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Tumor-selective adenoviral-mediated GFP
genetic labeling of human cancer in the live
mouse reports future recurrence after resection
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We have previously developed a telomerase-specific replicating adenovirus expressing GFP (OBP-401), which can
selectively label tumors in vivo with GFP. Intraperitoneal (i.p.) injection of OBP-401 specifically labeled peritoneal tumors
with GFP, enabling fluorescence visualization of the disseminated disease and real-time fluorescence surgical navigation.
However, technical problems of removing all cancer cells still remain, even with fluorescence-guided surgery. In this
study, we report that in vivo OBP-401 labeling of tumors with GFP before fluorescence-guided surgery reports cancer
recurrence after surgery. Recurrent tumor nodules brightly expressed GFP, indicating that initial OBP-401-GFP fabeling
of peritoneal disease was genetically stable such that proliferating residual cancer cells still express GFP. In situ tumor
labeling with a genetic reporter has important advantages over antibody and other non-genetic labeling of tumors,
since residual disease remains labeled during recurrence and can be further resected under fluorescence guidance.

Introduction

Green fluorescent protein (GFP) serves as a very bright genetic

reporter to detect metastatic cancer in mouse models.™? Initially, .

cancer cells were transduced in vitro with GFP using various types
of genetic vectors and then implanted in mouse models. Potential
clinical application of GFP became possible when it was demon-
strated that retroviruses containing GFP could label disseminated
cancer in situ in mouse models.* Subsequently, selective in vivo
GFP labeling of tumors was performed with OBP-401, a repli-
cating adenovirus™® that contains a replication cassette with the
human telomerase reverse transcriptase (\TERT) promoter driv-
ing the expression of the viral EI genes, and the inserted GFP
gene. Virus replication and hence GFP gene expression occur
only in the presence of an active telomerase, i.e., in malignant
tissue.® The OBP-401 virus was first tested by injection directly
into HT-29 human colon tumors, orthotopically implanted into
the rectum in BALB/c nu/nu mice. Subsequent para-aortic lymph
node metastasis was observed by laparotomy under fluorescence.®
‘We then developed a major enhancement of cancer surgical navi-
gation in orthotopic mouse models of cancer, using in vivo selec-
tive fluorescent tumor labeling with OBP-401 GFP. Bright GFP
fluorescence clearly illuminated the tumor boundaries and facili-
tated detection of the smallest disseminated disease lesions.”
Fluorescence-guided surgical navigation with tumors labeled
in vivo with OAP-401 GFP was demonstrated in nude mouse

*Correspondence to: Robert M. Hoffman; Email: all@anticancer.com
Submitted: 06/01/11; Revised: 06/09/11; Accepted: 06/10/11
DOI: 104161/cc.10.16.16756

www.landesbioscience.com

Cell Cycle

models that represent difficult surgical challenges for the resec-
tion of widely disseminated cancer. HCT-116, a model of intra-
peritoneal disseminated human colon cancer, was labeled by
virus injection into the peritoneal cavity. A549, a model of pleural
dissemination of human lung cancer, was labeled by OBP-401
virus administered into the pleural cavity. Only the malignant
tissue fluoresced brightly in both models. Further, we showed
that OBP-401 could visualize liver metastases by tumor-specific
expression of the GFP gene after portal venous or i.v. administra-
tion. Selective metastatic tumor labeling with GFP and killing by
systemic administration of telomerase-dependent adenoviruses
suggesting that liver metastasis is also a candidate for fluores-
cence-guided surgery.®

However, even fluorescence-guided surgery may still result in
residual disease. The present report demonstrates proliferating
residual disease remains stably labeled with OBP-401 GFP and
is readily detected for further resection, suggesting that genetic-
reporter labeling of tumors has advantages over non-genetic
labeling of tumors for fluorescence-guided surgery.

Results and Discussion
Labeling peritoneal carcinomatosis with OBP-401-GFP.
Peritoneal carcinomatosis was induced in the abdominal cavity of

nude mice by i.p. implantation of HCT-116-RFP human colorec-
tal cancer cells. Twelve days after implantation, 1 x 10 PFU
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Figure 1. In situ genetic labeling of disseminated peritoneal carcinoma- i
tosis. Red fluorescence indicates HCT-116-RFP-expressing disseminated
nodules (left). Peritoneal disseminated HCT116-RFP cells were labeled
by GFP after i.p. injection of OBP-401 (right). Fluorescence imaging
localization of red and green fluorescence.

OBP-401 were injected intraperitoneally. Disseminated HCT-
116-RFP nodules expressed GFP fluorescence induced by OBP-
401 as well as the endogenous RFP fluorescence when imaged 5
d later (Fig. 1). RFP fluorescence was essentially coincident with
that of GFP, indicating that i.p. injection of OBP-401 efficiently
labeled disseminated tumors with GFP.

Stability of OBP-401-GFP expression in tumors. In order
to determine stability of GFP expression in OBP-401 labeled
tumors, HCT-116-RFP tumors were collected by peritoneal
lavage from the abdominal cavity of mice 5 d after OBP-401
administration, put into culture in RPMI 1640 medium sup-
plemented with 10% FBS and observed over time. Eight days
after plating (13 d after viral administration), cancer cell colo-
nies expressed both RFP and GFP (Fig. 2). The stability of GFP
expression in OBP-401 labeled tumor cells suggests the poten-
tial of OBP-401 GFP labeling to detect recurrent tumors after
attempted resection.

Fluorescence-guided resection of disseminated peritoneal
tumors labeled with OBP-401 GFP. Five days after OBP-401
administration to mice with i.p. HCT-116, laparotomy was per-
formed with the intent to remove all the intra-abdominal cancer
using fluorescence-guided navigation under ketamine anesthesia
(Fig. 3A and B). OBP-401 labeling and imaging made dissemi-
nated cancer nodules visible by GFP fluorescence, and complete
resection was attempted (Fig. 3C-E). Tumors were efficiently
resected, including those not visible under bright light, as we have
previously reported in references 7 and 8.

In vivo detection of recurrent OBP-402-GFP labeled tumors
after fluorescence-guided surgery. Tumors still recurred after
attempted complete resection with fluorescence-guided surgery
as visualized by GFP expression (Fig. 4). This result demonstrates
that OBP-401 GFP labeling of peritoneal disseminated disease
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enables detection of tumor recurrence after fluorescence-guided
surgery. Thus, OBP-401-GFP labeling is genetically stable and
therefore proliferating residual disease continues to express GFP.

Tsien’s laboratory has developed a method to label and visual-
ize tumors during surgery using activatable cell-penetrating pep-
tides (ACPPs), in which the fluorescently-labeled, polycationic
cell-penetrating peptide (CPP) is coupled via a cleavable linker to
a neutralizing peptide. Upon exposure to proteases expressed by
tumors, the linker is cleaved, dissociating the inhibitory peptide
and allowing the CPP to bind to and enter tumor cells. Animals
whose tumors were resected with ACPPD guidance had better
long-term tumor-free survival and overall survival than animals
whose tumors were resected with traditional brightfield illumina-
tion only’?

Another approach to tumor labeling and fluorescence-guided
surgery is with the use of labeled tumor-specific antibodies. A
monoclonal antibody specific for CA19-9 was conjugated to a
green fluorophore and delivered to tumor-bearing mice as a sin-
gle intravenous (IV) dose. Intravital fluorescence imaging was
used to localize metastatic pancreatic cancer in orthotopic mouse
models 24 h after antibody administration. Using fluorescence
imaging, the primary tumor was clearly visible at laparotomy, as
were small metastases in the liver and spleen and on the perito-
neum. The metastatic tumors, which were nearly impossible to
see using standard brightfield imaging, demonstrated clear fluo-
rescence under LED light excitation.!

We have also previously investigated the use of fluorophore-
labeled anti-carcinoembryonic antigen (CEA) monoclonal
antibody to aid in cancer visualization in nude mouse models
of human colorectal and pancreatic cancer. Anti-CEA was con-
jugated with a green fluorophore. Subcutaneous, orthotopic pri-
mary and metastatic human pancreatic and colorectal tumors
were easily visualized with fluorescence imaging after admin-
istration of conjugated anti-CEA. The fluorescence signal was
detectable 30 min after systemic antibody delivery and remained
present for 2 weeks, with minimal in vivo photobleaching after
exposure to standard operating room lighting. Fluorescent anti-
CEA administration improved ability to resect the labeled tumors
under fluorescence guidance."

