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reconstitute irradiated-disordered bone marrow, were suc-
cessfully produced by transduction of the hoxb4 [9] or cdx4
[10] genes, suggesting that the transduction of exogenous
genes might be a good strategy for the differentiation of
specified cells from human iPS and ES cells.

Viral expression libraries have been constructed with
gamma retrovirus-based vectors [11-13]. Although these
libraries could theoretically introduce genes into mitotic
cells, they can also potentially introduce genes in a way
that frequently results in leukemia [14]. On the other hand,
lentiviral vectors have excellent features for carrying
transgenes, including high transduction efficiency leading
to an ability to transduce dormant cells, constitutive and
long-term expression of transgenes, and the capacity to
transduce multiple genes at one time. Kawano et al. con-
structed a lentiviral library with amplified peripheral
leukocyte cDNAs to identify molecules related to cellular
resistance to HIV-1 entry and HIV-1-induced cell death
[15]. However, a human fetal liver lentiviral cDNA library
has not yet been developed.

In this study, we have successfully constructed a high-
performance human fetal liver-derived lentiviral expres-
sion library, which contained a high number of individual
clones, in order to develop a useful research tool for the
field of hematopoiesis and/or hepatopoiesis, for future use
in clinical regenerative medicine.

Materials and methods
Cells

Human 293T cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% heat-inac-
tivated fetal bovine serum (FBS), 100 U/ml penicillin, and
100 mg/ml streptomycin (Nacalai Tesque, Kyoto, Japan), ina
humidified atmosphere containing 5% CO; at 37°C.

Construction of the lentiviral cDNA library

A CloneMiner cDNA library construction kit (Invitrogen,
Carlsbad, CA) was used throughout for preparing the
Lentiviral ¢cDNA Library. Double-stranded cDNA was
prepared from 5 pg of the human fetal liver poly (A)*
RNA (Clontech, Palo Alto, CA), using Biotin-artB2-Oligo
(dt) for priming. The blunted cDNA was then ligated to
anBl adapters and fractionated using cDNA size frac-
tionation columns (Invitrogen). cDNA  fractions
(100 ng) >500bp were incubated with pDONR222
(250 ng) and BP Clonase enzyme mix (Invitrogen) for 18 h
at 25°C, and the resulting recombinant sample was elec-
troporated into ElectroMAX DHIOB competent cells
(Invitrogen). The transformants were pooled, and the
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resultant entry cDNA library was prepared from pools of
transformants using the JETSTAR2.0 plasmid purification
kit (Genomed, Lohne, Germany). To generate the lentiviral
¢DNA vector library, the entry vector (300 ng) and the
CSII-CMV-RfA vector (300 ng), which contained artR1
and arR2 sites, were incubated with LR Clonase enzyme
mix (Invitrogen) for 18 h at 25°C. The resulting recombi-
nant molecules were electroporated into ElectroMAX Stbl4
competent cells (Invitrogen), and then the transformants
were pooled. To prepare the plasmids for the cDNA
library, pools of transformants were plated on LB agar
plates containing ampicillin (100 pg/ml), and plasmid
purification was carried out from recovered transformants.

Determining the individual cDNA lengths
in the constructed library

The entry cDNA library plasmids and the lentivirus vector
cDNA library plasmids were digested with BsrGI (New
England Biolabs, Ipswich, MA), subjected to agarose gel
electrophoresis, and visualized with ethidium bromide
(Sigma, St. Louis, MO). The length of each cDNA was
estimated from the sizes of the fluorescent of DNA bands.

Sequence analysis

¢DNAs that were cloned into the CSII-CMV-RfA vector
were sequenced with the forward (5-CAAGCCTCAGACA
GTGG-3') and reverse (5'-AGCGTATCCACATAGCG-3')
primers using a BigDye Terminator v3.1 Cycle sequencing
kit (Applied Biosystems, Foster City, CA) and an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems). The
sequences were compared with the DNA database from the
DNA Data Bank of Japan using BLAST.

