteosarcoma cells were OBP-301-resistant. In this study, we investigated the
antitumor activity of a p53-expressing oncolytic adenovirus, OBP-702, and the molecular mechanism of the
p53-mediated cell death pathway in OBP-301-resistant human osteosarcoma cells. The cytopathic activity of
OBP-702 was examined in OBP-301-sensitive (U20S and HOS) and OBP-301-resistant (Sa0S-2 and MNNG/
HOS) human osteosarcoma cells. The molecular mechanism in the OBP-702-mediated induction of two cell
death pathways, apoptosis and autophagy, was investigated in OBP-301-resistant osteosarcoma cells. The
antitumor effect of OBP-702 was further assessed using an orthotopic OBP-301-resistant MNNG/HOS
osteosarcoma xenograft tumor model. OBP-702 suppressed the viability of OBP-301-sensitive and -resistant
osteosarcoma cells more efficiently than OBP-301 or a replication-deficient p53-expressing adenovirus (Ad-
p53). OBP-702 induced more profound apoptosis and autophagy when compared with OBP-301 or Ad-p53.
E1A-mediated miR-93/106b upregulation induced p21 suppression, leading to p53-mediated apoptosis and
autophagy in OBP-702—-infected cells. p53 overexpression enhanced adenovirus-mediated autophagy through
activation of damage-regulated autophagy modulator (DRAM). Moreover, OBP-702 suppressed tumor growth
in an orthotopic OBP-301-resistant MNNG/HOS xenograft tumor model. These results suggest that OBP-702—
mediated p53 transactivation is a promising antitumor strategy to induce dual apoptotic and autophagic
cell death pathways via regulation of miRNA and DRAM in human osteosarcoma cells. Mol Cancer Ther; 12(3);
314-25. ©2012 AACR.

rate and prognosis of patients with osteosarcoma. In fact,
over the past 30 years, the 5-year survival rate has
increased from 10% to 70% (3-5). Even in patients with
osteosarcoma with metastases at diagnosis, the 5-year
survival rate has reached 20% to 30% in response to
chemotherapy and surgical removal of primary and met-
astatic tumors (6). However, treatment outcomes for

Introduction

Osteosarcoma is one of the most common malignant
tumors in young children (1, 2). Current treatment strat-
egies, which consist of multi-agent chemotherapy and
aggressive surgery, have significantly improved the cure
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patients with osteosarcomas have further improved over
the last few years. Therefore, the development of novel
therapeutic strategies is required to improve the clinical
outcomes in patients with osteosarcomas.
Tumor-specific replication-competent oncolytic viruses
are being developed as novel anticancer therapy, in which
the promoters of cancer-related genes are used to regulate
virus replication in a tumor-dependent manner. More
than 85% of all human cancers express high telomerase
activity to maintain the length of the telomeres during
cell division, whereas normal somatic cells seldom show
this enhanced telomerase activity (7, 8). Telomerase
activity has also been detected in 44% to 81% of bone and
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