Neither the ACPP nor labeled monoclonal antibodies,
described above, involves genetic labeling of cancer cells, and
thus recurrence would therefore not be detectable. In the present
study, we selectively and efficiently labeled tumors with a genetic
reporter, GFP, using a telomerase dependent adenovirus OBP-
401. We demonstrated that tumors recurred after fluorescence-
guided surgery and maintained GFP expression. Therefore,
the detection of recurrence and future metastasis is possible
with OBP-401 GFP labeling, since recurrent cancer cells stably
express GFP, which is not possible with non-genetic labeling of
tumors.

In clinical studies performed with OBP-401, circulating tumor
cells (CTC) obtained from cancer patients were labeled with
OBP-401 GFP ex vivo. OBP-401-GFP labeling greatly increased
the detection of CTC.!? Other targets for in vivo GFP labeling
could include, for example, breast cancer emboli.”® Specific label-
ing by GFP of cancer stem cells is also a promising approach.™

Volume 10 Issue 16



RFP & GFP -

Original magnification x100.

Labeling of cancer stem cells is especially important, since at least
some stem cells can now be imaged non-invasively.”” The present
report suggests the clinical potential of OBP-401 GFP labeling to

improve the surgical outcome of cancer.
Materials and Methods

Recombinant adenovirus. Telomerase-specific replication-selec-
tive adenovirus OBP-401, containing the GFP gene under the
control of the CMV promoter with the hTERT promoter driving
the E14 and E1B genes, was constructed and produced as previ-
ously described in references 5 and 6.

www.landesbioscience.com

Figure 2. Genetic labeling of microscopic tumors. Cells collected by peritoneal favage from the abdominal cavity of mice 5 d after OBP-401 treatment
were plated and cultured with RPMI 1640 medium supplemented with 10% FBS. (A) Plating cells in the peritoneal lavage fluid (5 d after viral adminis-
tration). Most RFP-expressing cancer cells expressed GFP fluorescence induced by OBP-401 as well, x200 magnification. White arrows: cells unlabeled
with GFP. (B) 8 d after plating (i.e., 13 d after viral administration). Cancer cell colonies expressing RFP were observed in the culture dish under fluores-
cence microscopy. The cancer cells also expressed GFP induced by OBP-401. x40 magnification. Boxes highlight colonies indicated by white circles.

Figure 3. Fluorescence-guided resection of tumors labeled with GFP in situ. (A) Peritoneal disseminated nodules were labeled by GFP expression i
5 d after OBP-401 virus administration. (B) Laparotomy was performed. (C) Disseminated nodules labeled with GFP were removed under GFP-guided
surgical navigation. (D) Disseminated nodules removed under GFP-guided navigation. Top, bright field observation; bottom, fluorescent detection.
(E) Section of disseminated nodules. Top, H&E section; bottom, frozen section with fluorescence detection.

Cell Cycle

REP & GFP -

Cell culture. The human colorectal cancer cell line HCT-116
was cultured in RPMI 1640 medium supplemented with 10%
FBS.

Production of red fluorescent protein (RFP) retroviral vector.
For RFP retrovirus production, the HindIIl/Notl fragment from
pDsRed2 (Clontech), containing the full-length RFP ¢cDNA, was
inserted into the HindIIl/No site of pLNCX2 (Clontech) con-
taining the neomycin-resistance gene. PT67, an NIH3T3-derived
packaging cell line (Clontech) expressing the viral envelope,
was cultured in DMEM supplemented with 10% FBS. For vec-
tor production, PT67 packaging cells, at 70% confluence, were
incubated with a precipitated mixture of Lipofect AMINE reagent
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i Figure 4, Invivo detectlon of recurrent tumors after ﬂuorescence guuded surgery. (A) Brlghtﬁeld observatuon several weeks after ﬂuorescence—guided
i surgery of OBP-401 GFP-labeled tumors. Disseminated disease re-emerged. (B) Fluorescence observation of field observed by brightfield in (A).

tions. (E) Histologic sections stained with H&E showing that GFP-labeled lesions are recurrent tumor tissues (arrow heads). x40 magmﬁcatlon

] (F) Detail of the boxed region of (E). x200 magnification.

(C) Merge of (A and B). The red box outlines a region of (D) below. (D) Detail of the boxed region of (C). Black line indicates the direction of cross-sec- ;

(Life Technologies) and saturating amounts of pLNCX2-DsRed2
plasmid for 18 h. Fresh medium was replenished at this time. The
cells were examined by fluorescence microscopy 48 h post-trans-
duction. For selection of a clone producing high amounts of RFP
retroviral vector (PT67-DsRed?2), the cells were cultured in the
presence of 200 to 1,000 pg/ml G418 (Life Technologies) for 7
d. The isolated packaging cell clone was termed PT67-DSRed2.'¢

RFP gene transduction of cancer cells. For RFP gene trans-
duction, cancer cells were incubated with a 1:1 precipitated mix-
ture of retroviral supernatants of PT67 cells and RPMI 1640
containing 10% FBS for 72 h. Fresh medium was replenished at
this time. Tumor cells were harvested with trypsin/EDTA 72 h
post-transduction and subcultured at a ratio of 1:15 into selective
medium, which contained 200 pg/ml G418. To select brightly
fluorescent cells, the level of G418 was increased up to 800 pg/ml
in a stepwise manner. RFP-expressing cancer cells were isolated
with cloning cylinders using trypsin/EDTA and were ampli-
fied by conventional culture methods in the absence of selective
agent.!6

Mice. Athymic nude mice were kept in a barrier facility
under HEPA filtration and fed with autoclaved laboratory rodent
diet. All animal studies were conducted in accordance with the
principals and procedures outlined in the National Institute of
Health Guide for the Care and Use of Laboratory Animals under
Assurance Number A3873-1. All animal procedures were per-
formed under anesthesia using s.c. administration of a ketamine
mixture (10 pl ketamine HCL, 7.6 pl xylazine, 2.4 pl aceproma-
zine maleate and 10 pl PBS).
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In vivo fluorescence imaging. An Olympus OV100 Small
Animal Imaging System (Olympus Corp., Tokyo, Japan) with
macro and micro optics was used.” High-resolution images
directly captured on a PC were processed and analyzed with the
use of Adobe Photoshop Elements 4.0 software (Adobe).

Peritoneal carcinomatosis model with HCT-116 human
colon cancer cells implanted in nude mice. Nude mice were
intraperitoneally (i.p.) injected either with HCT-116 or HCT-116-
RFP human colon cancer cells at a density of 3 x 10° in 200 pl
PBS. Twelve days after tumor cell inoculation, mice were injected
i.p. with OBP-401 at a dose of 1 x 10® PFU in 200 pl PBS. Five
days after virus injection, the abdominal cavity was examined
by fluorescence imaging, and mice were operated on with fluo-
rescence guidance with the intent to resect all intra-abdominal
tumor nodules under ketamine-induced anesthesia.

Collection of microscopic tumors from peritoneal lavage
fluid of OBP-401 treated mice. Twelve days after nude mice
were i.p. injected with HCT-116-RFP, 1 x 10° PFU OBP-401
were injected intraperitoneally. Five days after virus injection,
mice were instilled with 8 ml PBS intraperitoneally. The abdo-
men was gently massaged and the peritoneal fluid was carefully
aspirated using a 22-gauge needle. Approximately 6 ml peritoneal
lavage fluid (PLF) were obtained from most mice. After filtering
the PLF with a 40 pm cell strainer (BD, Franklin Lakes, NJ) in
order to collect only microscopic tumors and/or cancer cells in the
abdominal cavity, 3 ml of PLF were cultured on 6-well tissue cul-
ture plates. After incubation for 1 h, supernatants were carefully
aspirated and 3 ml RPMI 1640 medium, containing 10% FBS,
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Abstract

Purpose A telomerase-specific oncolytic adenovirus,
Telomelysin, can selectively kill cancer cells, and be
attenuated in normal cells. We herein describe the onco-
lytic effect of Telomelysin on human osteosarcoma both
in vitro and in vivo.