Lentivirus production and transduction
with the lentiviral library

Briefly, 34 pg (1-2 x 10° cDNA clones) of the library was
mixed with 40 pg of the packaging plasmids (pCAG-
HIVg/p and pCMV-VSVG-RSV-Rev) in 3.5 ml of FBS-
free DMEM medium, after which 370 pl of 1 mg/ml
polyethylenimine (PEI) was added. After incubating for
15-30 min, the DNA/PEI complex was dropped onto semi-
confluent 293T cells that were cultured in a T175 flask
containing Opti-MEM medium for 3 h. These cells were
then cultured in DMEM medium containing 10% FBS.
Virus-containing medium was harvested 4 days after the
transduction and concentrated by centrifugation
(9,000 rpm, 6-8 h, 4°C). The resulting virus pellet was
resuspended in 0.5-1 ml of complete DMEM and was used
for overnight transduction of freshly prepared 293T cells.
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Determining the individual cDNA lengths in the 293T
cells infected lentiviral library

293T cells were transduced with the viral cDNA library and
cloned using the limiting dilution method. Genomic DNA
was isolated from each clone using the QIAamp DNA
Micro Kit (Qiagen). The integrated cDNAs were amplified
using PCR, with the forward primer (5'-TTCAGGTGTCGT
GAACACGCTACCG-3') and the reverse primer (5'-CCTC
GATGTTAACTCTAGAGGATCC-3'). The Expand Long
Template PCR System (Roche, Basel, Switzerland) was
used for the PCR. The length of each cDNA was determined
as described above.

Flow cytometry

Untransduced 293T cells and 293T cells that were transduced
with the lentivirus library were resuspended at 1 x 10° cells/
100 pl in PBS(—) supplemented with 2% FBS and incubated
with FITC-conjugated anti-human glycophorin A (CD235a)
antibody (BectonDickinson, Franklin Lakes, NJ). After
30 min at4°C, the samples were washed twice with PBS/FBS
solution and analyzed with a FACS Calibur. Cells were also
stained with a FITC-conjugated isotype antibody as negative
control. For cell sorting, immunomagnetic beads were used
according to the manufacturer’s instruction (Miltenyi Biotec,
Gladbach, Germany).

Resulis
Construction of the entry cDNA library
To calculate the number of individual clones in the entry

library, which was constructed with the gateway system
from human fetal liver cDNA, 10%, 10°, and 10° dilutions

of the entry cDNA library transformants (total three lots)
were seeded onto LB-Amp plates and incubated overnight
at 37°C. As shown in Table 1, the total entry library con-
sisted of 7.87 x 10* individual clones calculated by
counting the number of transformants. We randomly
picked 103 colonies, prepared their plasmid DNAs, and
digested them with BsrGL. Each plasmid had an insert, and
these inserts averaged 2.1 kb in size (Fig. 1a). The cDNA
fragments ranged between 0.3 and 6.5 kb in this library,
and >40% of the fragments (43.7%) were larger than 2 kb.
In particular, about 7.8% of the large insert DNAs, those
with fragments lager than 5 kb, were also confirmed. These
results indicated that a high titer entry library had suc-
cessfully been constructed.

Construction of the lentiviral cDNA library

The lentiviral cDNA library was also prepared using a
recombination technique. As shown in Table 2, a library
totaling 8.75 x 107 cfu was constructed. To estimate the
average insert size in this library, we picked up 113 colo-
nics and analyzed them as described above. These results
showed the library had about a 2.1 kb average insert size
(Fig. 1b). This library also contained cDNA fragments that
were larger than 5 kb, and more than 40% of the fragments
(41.6%) were larger then 2 kb. Sequence analysis of 48
clones demonstrated that >60% (25/40) had genes that
encoded various full-length proteins including cytoplasmic
enzymes, protein inhibitors, and membrane receptors (the
other eight clones had unknown or genomic sequences:
Table 3). Furthermore, the presence of typical liver and
blood cell markers (such as albumin and hemoglobin) was
also confirmed. These data indicated that a high-perfor-
mance human fetal liver-derived lentiviral cDNA library
had successfully been constructed.