Methods The anti-tumor effects of Telomelysin were
evaluated on human osteosarcoma cell lines in vitro and in
a mouse xenograft model of human osteosarcoma in vivo.
The replication efficiencies of Telomelysin in human
osteosarcoma cell lines and normal cell lines and in oste-
osarcoma xenografts were determined by the expression
levels of E1 mRNA and ElA protein using real-time
quantitative PCR, Western blot analysis and immunohis-
tochemistry. The in vitro telomerase-specific replication
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and the viral infection rate were also confirmed by Telo-
meScan (Telomelysin-GFP), using fluorescent microscopy
and flow cytometry, respectively. The cell viabilities were
examined by XTT assay, and the tumor volumes were
measured every 2 days. The induction of apoptosis was
assessed by Western blot analysis, as well as by TUNEL
assay.

Results TelomeScan and Telomelysin were efficiently
replicated in human osteosarcoma cell lines and led to a
dose- and time-dependent expression of GFP, E1 mRNA
and E1A protein. Telomelysin infection induced marked
cytolysis and apoptosis in osteosarcoma cell lines in vitro.
Neither cytotoxicity nor apoptosis were induced in normal
human cell lines. In the human osteosarcoma cell xenograft
model, intratumoral injection of Telomelysin resulted in
increased viral replication, significant tumor growth sup-
pression and distinct apoptotic cell death.

Conclusions This study indicated that virotherapy with
Telomelysin may provide a promising strategy for the
treatment of human osteosarcoma.

Keywords Osteosarcoma - Virotherapy -
Oncolytic adenovirus - Telomerase - Apoptosis

Introduction

Osteosarcoma is the most frequent primary malignancy of

bone, excluding multiple myeloma and is characterized by
the production of immature bone by tumor cells. Osteo-
sarcoma accounts for approximately 20% of primary
bone sarcomas (Dorfman and Czerniak 1998) and about
75% of osteosarcoma occurs in children and adolescents
(Horper et al. 2009). Despite many endeavors to improve
the outcome of pre- and post-operative chemotherapy by
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combining treatment with limb-salvaging surgery, the
overall event-free survival rate has plateaued between 50
and 70% for non-metastatic high grade osteosarcoma
patients (Goorin et al. 2003; Lewis et al. 2007), and the
remaining approximately one-third of the patients do not
benefit from these treatments. Furthermore, the current
chemotherapeutic regimens are generally too aggressive
and result in a broad spectrum of side effects (Sluga et al.
1999). These results indicate a dire need for more efficient
and less toxic novel therapeutic modalities to increase the
long-term survival of osteosarcoma patients.

Advances in knowledge regarding viral genomes and the
molecular mechanism of viral infection and replication
have led to the emergence of the conditionally replicating
oncolytic adenovirus (CRAd) as a potential new approach
for cancer therapy (Alemany and Curiel 2000; Kirn et al.
2001; Kirn 2001). One strategy to develop the CRAd is by
altering viral genes so that viral replication restricted to
only tumor cells. For example, a CRAd can be designed to
have a deletion in the adenovirus early-region 1B (E1B)
gene encoding a 55-kDa protein that binds and blocks p53
protein activity or to have a mutation in the converged
region 2 (CR2) of the adenovirus E1A gene, leading the
inability of the E1A protein to bind to the retinoblastoma
protein (pRB; Chiocca 2002). ONYX-015 is an E1B-55-
kDa gene-deleted CRAd, whose replication is restricted to
tumor cells lacking normal pS3 protein function, and
which, in theory, cannot replicate in normal cells (Bischoff
et al. 1996). Although deletion of the E1B-55-kDa protein
confers some tumor specificity to the virus, the capacity of
the virus to replicate and kill cells is markedly reduced,
since the E1B-55-kDa protein is also important for the late
phases of the viral life cycle (Leppard and Shenk 1989;
Harada and Berk 1999). A CRAd with mutations in the
pRB-binding region of the E1A protein would only repli-
cate in tumor cells deficient in the p16/RB pathway (Fueyo
et al. 2000). However, this type of virus was also shown to
replicate and cause cell death in normal cells in vitro
(Heise et al. 2000; Chiocca 2002). Another approach to
design a form of CRAd is to develop a virus in which E1A
gene transcription is under the control of a tumor marker-
specific promoter, such as the prostate-specific antigen
(Rodriguez et al. 1997) and E2F-1 genes (Tsukuda et al.
2002). The shortcoming of this type of CRAd is that it only
replicates in cells exhibiting such tumor markers. Human
telomerase and its catalytic subunit telomerase reverse
transcriptase (hTERT) are activated in a large number of
human cancers (~90%) regardless of tumor type, whereas
their activities are silenced in normal somatic tissues (Kim
et al. 1994; Shay and Bacchetti 1997). There has been
evidence to suggest that controlling E1A gene expression
under the hTERT promoter restricts adenoviral replication
to telomerase-positive tumor cells and results in the
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efficient lysis of tumor cells (Wirth et al. 2003; Irving et al.
2004). We have therefore developed an oncolytic adeno-
virus (Telomelysin, OBP-301) in which the hTERT pro-
moter controls the expression of E1A and E1B genes that
are linked with an internal ribosome entry site (IRES;
Kawashima et al. 2004). Our previous studies demonstrated
that Telomelysin exhibits tumor-restricted replication and
excellent cytotoxicity against many different types of
cancers, but not of normal cells or tissues (Kawashima
et al. 2004; Watanabe et al. 2006; Hashimoto et al. 2008;
Hioki et al. 2008; Takakura et al. 2010). To the best of our
knowledge, Telomelysin is the first hTERT-specific onco-
lytic adenovirus to be tested in a phase I clinical trial for
various types of solid tumors.

Telomerase activation also frequently occurs in osteo-
sarcoma and is correlated with decreased long-term survival
(Ulaner et al. 2003; Sotillo-Pifieiro et al. 2004). We herein
evaluated the viral replication efficacy and the anti-tumor
effect of the telomerase-specific oncolytic adenovirus
agent, Telomelysin in human osteosarcoma cell lines and a
human osteosarcoma nu/nu mouse xenograft model.

Materials and methods
Cell lines and cell cultures

The human osteosarcoma cell lines, NOS1 and NOS10,
were established in our laboratory as previously described
(Hotta et al. 1992; Gu et al. 2004). The following human
osteosarcoma cell lines were purchased from commercial
sources: U20S and SaOS2 from the American Type Cul-
ture Collection (ATCC, Bethesda, MD, USA), HuO9 from
the Japan Cancer Research Resources Bank (JCRRB,
Tokyo, Japan), HOS from the Institute for Fermentation
(IFO, Osaka, Japan), MG-63 from the Health Science
Research Resources Bank (HSRRB, Osaka, Japan), and
OST from the Riken Cell Bank (RCB, Tsukuba, Japan).
The human embryonic kidney cell line HEK-293 was
purchased from the ATCC, the human cervical carcinoma
cell line HelLa was obtained from RCB, the normal human
dermal fibroblast cell line NHDF and the human mesen-
chymal stem cell line hMSC were purchased from
Clonetics/Lonza Inc. (Walkersville, MD, USA). NOS-1,
NOS-10, Sa0S8-2, Hu09, and OST cell lines were main-
tained in RPMI-1640 (Invitrogen, Carlsbad, CA, USA);
U20S, HeLa and HEK-293 were cultured in DMEM
(Invitrogen); and the HOS and MG-63 were cultured in o-
MEM (Invitrogen). All media were supplemented with
10% FBS (PAA Laboratories GmbH, Pasching, Austria)
containing 1% antibiotics and anti-mycotics (Invitrogen).
The NHDF cell lines were cultured in fibroblast basal
medium supplemented with 2% fetal bovine serum, 0.1%
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insulin, 0.1% human fibroblast growth factor B, 0.1%
gentamicin sulfate and 0.1% amphotericin B (FGM-2
BulletKit, Clonetics/Lonza). The hMSC cell lines were
cultured in MSC basal medium supplemented with MSC
Growth Supplement, L-glutamine, and 0.1% gentamicin
sulfate and 0.1% amphotericin B (MSCGM BulletKit,
Clonetics/Lonza). All cell cultures were incubated at 37°C,
in an atmosphere of 5% CO, with 100% humidity.