Table 1 Summary of the transformants of the constructed entry ¢DNA library

Lot Dilution Amount per Colonies Titer Averge titer Total volume Total CFUSs (cfu)
number plate (ul) per plate (cfw/ml) (cfu/ml) (ml)
1 10 100 210 2.1 %10 237 % 107 12 2.84 x 10°

107% 100 20 20 x 107

0% 100 3 3.0 x 107
% 107 100 202 2,02 x 107 211 x 107 10 211 x 10*

10-% 100 23 23 % 107

10°¢ 100 - 20 x 107
3 107* 100 218 2.18 x 10’ 243 x 107 12 292 x 10*

10~ 100 21 21 x 107

10-¢ 100 3 3.0 x 107

Final CFU count
(cfu): 7.87 x 10°
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A Entry cDNA library

B Lentiviral cDNA library
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EESEERER
Insert cDNA length (bp)
Ave. 2.10 £ 1.41 (kb)

Fig. 1 The distribution of the ¢cDNA fragments in the constructed
entry (a) or lentiviral (b) ¢cDNA libraries, More than 100 E. coli
colonies in each library were randomly picked and their plasmid
DNAs were prepared. Each plasmid was then digested with BsrGI and
analyzed. In each library, >40% of the cDNA fragments were >2 kb.

Table 2 Summary of the transformants of the lentiviral cDNA library

8 g i
EEERERRE
Insert cDNA length (bp)

Ave, 2.09 = 1.3 (kb)

Especially, large insert DNAs, namely, fragments >5 kb, were
confirmed to be between 3.5% and 7.8% of the total. These data
indicate that high titer entry and lentiviral libraries were successfully
constructed

Lot Dilution Amount per Colonies Titer Average titer Total volume Total
number plate (ul) per plate (cfu/ml) (cfw/ml) (ml) CFUs (cfu)
1 10~* 100 208 2.1 % 10° 2.16 % 10° 10 2,16 x 107
10~ 100 24 2.4 x 10°
107% 100 2 2.0 % 10°
2 1073 100 397 397 x 10° 396 x 10° 10 3.96 x 107
10~ 100 49 49 x 10°
10~* 100 3 30 x 10°
3 107 100 378 378 x 10° 2,63 x 10° 10 2.63 x 107
10 100 21 2.1 x 10°
107* 100 2 2.0 x 10°
Final CFU count
(cfu): 8.75 x 107

Transduction of the lentivirus libraries into cultured
cells

The lentiviral library was produced by transfecting
1-2 x 10° lentiviral ¢cDNAs and an accessory plasmid
DNA into freshly prepared 293T cells, after which single
cell clones were isolated by limiting dilution. Genomic PCR
analysis of 50 clones revealed that the transduction effi-
ciency was 100% and most clones (49/50) had several
transgenes (3-10). The average insert size of a transgene
was about 1.1 kb and fragments >3 kb were not observed
(Fig. 2). Next, to confirm the expression of the transgenes at
the protein level, flow cytometric analysis was performed
using anti-glycophorinA (GPA) antibody on 293T cells that
were transduced with the viral library. GPA is major
sialoglycoproteins of the human erythrocyte membrane. In
early embryogenesis, hematopoietic, especially erythroid,
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development is observed in fetal liver, suggesting that
various genes related to the development and differentiation
of erythroid cells will be abundant in our library. The results
showed that the frequency of GPA positive cells was
slightly increased in the lentiviral library infected 293T
cells compared with the non-transduced cells (0.4% vs.
0.04%, respectively; Fig. 3). This indicated that GPA
derived from the library was expressed. To clarify this point
more clearly, we sorted GPA positive cells with magnetic
beads, cultured them for several days, and analyzed them by
flow cytometry. The results showed that the frequency of
GPA positive cells isolated from library transduced 293T
cells was dramatically increased (up 65.4%), compared to
that from the non-transduced cells. These results demon-
strated that our lentiviral library could transduce exogenous
genes into target cells and furthermore that these genes were
expressed in these cells at the protein level.
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Table 3 Sequence analysis of the lentiviral cDNA library

No.  Inserted length (kb) Gene Genbank accession No,  cds size (bp)  Sutus
1 2 Angiotensinogen (AGT) NM_000029 1,458 F
2 22 Interleukin 10 receptor, beta (IL10RB) NM_000628 978 F
3 1.8 EEF1Al NM_001402 1,389 P
4 33 Albumin BC039235 1,884 F
5 is Poliovirus receptor (PVR) BC015542 1,254 F
6 36 SH3-domain GRB2-like endophilin B2 (SH3GLB2) BCO014635 1,188 F
7 2.55 Stearoyl-CoA desaturase (SCD) AF097514 1,080 P
8 09 Ribosomal protein S3A BCO001708 795 F
9 1.6 Heterogencous nuclear ribonucleoprotein Al (hnRPAL)  BC071945 963 F
10 15 Fibrinogen beta chain BC107766 1,476 P
11 13 Protein inhibitor of activated STAT3 (PIAS3) AB021868 1,860 P
12 0.7 Hemaoglobin, alpha 2 (HBA2) BC008572 429 F
13 14 Aldo-keto reductase family 1, member C1 (AKRICI) BC020216 972 F
14 27 Damage-specific DNA binding protein 1 (DDBI) BCO11686 3,423 P
15 13 Unknown ACD16525

16 13 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) BC029618 1,008 F
17 LT Unknown AK128092

18 0.9 Ferritin, light polypeptide (FTL) BC004245 528 F
19 1.7 Insulin-like growth factor IT (IGF-2) X07868 P
20 0.8 Heat shock 60 kDa protein 1 (chaperonin) BC073746 1,722 P
21 4.5 TP53 apoptosis effector variant, PERP BC010163 582 F
2 0.65 Putative MAPK activating protein AB097053 1,224 P
23 1.4 Non-specific DNA

24 19 Asp i ferase 1 BC000498 1,242 F
25 73 Aconitasel, soluble (ACO1) BC018103 2,670 F
26 28 Solute carrier family 25, member 46 BCO17169 1,257 F
27 1.7 Ribonuclease P 14 kDa subunit BC012017 375 F
28 1 Testis enhanced gene transcript (BAX inhibitor 1) BCO000916 714 P
29 15 Serpin peptidase inhibitor, clade A, member 1 BC015642 1,257 F
30 39 Histidine acid phosphatase domain containing 1 BC024591 P
3 0.65 Hemoglobin, alpha 2 (HBA2) BC008572 429 F
32 517 Unknown AF214636

33 by | Haptoglobin BCI121125 1,221 P
34 1.5 Cross-immune reaction antigen (VCIA1) AY858798 1314 F
35 22 Albumin BC039235 1,884 F
36 13 Unknown AL365360

37 03 ATPase, Na*/K* transporting, beta 3 polypeptide BCO11835 840 P
38 2 Decorin (DCN) BC005322 1,080 F
39 0.65 Ribosomal protein L32 pseudogene 3 BC053996 P
40 0.6 Wilm’s tumor-related protein (QM) M64241 645 F
41 0.7 Hemoglobin, beta BC0O7075 444 F
42 1.3 Serpin peptidase inhibitor, clade A, member 3 BC070265 288 F
43 14 ras homolog gene family, member B BC066954 591 P
44 1.7 Genomic DNA AY495330

45 1.7 Genomic DNA DQB862537

46 39 Genomic DNA ALO024498

47 3 Genomic DNA AL035461

48 0.6 Hemoglobin, alpha 2 (HBA2) BC008572 429 F
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Fig. 2 The distribution of transgene length in the lentiviral library
infected cells. After 293T cells were transfected with 1-2 x 10°
lentiviral cDNAs and accessory plasmids, a lentiviral library was
produced. Freshly prepared 293T cells were transduced with this virus
library, and single cell clones were isolated by limiting dilution,
Genomic PCR analysis of 50 clones revealed that the average
transgene insert size was ~ 1.1 kb, and fragments >3 kb were not
observed

Discussion

The library that we constructed in this study had
8.75 x 107 individual clones (100% of which had inserted
DNA). The average insert length was about 2.1 kb,
Sequence analysis demonstrated that more than 60% of
these genes encoded full-length proteins. Moreover, high
transduction efficiency was confirmed in cultured cells, and
a transduced gene was translated and localized correctly.
Kawano et al. successfully constructed a peripheral leu-
kocyte-derived lentiviral cDNA library, which contained
8 x 107 primary clones and an average insert size of
1.26 kb [15]). Our library had almost the same number of
insert cDNAs and a larger insert size. Notably, the average
size of a gene that was transduced by our virus library was
also longer (1.12 vs, 0.71 kb). These results demonstrate
that a high-performance human fetal liver-derived lentivi-
ral library was successfully constructed.