Recombinant adenovirus

Telomelysin (OBP-301) is a recombinant telomerase-
specific replication-selective type 5 adenovirus, in which
the expression of the E1A and E1B genes linked by an
internal ribosome entry site (IRES) is under the control of
the hTERT promoter. TelomeScan (Telomelysin-GFP;
OBP-401) is a telomerase-specific replication-competent
adenovirus variant, in which the green fluorescent protein
(GFP) gene under the control of the cytomegalovirus pro-
moter is inserted into the deleted E3 region of Telomelysin
(OBP-301) for monitoring viral replication. The construc-
tion and features of Telomelysin and TelomeScan have
been described in detail in previous studies (Kawashima
et al. 2004; Umeoka et al. 2004; Fujiwara et al. 2006;
Kishimoto et al. 2006). The ElA-deleted replication-
deficient adenovirus, d1312, was used as a control vector.
The viruses were purified using CsCl, linear gradient
ultracentrifugation. Viral titers were determined using a
plaque-forming assay on HEK-293 cells.

Real-time quantitative reverse-transcriptase PCR

The mRNA expression of hTERT was examined in cultur-
ed non-infected cell lines including 8 human osteosarcoma
cell lines (NOS1, U20S, HuO9, Sa0S2, HOS, MG-63,
OST and NOS10), 1 normal human fibroblast cell line
(NHDF) and 1 human mesenchymal stem cell line (hMSC).
Three osteosarcoma cell lines (NOS10, SaOS2 and HuO9)
and two normal cell lines (NHDF and hMSC) were chosen
for Telomelysin infection. The cells (5 x 10%) were seeded
on 6-cm culture dishes 24 h before viral infection and were
then infected with Telomelysin at a multiplicity of infec-
tion (MOI) of 0.1 and 1 or with replication-deficient ade-
novirus d1312 at a MOI of 1. The viral replication capacity
was tested by measuring adenovirus E1A and EIB gene
expression levels at 24, 48 and 72 h after ‘Telomelysin
infection. Total RNA was extracted using the Isogen
Reagent (Nippongene, Toyama, Japan), and the mRNA
expression was examined by real-time quantitative reverse-
transcriptase PCR (qRT-PCR), as described previously (Li
et al. 2009). Briefly, reverse transcription was carried using
the PrimeScript RT reagent kit (Takara Bio, Tokyo, Japan),
according to the manufacturer’s protocol. Real-time PCR

was performed using the Thermal Cycler Dice Real Time
System (Takara) and the SYBR Premix Ex Taq II (Perfect
Real Time) PCR kit (Takara) according to the manufac-
turer’s instructions. The primer sequences used in this
study were as follows: hTERT, 5-GAGTGTCTGGAGCA
AGTTGCAAAG-3' (forward) and 5'-CACGACGTAGT
CCATGTTCACAATC-3' (reverse); E1A, 5-GTATGAT
TTAGACGTGACGG-3 (forward) and 5-GATAGCA
GGGCGCATTTTAG-3' (reverse); E1B, 5-GGCTAAAG
GGGGTAAAGAGGG-3' (forward) and 5'-CCTTACA
TCGGTCCAGGCTTC-3' (reverse); GAPDH, 5-GCA
CCGTCAAGGCTGAGAAC-3' (forward) and 5-TGGT
GAAGACGCCAGTGGA-3' (reverse). The DNA amplifi-
cation program for the hTERT genes consisted of dena-
turation at 95°C for 10s, followed by 40 cycles of
denaturation at 95°C for 5 s, and annealing and extension
at 60°C for 30 s. PCR amplification of the E1A and E1B
genes consisted of denaturation at 95°C for 10 s followed
by 40 cycles of denaturation at 95°C for 30 s, annealing at
55°C for 30 s, and extension at 72°C for 1 min. Data were
analyzed using the Thermal Cycler Dice Real Time System
analysis software package (Takara). The HeLa cell line was
known to be positive for "TERT expression and was used

_ as a positive control (Meyerson et al. 1997). HEK-293 cell

lines were used as a positive control for E1A and E1B gene
expression, since this cell line is known as an adenovirus 5
DNA-transformed cell line. The PCR results were nor-
malized to those of the housekeeping gene GAPDH, and
the relative level of expression of each mRNA was cal-
culated by dividing the level of the mRNA expression of
the sample by the level of the positive control (which was
assigned a value of 1). Each value was expressed as the
mean + SD of quadruplicate separate experiments.

Fluorescence microscopy

To visualize the hnTERT-selective viral replication in vitro, 3
human osteosarcoma cell lines (NOS10, Sa0S2 and HuO9)
and 2 normal cell lines (NHDF and hMSC) were seeded on
Lab-Tek chamber slides (Nalge Nunc International,
Rochester, NY, USA) at a density of 1.25 x 10° cells/well
24 h before viral infection. The cells were infected with
TelomeScan (Telomelysin-GFP) at MOIs of 1 and 10, and

‘the cells were treated with PBS as a control. GFP fluores-

cence was detected and photographed (magnification: 100x)
under an Olympus BX-50 bright-field microscope equipped
with BX-FLA fluorescence attachment using a NIBA filter
(excitation, 470-490 nm; emission, 515-550 nm).

Flow cytometric analysis

To assess the viral infection rate of Telomelysin, 5 x 10
cells (NOS10, Sa0S2, HuO9, NHDF and hMSC) were
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seeded on 6-cm dishes 24 h before infection and were then
infected with TelomeScan (Telomelysin-GFP) at MOIs of
0, 0.1, 1 and 10. At 48 h after infection, the cells (con-
taining floating cells) were harvested, washed twice with
FACS buffer (5% FBS in PBS, 1 mM EDTA) and resus-
pended in FACS buffer. The percentage of GFP-positive
cells was analyzed using a BD FACSCalibur flow cytom-
eter and the CellQuest pro software package (Becton—
Dickinson; Franklin Lakes, NJ, USA). A minimum of
10,000 events were examined for each experiment.

Western blot analysis

After the cells were infected with Telomelysin, the
protein expression of E1A was assessed using a mouse
anti-Adenovirus type 5 E1A monoclonal antibody
(1:3,000; BD Biosciences PharMingen, San Diego, CA,
USA). The induction of apoptosis was detected by the
expressions of cleaved caspase 3 and poly (ADP-ribose)-
polymerase (PARP) proteins using rabbit anti-caspase 3
and anti-PARP (1:1,000; Cell Signaling Technology,
Beverly, MA, USA), respectively. In addition, activation
of autophagy was examined by the expression of
microtubule-associated protein 1 light chain 3 (LC3-I and
II) proteins using anti-LC3B polyclonal antibodies
(1:1,000; Cell Signaling Technology). The expression of
the f-actin protein was detected by a mouse anti-f-actin
monoclonal antibody (1:3,000; Sigma—Aldrich St. Louis,
MO, USA), and used as an internal control. The cells
were washed twice with ice-cold PBS and 100 pl of
sample buffer (62.5 mM Tris pH 6.8, 2% SDS, 5%
glycerol, 6 M urea), and 4 pl of a protease inhibitor
cocktail (Complete, Roche Diagnostic GmbH, Mann-
heim, Germany) was added to each 6-cm dish. Cell
lysates were collected on ice, microcentrifuged at 4°C
for 5 min, and the protein concentrations of the super-
natants were measured using the BCA protein assay kit
(Pierce, Rockford, IL., USA). The supernatants were
mixed with 5% (v/v) of 1 M dithiothreitol and 5% (v/v)
of bromophenol blue and were heated at 95-100°C for
5 min. Equal amounts (50 pg) of proteins were separated
by SDS-PAGE gels (7.5-15% acrylamide) and then
electro-transferred to nitrocellulose membranes. The
membranes were incubated with the primary antibodies
indicated earlier, followed by probing with horseradish
peroxidase-linked donkey anti-rabbit or sheep anti-mouse
IgG (Amersham Biosciences, Buckinghamshire, UK), and
they were then developed using ECL detection reagents
(Amersham Biosciences). The blots were re-probed with
an anti-f-actin antibody to ensure uniform sample
loading.
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Cell viability assay

The human osteosarcoma cell lines (NOS10, SaOS2 and
HuO9) and normal cell lines (NHDF and hMSC) were
plated on 96-well plates at a density of 5 x 10° cells/well
24 h before Telomelysin infection. NOS10, SaOS2 and
HuQ9 cells were infected with Telomelysin at MOIs of
0.01, 0.1, 1, 2 or 5; NHDF and hMSC cells were infected
with Telomelysin at MOIs of 0.01, 0.1, 1, 5 or 10. As a
control, cells were also infected with PBS (mock) or d1312
(MOI of 1). Cell viability was assessed by the XTT
(sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis
(4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay
72 h after viral infection using the Cell Proliferation Kit-II
(Roche Diagnostics, Indianapolis, IN, USA) according to
the manufacturer’s protocol, except for the normal cell
lines (NHDF and hMSC), which were assessed 7 days after
infection. For other experiments, the osteosarcoma cell
lines (NOS10, SaOS2 and HuO9) and normal cell lines
(NHDF and hMSC) were plated on 6-cm dishes at a density
of 5 x 10° cells/dish 24 h before viral infection and were
then infected with Telomelysin at a MOI of 1 for osteo-
sarcoma cell lines or at a MOI of 10 for normal cell lines.
Cells treated with PBS (mock) were used as controls.
Cell morphology was observed daily using an Olym-
pus phase-contrast microscope ULWCD 0.30 (IMT2,
Olympus, Tokyo, Japan), and photomicrographs were
taken at 72 h and 7 days after infection for osteosarcoma
cell lines and normal cell lines, respectively, using the
Olympus DP12 digital camera attached to the microscope
(magnification, x40).

In vivo tumor growth

Human osteosarcoma cell line NOS10 (1 x 107 cells/
mouse) were implanted subcutaneously into the flanks of
6-week-old female BALB/c nu/nu mice. When tumors
reached 5-6 mm in diameter, the mice were randomly
divided into 3 groups (n = 6 for each group) and were
injected intratumorally with 50 pl of a solution containing
1.0 x 107 plaque-forming units (pfu) of Telomelysin, the
replication-deficient control adenovirus d1312, or PBS, on
days 1, 2 and 3. The perpendicular diameters of the tumors
were measured using micrometer calipers every 2 days,
and the tumor volume (mm’) was calculated using the
following formula: tumor volume (mm3) =05 x a x b%,
where a and b are the longest and the shortest diameters,
respectively. The experiments were approved by the Ethics
Review Committee for Animal Experimentation of Niigata
University, Graduate School of Medical and Dental
Sciences.
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In vivo viral replication

PBS, d1312 or Telomelysin (1.0 x 107 pfu/mouse) was
injected intratumorally into NOS10 tumor-bearing BALB/c
nu/nu mice. At 1, 2 weeks and 1 month after the last viral
injection, the animals were euthanized under deep isoflu-
rane anesthesia and the xenografted tumors were harvested
to prepare total RNA. Viral replication was determined by
the level of E1A and E1B mRNA expression using real-
time gRT-PCR, as described earlier.

Immunohistochemical staining and TUNEL assay

At 1, 2 weeks and 1 month after intratumoral adminis-
tration of PBS, d1312 or Telomelysin, the tumors were
harvested, fixed in 4% paraformaldehyde and embedded
in paraffin. Tumor tissue sections (4 pm) were subjected
to hematoxylin and eosin (HE) staining for histopathol-
ogical evaluation. To assess viral replication and lateral
spread, paraffin-embedded tumor sections were depa-
raffinized and subjected to immunohistochemical stain-
ing. An anti-adenovirus type 5 E1A antibody (1:50, BD
Biosciences) was used as the primary antibody, and a
Histofine Simple Stain PO (MULTI) kit (Nichirei,
Tokyo, Japan) was used as the secondary antibody
according to the manufacturer’s protocol. Signals were
detected using 3,3-diaminobenzidine (DAB, Nichirei) and
were counterstained with hematoxylin. Cell block sec-
tions of HEK-293 were used as a positive control.
Apoptotic cell death was detected using the terminal
deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay and an In situ Apoptosis
Detection Kit (Takara) according to the manufacturer’s
protocol. The tumor sections were then counterstained
with hematoxylin. Cell block sections of Hel.a cell line
that were serum-starved (cultured cells were rinsed with
PBS and were then maintained in serum free DMEM
overnight) or that were cultured in nutrient-rich medium
(DMEM with 10% FBS) were used as positive and
negative controls, respectively. Cell images were cap-
tured using an Olympus DP-50 digital camera View-
finder Lite 1.0 system and were processed using the
Studio Lite software package (Olympus).

Statistical analysis

Data are shown as the means & SD. The statistical sig-
nificance of differences between groups was evaluated
using a two-tailed Student’s z-test and the Microsoft Excel
program. A P-value of less than 0.01 signified statistical
significance.

Results

Expression of hTERT in human osteosarcoma cell lines
and in normal cell lines

To determine whether human osteosarcoma cell lines
might be good targets for Telomelysin infection, we
assayed the expression level of "TERT mRNA by real-time
gRT-PCR analysis. All human osteosarcoma cell lines
tested (8/8) expressed detectable levels of hTERT mRNA
(Fig. 1), although the expression levels varied. In contrast,
the NHDF and hMSC cell lines were negative for hTERT
mRNA expression. The relative level of hTERT mRNA
expression was high in osteosarcoma cell lines MG63,
OST, NOS10 and HOS (ranging from 1.69 to 51.1), and
somewhat lower in osteosarcoma cell lines HuO9, NOS1,
U20S and Sa0S2 (ranging from 0.11 to 0.23), compared
with levels in the control cell line, Hel.a. The highest
relative level of hTERT mRNA expression was in the HOS
(51.1) and the lowest was in HuO9 (0.11).

Replication efficiency of Telomelysin in human
osteosarcoma and normal cell lines

To assess the adenovirus replication capacity, 3 human
osteosarcoma cell lines and 2 two normal cell lines were
infected with d1312 or Telomelysin at a MOI of 0.1 or 1,
and the adenovirus E1A and E1B mRNA expression, and
E1A protein expression, were detected at 24, 48 and 72 h
after infection. Telomelysin infection induced marked
expression of E1A and E1B mRNA in the osteosarcoma

hTERT
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Fig. 1 Expression of hTERT in buman osteosarcoma cell lines and
normal human cell lines. Expression of hTERT mRNA in human
osteosarcoma cell lines (NOS1, U208, HuO9, Sa0S2, HOS, MG63,
OST and NOS10), in normal human dermal fibroblast (NHDF) and in
a human mesenchymal stem cell line (hMSC) were measured by real-
time guantitative RT-PCR analysis using specific primers for hTERT.
The relative level of mRNA expression was normalized using the
expression of the housekeeping gene, GAPDH, in each cell line, and
the values were calculated relative to that of the positive control HeLa
cell line, which was assigned a value of 1. Each sample was tested at
Jeast in triplicate, and the data represent the means = SD
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cell lines (HuO9, Sa0S2 and NOS10) in a dose- and time-
dependent fashion, and the expression level of E1A and
E1B mRNA seemed to correlate linearly with their hyTERT
expression levels (lower, medium and high expression,
respectively) (Fig. 2a). The expression of E1A and E1B
mRNA was also detected in normal cell lines NHDF and
hMSC, the expression level, however, was very low when
compared with those of the osteosarcoma cell lines we
tested. When Telomelysin was infected at a MOI of 1 for
72 h, the values of the fold-increases in E1A and E1B
mRNA expression in NOS10, Sa0S2 and HuO9 cell lines
were 133 and 44, 41 and 22, and 12 and 4, respectively,
compared to the expression levels in the NHDF cell line,
and were 9,685 and 43,596, 2,792 and 850, and 850 and
420, respectively, compared to the expression levels in the
hMSC cell line (Fig. 2a). The cell lines treated with d1312
showed no detectable E1A mRNA expression, in spite of
their extremely low level of EIB mRNA expression (at
least 1,500-fold lower than control cell line) (Fig. 2a). To
further confirm the replication efficiency and specificity of
Telomelysin at the protein level, a Western blot analysis of
adenovirus E1A protein expression was also performed.
Consistent with the E1A and E1B mRNA expression lev-
els, the E1A protein expression was also increased in a
time- and dose-dependent manner in the osteosarcoma cell
lines (NOS10, Sa0S2 and HuO9) infected with Telom-

elysin (Fig. 2b). Low level of E1A protein expression was

also detected in NHDF cell lines but could not be detected
in hMSC cell lines (Fig. 2b). Densitometric quantification
of the protein bands showed that Telomelysin infection at a
MOI of 1 for 72 h resulted in an approximately 2.8-, 1.9-
and 1.2-fold increase in the E1A protein signal in NOS10,
Sa0S2 and HuO9, respectively, compared with the signal
in NHDF (Fig. 2c). None of the cell lines had detectable
expression of the E1A protein when infected with d1312.