Lentiviral vectors can efficiently transduce both dividing
and non-dividing cells, including blood and stem cells,
which can generally be transduced with a low transduction
efficiency [16]. In our experiment, most of the clonal virus-
library transduced 293T cells had multiple (>3) transduc-
tions, suggesting that the transduction efficiency was high,

In early embryogenesis, most hepatopoietic and hema-
topoietic development (especially erythroid) is observed in
fetal liver, suggesting that various genes related to the

@ Springer

Fig. 3 Transgenic expression of the lentiviral library by flow
cytometry. To confirm the expression of the transgenes at the protein
level, virally transduced 293T cells were analyzed using flow
cytometry with anti-glycophorinA (GPA). GPA positive cells were
slightly increased in the lentiviral library transduced 293T cells
(0.4%) compared with the non-transduced cells (0.04%). These GPA
positive cells were sorted using magnetic beads, cultured for several
days, and analyzed by flow cytometry. These results showed that GPA
positive cells, which were isolated from the lentiviral library
transduced 293T cells, were dramatically increased (65.4%) com-
pared to non-transduced cells

development and differentiation of the liver and blood will
be abundant in our library. In line with this, some typical
hepatocytic and erythroid cell markers (such as albumin
and hemoglobin) were identified in our library. Thus, this
fetal liver lentivirus library may be a powerful tool for the
functional screening and targeting of novel genes that
specify hepatocytic and hematopoietic cell development
and differentiation.

A method for deriving iPS cells has been recently
established [5-7], and therefore, organ regeneration will be
a popular treatment for repairing damaged organs. The
bone marrow and liver may be good candidates for target
organs that require regeneration. Our fetal liver cDNA
library may be a very useful tool for determining the genes
that are important for differentiating iPS cells into hema-
topoietic cells or hepatopoietic cells. For example, one
could screen ES cells and/or cytokine-dependent cell lines
to find novel hematopoietic genes. We previously reported
a highly efficient method for differentiating hematopoietic
cell from primate ES cells by transducing the tall/scl gene
[8]. By combining this system with our fetal liver library,
we may be able to direct the production of hematopoietic
stem cells from ES cells, which may allow us to substan-
tially impact the field of reproductive medicine in the near
future.
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Abstract

TOB (transducer of ErbB-2) is a tumor suppressor that interacts with protein-tyrosine kinase receptors, including ErbB-2. Introduction of the
tob gene into NIH3T3 cells results in cell growth suppression. In this study, we evaluated the effect of tob expression in pancreatic cell lines
(AsPC-1, BxPC-3, SOJ) and discuss the tumor-suppressing effects of adenoviral vector expressing rob cDNA. We first measured the levels of
endogenous rob mRNA being expressed in all pancreatic cancer cell lines. Then, we examined the effect of adenoviral vector containing rob
cDNA (Ad-tob vector) on cancer cell lines. The viral vector was expanded with transfection in 293 cells. The titer of the vector was
350 x 10° pfu/ml. These cancer cells were able to be transfected with MOI 20 without adenoviral toxicity. The transfection of Ad-tob vector re-
sults in growth suppression of SOJ and AsPC-1 cell lines. The magnitude of the expression of the Ad-fob gene in cancer is correlated to tumor
suppressive activity. We prepared pancreatic cancer peritonitis models using a peritoneal injection of AsPC-1 cells. In this model, bloody ascites
and multiple tumor nodules were seen at the mesentery after 16 days. AdCArob (50 x 10° pfu/day) was administered from day 5 to day 9 after 4
days of peritoneal injection of 2 x 10% AsPC-1 cells. Tumor growth suppression occurred 10 days after peritoneal injection of AdCArfob compared
with the control group. There were no tumor nodules in the abdomen and no bloody ascites. These results suggest that the peritoneal injection of
AdCAtob has potential to suppress the formation of pancreatic cancer peritonitis, and can be applied for chemotherapy-resistant cancer peritonitis,
© 2008 Elsevier Masson SAS. All rights reserved.
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and once metastasis to the liver or peritoneal dissemination has
occurred, current treatments, including surgery and chemo-
therapy, are difficult to induce complete remission [1].

Advances in science and technology for direct gene transfer
into living animals have provided opportunities to develop
treatment modalities of malignancies by somatic gene therapy
[2-5).