Telomerase-selective viral replication in vitro
visualized by TelomeScan

To confirm the hTERT promoter selectivity of Telom-
elysin, we infected osteosarcoma cell lines (NOSI10,
Sa0S2 and HuO9) and normal cell lines (NHDF and
hMSC) with TelomeScan, a genetically modified
Telomelysin expressing GFP, and green fluorescence was
observed by fluorescence microscopy. As shown in
Fig. 3a, osteosarcoma cell line NOS10 expressed gradu-
ally increasing bright green fluorescence in a dose-, and
a time-dependent manner after TelomeScan infection at a
MOI of either 1 or 10. The GFP expression level in
NOS10 could be detected as early as in 12 h after
TelomeScan infection at a MOI of 1, and the fluores-
cence intensity was attenuated at 96 h after infection due
to the severe cell death induced by TelomeScan. In
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Sa0S2 and HuO9, we also observed a dose-, and a time-
dependent GFP expression. The earliest expression of GFP
in these two cell lines were at 12 and 24 h after Telo-
meScan infection at a MOI of 10 (figures are not shown).
In contrast, the normal NHDF cell lines (Fig. 3a) and the
normal hMSC cell lines (figure is not shown) exhibited
only sporadic fluorescence in a few cells even at a MOI
of 10 at 96 h after TelomeScan infection.

We also determined the viral infection rate of Telo-
meScan by quantifying the GFP expression using flow
cytometric analysis. The GFP expression was also
gradually increased in a dose-dependent manner in the
osteosarcoma cell lines NOS10, Sa0S2 and HuO9,
whereas the normal cell lines NHDF and hMSC exhib-
ited very low levels of GFP expression. The percentages
of GFP expression in the NOS10, Sa0OS2 and HuO9
were 92.2 and 99.2, 82.2 and 98.6, and 64.3 and 88.4%,
respectively, at MOI 1 and MOI 10 (Fig. 3b). In con-
trast, the expressions of GFP in NHDF and hMSC were
only 7.8 and 19.0, 1.63 and 3.21%, respectively, at MOI
1 and MOI 10 (Fig. 3b).

In vitro cytotoxic effects of Telomelysin on human
osteosarcoma cell lines

To examine the selective cytotoxic effect of Telomelysin,
NOS10, Sa0S2, HuO9, NHDF and hMSC cell lines were
mock-infected (PBS), infected with d1312 or infected
with Telomelysin at the indicated MOIs. Cell viability
was assessed at 72 h after infection using the XTT assay,
except for NHDF and hMSC, which were evaluated at
7 days after infection because of their slower rate of
growth. As shown in Fig. 4a, Telomelysin infection was
highly cytotoxic to the 3 osteosarcoma cell lines in a
dose-dependent fashion, even at a MOI of 0.1. Approx-
imately 20-90% of the NOS10 cells, 12-78% of the
Sa0S2 cells and 14-60% of the HuO9 cells were killed
by Telomelysin infection at MOIs ranging from 0.1 to 5,
respectively, compared with mock-infected cells, and
these differences in values were significant (P < 0.01).
In contrast, no cytotoxic effect was observed in normal
cell lines NHDF and hMSC after infection with
Telomelysin, even at the high concentration of MOI of 10,
at 7 days after infection. In addition, no clear cytotoxic
effect could be detected in any d1312 infected cell lines.
Photomicrographs of cells taken using phase-contrast
microscopy also demonstrated that 72 h after Telomely-
sin infection at a MOI of 1, distinct cell death, evidenced
by a mass of rounded up, floating, highly refractile cells,
was induced in NOS10,- Sa0S2 and HuO9 cell lines
(Fig. 4b). However, no cell lysis was observed in the
NHDF cell lines and hMSC cell lines even at 7 days
after infection with Telomelysin at a MOI of 10.
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Fig. 2 Adenovirus E1A, E1B gene and ElA protein expression
levels after Telomelysin infection in human osteosarcoma cell lines
and normal cell lines. The human osteosarcoma cell lines (NOS10,
8a0S2 and HuO9), normal cell lines (NHDF and hMSC) or the
control HEK293 cell lines were infected with d1312 at a MOI of 1 or
with Telomelysin at a MOI of 0.1 or 1. The cells were harvested 24,
48 and 72 h after infection, and the viral replication rate was
determined by the measurement of the E1A and E1B mRNA and E1A
protein expression using real-time gRT-PCR (a) and a Western blot
analysis (b), respectively. The mRNA expression levels were
normalized to the expression of human GAPDH. The mRNA
expression levels of E1A and E1B of HEK-293 were assigned a

In vitro induction of apoptotic cell death
by Telomelysin infection in human osteosarcoma
cell lines :

To determine the mechanism responsible for the significant
cell death in osteosarcoma cell lines (NOS10, SaOS2 and
Hu09) induced by Telomelysin infection in vitro, apop-
tosis and autophagy were examined by a Western blot
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value of 1, and the mRNA expression of each cell line was calculated
relative to that of HEK-293 cell lines. Data are presented as the
means = SD values of three separate experiments. Equivalent
amounts of protein from cell lysates were separated on SDS-PAGE
and were then probed with anti-adenovirus type 5 E1A and anti-f$-
actin antibodies. ¢ The intensity of each protein band in the gel was
quantified by densitometric scanning using the NIH-Image J software
package, and each value was normalized to the f-actin signal. The
intensity of the HEK-293 signal was assigned a value of 1.0.
Intensities relative to those of HEK-293 are presented as the
means = SD of triplicate measurements

analysis. Activation (cleavage) of caspase-3 plays a critical
role in the execution of apoptosis (Fernandes-Alnemri et al.
1994), and the proteolytic cleavage of PARP by activated
caspase-3 serves as.a marker of apoptosis (Oliver et al.
1998). Similarly, the conversion of a cytosolic LC3-I to an
autophagosome-associating form, LC3-11, has been used as
an indicator of autophagy (Kabeya et al. 2004). Thus, the
present study examined the induction of apoptosis or
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Fig. 3 a Selective visualization of human osteosarcoma cell lines
using the telomerase-specific, replication-competent adenovirus
TelomeScan. The cells were infected with TelomeScan (modified
Telomelysin expressing GFP) at a MOI of 1 or a MOI of 10 for
NOS10 and at a MOI of 10 for NHDF. Cell morphology was observed
under a light microscope (top panels), and GFP fluorescence was
detected and photographed under fluorescent microscope (bottom

autophagy by detection of the cleavages of caspase 3 and
PARP protein expression, and by changes in the ratio of
LC3B-1IVI protein expression, respectively. At 72 h after
Telomelysin infection, obvious dose-dependent cleavages
of caspase 3 and PARP were observed in all 3 osteosar-
coma cell lines (Fig. 5a), whereas no caspase activation
was detected in the normal NHDF cell lines. However,
there was no increase in the level of LC3B-1I, a marker of

@ Springer

panels) at the indicated time points. Original magnification, x200;
scale bar, 50 ym. b The infectivity of TelomeScan in human
osteosarcoma cell lines and normal cell lines. NOS10, Sa0S2,
HuO9, NHDF and hMSC cells were infected with TelomeScan at
MOIs of 0, 0.01, 1 or 10, then the percentage of GFP expression was
analyzed by a FACSCalibur flow cytometer 48 h post-infection. Data
are representative of three separate experiments

autophagy, in either the osteosarcoma cell lines or in the
NHDF cell lines infected with Telomelysin (Fig. Sb).

The oncolytic effect of intratumoral infection of
Telomelysin on human osteosarcoma tumor xenografts.

To examine the oncolytic effect of Telomelysin on
human osteosarcoma in vivo, nu/nu mice bearing NOS10
tumors were administered three consecutive daily intratu-
moral injections of 1 x 107 pfu/body of Telomelysin,
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Fig. 4 Cell-killing effect of Telomelysin on human osteosarcoma
cell lines. a NOS10, Sa0S2 and HuO9 cell lines were infected with
Telomelysin at MOIs of 0.01, 0.1, 1, 2 and 5; NHDF and hMSC cell
lines were infected with Telomelysin at MOIs of 0.01, 0.1, 1, 5 and
10. Cells treated with PBS (mock) or infected with d1312 were used
as controls. The cell viability was determined using an XTT assay
72 h after infection, except for the NHDF and hMSC cell lines, which
were assessed at 7 days post-infection. The cell viability of the mock-
infected cells was regarded as 1.0, and the relative cell viability of
each cell line was calculated compared to that of mock-infected cells.

o

hMSC NHDF

NOS10

Sa0s2

HuO9

Data are depicted as the means & SD values of quadruple experi-
ments. Differences among groups were analyzed using the Student’s
t-test. Statistical significance (*) was defined as P < 0.01, when
Telomelysin was compared with mock or d1312-infected cells.
b Photomicrographs of human osteosarcoma cell lines and normal
cell lines after Telomelysin infection. Cell morphologies of NOS10,
Sa0S2, HuO9, NHDF and hMSC Cell lines were observed using a
phase-contrast microscope and were photographed at a magnification
of x40, at 72 h after viral infection except NHDF and hMSC, which
were photographed 7 days after infection
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Fig. 5 Telomelysin induced apoptosis but not autophagy in human
osteosarcoma cell lines in vitro. NOS10, Sa0S2, HuO9 and NHDF
cell lines were infected with d1312 at a MOI of 1 or were infected
with Telomelysin at a MOI of 0.1 or 1 and were harvested at 72 h
after infection. Equal amounts of protein from cell lysates were
separated on SDS~-PAGE gels for a Western blot analysis of cleaved
caspase 3, cleaved PARP (a) and L.C3B-I and LC3B-1I (b), as markers
of apoptosis and autophagy, respectively. Fach blot was reprobed
with an anti-f-actin antibody to confirm uniform loading

d1312 or PBS. Macroscopic analysis of the tumors indi-
cated that the tumor size following Telomelysin infection
was markedly smaller than in mock- or d1312-treated
tumors (Fig. 6a). Tumor growth was significantly inhibited
following Telomelysin infection from day 15 to day 31
(P < 0.01) compared to PBS- or d1312-treated tumors, and
no tumor suppression was detected in the d1312-treated
tumors (Fig. 6b).

Efficient in vivo replication and apoptosis induction
of Telomelysin in tumor tissues

To evaluate the replication efficiency of Telomelysin in
vivo, adenovirus E1A and E1B mRNA expression in the
implanted NOS10 tumors was analyzed by real-time
gRT-PCR. Tumor xenograft-bearing mice were adminis-
tered three consecutive daily intratamoral injections of
1 x 107 pfu of Telomelysin, d1312, or the PBS control,
and the tumors were harvested 1, 2 weeks and 1 month
after treatment. Consistently high levels of E1A and E1B
mRNA expression were detected at 1 and 2 weeks after
Telomelysin infection, with approximately 1.3- and 1.0-
fold, and 1.5- and 2.1-fold expression, respectively,
compared to that in HEK-293 cell lysates (assigned a
value of 1.0). At 1 month after viral infection, the E1A
and E1B mRNA expression of Telomelysin was still
detectable, although the expression levels were reduced
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by approximately four and fivefold compared to those of
HEK-293 cell lysates (Fig. 6¢). However, no El1A or
E1B mRNA expression was detected in PBS- or d1312-
treated tumors except for extremely weak E1B expres-
sion in d1312-infected tumors at 1 and 2 weeks after
viral infection.

To further evaluate the replication and lateral spread of
Telomelysin in NOS10 tumor xenografts, histological
analysis and immunohistochemical staining of adenovirus
E1A were performed at 1, 2 weeks and 1 month after the
last viral injection. A standard HE stain showed that
Telomelysin infection induced increasing tumor cell death
over time that was characterized by a high level of nuclear
condensation and was accompanied by massive intratu-
moral hemorrhage 1 and 2 weeks after infection (Fig. 7j,
k). However, by 1 month after Telomelysin infection,
almost all of the tumor cells had been eradicated and were
replaced by suffusive hemorrhage and hemosiderin depo-
sition. Detectable dead tumor cells were mainly peripher-
ally restricted to the borders of the small tumor remnant
(Fig. 71). In contrast, no clear cell death was detected in
PBS-treated tumors except for a few dead cells that were
located in the area of intratumoral hemorrhage. In addition,
an osteoid matrix could be observed 1 month after treat-
ment in the PBS-treated tumors (Fig. 7a~c). Immunohis-
tochemical staining revealed that the expression of the E1A
protein increased over the first 2 weeks in Telomelysin-
treated tumor sections. E1A protein staining was hetero-
geneous at 1 week, and became more diffuse at 2 weeks
after Telomelysin infection (Fig. 7m and n). However, at
1 month after viral infection, the E1A expression had
almost completely disappeared, except for faint expression
that could be detected in the peripheral tumor remmant
(Fig. 70). In contrast, no E1A protein was detected in
tumors that were treated with PBS for more than 1 month
(Fig. 7d-1).

To confirm that apoptosis contributes to the Telom-
elysin-mediated tumor cell death in the mouse xenograft
model, TUNEL assays were performed using paraffin-
embedded tumor sections. Treatment with Telomelysin
clearly induced an increase in the number of TUNEL-
positive tumor cells detected in tumor sections. These
apoptotic tumor cells stained patchily or focally at
1 week after infection, but their staining was more uni-
form and diffuse at 2 weeks after Telomelysin infection
(Fig. 7p and q). These TUNEL-positive cells showed a
strong linear' correlation with the large numbers of
intracellular viral genomes. However, TUNEL-positive
tumor cells were only detected in some, but not all, of
the borders and inner areas of peripheral tumor remnants
(Fig. 71). There was no evident apoptotic cell death in
the tumors treated with PBS for more than 1 month
(Fig. 7g—i).
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Fig. 6 Tumor growth inhibition and viral replication induced by
Telomelysin infection in nw/nu mice bearing human osteosarcoma
cell xenografts. Human osteosarcoma NOS10 cells (1 x 107 cells/
mouse) were injected subcutaneously into the flanks of BALB/c nu/nu
mice, and Telomelysin (1 X 10’ pfu/mouse) was administered
intratumorally daily for three consecutive days. PBS- and replica-
tion-deficient adenovirus d1312 were used as controls. Six mice were
used for each group. a Gross appearances of the NOS10 xenografted
tumors in nw/nu mice at 1 month after Telomelysin infection.
b Tumor growth is depicted as the mean tumor volume + SD, and
statistical significance (*) was defined as P < 0.01 (Student’s r-test).

Discussion

Telomelysin (OBP-301), a telomerase-specific replication-
selective adenovirus, has been shown to induce notable
tumor-targeted oncolysis in a broad range of human can-
cers (Kawashima et al. 2004; Watanabe et al. 2006;
Hashimoto et al. 2008; Hioki et al. 2008; Takakura et al.
2010), and a phase I trial in patients with advanced solid
tumors is currently in progress (Fujiwara et al. 2008). In
this study, we showed for the first time that this novel
potential anti-tumor adenovirus, Telomelysin, induces
apoptotic cell death-mediated oncolysis in human osteo-
sarcoma both in vitro and in vivo.

The up-regulated transcriptional activity of hTERT is
essential for immortalization and cancer development
(Takakura et al. 1999). Activation of hTERT is also a
frequent phenomenon in osteosarcoma and correlates with
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(¢) NOS10 tumor-bearing mice received daily intratumoral injection
of PBS, d1312 or Telomelysin (1 x 10’ pfu/body) for 3 days. The
viral yield of each subcutaneous tumor was determined by E1A and
E1B mRNA expression levels using real-time quantitative RT-PCR at
1, 2 weeks and 1 month post-infection. The results were normalized
to the level of human GAPDH. The relative level of E1A and E1B
mRNA expression for each group was defined as the fold increase
relative to that of HEK-293 mRNA expression (the expression level
in HEK-293 cell lines was assigned a value of 1). Data are shown as
the means = SD of quadruplicate separate experiments

an unfavorable prognosis (Scheel et al. 2001; Ulaner et al.
2003). In this study, hTERT mRNA expression was
detected in all eight of the human osteosarcoma cell lines
we tested, whereas it could not be detected in a normal
human fibroblast cell line or normal human mesenchymal
stem cell line (Fig. 1). We assessed the tumor-specific
transcriptional activity of the hTERT promoter in hTERT-
positive osteosarcoma cell lines, normal human fibroblast
and normal human mesenchymal stem cell lines following
Telomelysin infection in vitro. A dose- and time-dependent
efficient viral replication assessed by increased expression
of both the E1 gene (Fig. 2a) and the E1A protein (Fig. 2b
and c) was observed in all of the osteosarcoma cell lines we
tested. In contrast, normal cell lines showed a very low
level of expressions of the E1 gene and E1A protein.
Selective visualization of viral infectivity of human oste-
osarcoma cells by TelomeScan also exhibited a dose- and
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Fig. 7 Viral growth, lateral spread and subsequent induction of
apoptotic cell death in NOS10-xenografted tumors of nuw/nu mice
following Telomelysin infection. Paraffin-embedded tumor sections
were generated 1, 2 weeks and 1 month after the final intratumor-
al administration of PBS or Telomelysin. Histological evaluation was
performed by hematoxylin and eosin staining (top panel for each

time-dependent GFP expression and high viral infection
rate, respectively, in these osteosarcoma cell lines, but not
in normal cell lines NHDF and hMSC (Fig. 3a and b).
These results demonstrated a positive strong association
between the viral replication efficiency and the hTERT
expression level, i.e., high-level hTERT activity led to high
viral replication. Thus, we concluded that an adenovirus-
based therapy using Telomelysin, in which the hTERT
promoter directly controls adenoviral E1A and E1B gene
transcription, may provide favorable anti-tumor efficacy
against human osteosarcoma. As expected, Telomelysin
was highly cytotoxic, in a dose-dependent manner, for
osteosarcoma cell lines (Fig. 4). Telomelysin infection
alone, at a low MOI of 0.1 or 1, was sufficient to induce
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group). Viral replication and spread was determined by immunohis-
tochemical staining using the anti-adenovirus type 5 E1A antibody
(middle panel for each group), and apoptotic cells were detected using
a TUNEL assay (bottom panel of each group). Original magnifica-
tion: x20 for the left column and x200 for the right column
(magnified view of the boxed region). The scale bar represents 50 um

significant tumor cell death of osteosarcoma cell lines,
whereas no cyototoxicity was observed in NHDF and
hMSC cell lines infected with Telomelysin (Fig. 4).

The precise molecular mechanism by which Telomely-
sin triggers cell death in human cancer remains unknown.
Previous studies have noted that Telomelysin infection
does not induce either apoptosis or any alteration of the cell
cycle distribution in human lung cancer cells (Watanabe
et al. 2006; Hioki et al. 2008). On the other hand,
Telomelysin and Telomelysin-RGD have been reported to
cause autophagic cell death in malignant glioma cells
(Yokoyama et al. 2008). In the current study, we showed
dose-dependent, Telomelysin-induced apoptosis in human
osteosarcoma cell lines, which was indicated by the
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appearance of activated caspase 3 and cleaved PARP
(Fig. 5a). However, no increase in the ratio of LC3-1I/, a
major marker for autophagy, was found in osteosarcoma
cell lines treated with Telomelysin (Fig. 5b).

Previous studies have noted a low degree of viral rep-
lication in the Telomelysin-infected normal human lung
fibroblast cell line, NHLF, despite the lack of an apparent
cytopathic effect (Kawashima et al. 2004; Hashimoto et al.
2008; Taki et al. 2005). In this study, the normal human
NHDF cell line and hMSCs also showed a low level of
adenovirus replication following Telomelysin infection
(Fig. 2, 3). It remains unclear why this low-level viral
replication would occur in the hTERT-negative normal cell
lines after Telomelysin infection, although its E1 gene
expression is under the control of the hTERT promoter
instead of the endogenous E1 promoter. However, a pre-
vious report has showed that even if the endogenous E1A
promoter, including the transcription start site, was deleted,
the adenovirus can still induce detectable E1A protein
expression in normal human fibroblasts. This study pro-
posed that the inverted terminal repeats (ITRs) located in
the upstream sequence of the E1A promoter may result in
leaky virus expression (Zheng et al. 2005). The adenovirus
ITRs region contains cryptic transcription start sites that
are essential for the initiation of viral DNA replication and
for the packaging of viral particles (Osborne and Berk
1983; Hatfield and Hearing 1991). Therefore, the ITRs
region must remain intact in all adenoviral vectors.
Because Telomelysin is a recombinant adenoviral vector,
its structure must also include the adenovirus ITRs region.
It is therefore possible that low-level leaky Telomelysin
replication might also occur in the normal cell lines.
Nevertheless, in spite of this low level of viral replication,
neither a cytotoxic effect nor apoptosis such as was seen in
osteosarcoma cell lines, was observed in the normal NHDF
cell lines or hMSC cell lines treated with Telomelysin
(Figs. 4 and 5).

During adenovirus infection, the E1A protein binds to
pRB of the host cell, thereby freeing E2F-1 to activate
transcription and promote virus entry into the S-phase
(Chiocca 2002). Viral replication can also elicit E2F-1-
induced p53-dependent cell cycle arrest or apoptosis
(Phillips et al. 1997; Chiocca 2002), and the E1B protein
blocks p53 activity, thereby allowing continuous adenovi-
ral replication (Yew and Berk 1992). In contrast, since p53
is frequently inactivated in osteosarcoma, Telomelysin
could consistently replicate in these cells and induce
intense cellular stress, ultimately causing apoptosis via a
pS3-independent pathway (Lavoie et al. 1998). However,
in the current study, apoptosis was not observed in normal
NHDF fibroblasts following Telomelysin infection, in spite
of the presence of detectable expression of E1 mRNA and
E1A protein. This lack of apoptosis induction in NHDF cell

lines may be due to the possibility that the leaky E1 gene
expression level may be too low to produce sufficient viral
progeny release, cellular stress or DNA damage in the late
stage. Further studies are warranted to clarify the precise
mechanism by which Telomelysin induces tumor cell
death, and whether the mechanism is cell type-dependent.

Our NOS10 in vivo xenograft model experiment also
demonstrated the excellent oncolytic effect of Telomelysin.
Intratumoral administration of Telomelysin induced sig-
nificant suppression of the growth of xenografted NOS10
tumors over a long period of time (Fig. 6a and b). A high
level of tumor-restricced E1 mRNA expression was
detected in Telomelysin-treated tumors in the first 2 weeks
after infection, and this expression was therefore main-
tained at a lower level for at least 1 month (Fig. 6¢).
Immunohistochemical staining confirmed a time-dependent
increase in E1A protein expression over the first 2 weeks
following the Telomelysin treatment of tumors (Fig. 7).
However, the E1A protein was barely detected 1 month
after infection, because almost all of the tumor cells had
been éradicated by Telomelysin infection at this time point
(Fig. 7). In line with the level of E1A protein expression, a
time-dependent pronounced apoptotic cell death was also
observed in the Telomelysin-treated tumor specimens.
Based on these data, we therefore consider Telomelysin to
be an effective anti-tumor adenoviral agent for the treat-
ment of human osteosarcoma.

In conclusion, our data suggest that the telomerase-
specific replication-selective adenovirus Telomelysin can
effectively inhibit the cell growth of hTERT-positive
human osteosarcoma cell lines both in vitro and in vivo.
Since lung metastasis is the main cause of death for oste-
osarcoma patients, additional studies are therefore required
to determine the effects of this novel tumor-targeted
adenoviral agent in a model of lung metastatic
osteosarcoma.
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