TOB (transducer of ErbB-2) is a 45 kDa tumor suppressor
that interacts with protein-tyrosine kinase receptors, including
ErbB-2 [6,7]. ErbB-2 phosphorylates and interacts with She,
which participates between active tyrosine protein kinases to
the Ras signaling pathway. A point mutation or an elevated ex-
pression of ErbB-2 is commonly observed in pancreatic can-
cers and breast cancers. Matsuda et al. reported that the
carboxy-terminal half of TOB is relevant to its interaction
with ErbB-2 and the amino-terminal half is homologous to
the growth suppressor protein BTG-1, and introduction of
the 7ob gene into NIH3T3 cells results in cell growth suppres-
sion [6,8—10]. Expression of BTG-1 is high in quiescent cells
and decreases when cells enter the growth cycle, suggesting
that the gene product is inhibitory to GO/G1 progression.
The tob is localized on chromosome 17921, telomeric to the
BRCA 1 locus.

Using the anti-proliferative function of TOB, here we eval-
uated tob expression in pancreatic cancer cell lines and dis-
cussed its potential as a useful candidate for genetic therapy
of pancreatic cancer peritonitis with peritoneal (ip) injection
of recombinant adenovirus vector containing the rfob gene (Ad-
CAtob) in vitro and in vivo.

2. Materials and methods
2.1. Target tumor cells, mice and antibodies

The human pancreatic carcinoma cell line SOJ and AsPC-1
producing carcinoembryonic antigen (CEA), were maintained
in RPMI1640 medium (Hazleton Biologics, Inc., Kansas,
USA) supplemented with 10% fetal calf serum (Cell Culture
Laboratories, Ohio, USA) and 100 pgml™" kanamycin. All
cultures were incubated in high moisture air with 5% CO, at
37 "C. The medium was changed three times a week.

Male BALB/cnu/nu mice were obtained from Nihon SLC
(Shizuoka, Japan) and used at 6—7 weeks of age. In each ex-
periment, mice of similar age and weight were selected. Mice
were housed in plastic cages and maintained in an air-condi-
tioned room. The procedures for tumor implantation and sac-
rifice of the animals were in accordance with approved
guidelines of the Institution’s Animal Ethics Committee.

Mouse anti-human TOB monoclonal antibody (IgG 2a),
4B1, was obtained from Immuno-Biological Laboratories
(Gunma, Japan).

2.2, Construction of plasmid

Expression plasmid pMIK-tob was constructed by inserting
the 1.3 kbp fob cDNA fragment into pMIK vector (a derivative

of pME18S, kindly provided by Dr. K. Maruyama, DNAX
Res. Inst., CA, USA) [6].

2.3. Northern blot analysis

Total RNA of cancer cells was extracted by the guanidium
isothiocyanate method. RNA samples (10 pg) were separated
and blotted following the general protocol. One kbp Hind III
fra, t of A tob cDNA was used as a probe labeled with
o-*P-dCTP [6).

2.4. Recombinant adenovirus preparation

Adenovirus vector containing the tob driven by CAG pro-
moter (AdCAfob) was prepared in this study following the
method described previously [11—13]. Briefly, the 1.2 kb hu-
man fob fragment was blunt ended and subcloned into down-
stream of the CAG promoter of adenovirus vector. This
expression cassette was subcloned into the Swal site of the pA-
dexlcw cosmid, resulting in pAdexliob. The pAdexlcw is
a 42 kb cosmid containing a 31 kb adenovirus type 5 genome
lacking EIA, EIB, and E3 genes, as described previously. The
expression cosmid cassette and adenovirus DNA-terminal pro-
tein complex were cotransfected into 293 cells by calcium
phosphate precipitation. The recombinant viruses were propa-
gated with 293 cells and viral solution was stored at —80 °C.
The titers of viral stocks were determined by plaque assay on
293 cells. Adenovirus containing the lacZ gene coding for the
bacterial enzyme [p-galactosidase (AdCAlacZ) was used as
a control to measure the efficiency of tumor cell infection.

2.5. Adenovirus-mediated lac Z expression in vitro

The pancreatic cancer cell lines were plated at a density of
50 x 10° cell/well in 24-well culture plates (Iwaki Glass, To-
kyo, Japan) 12 h before AdCAlacZ infection. Then, culture
medium was replaced with medium containing varying
amounts of adenovirus per cell (MOI). After 48 h, the cells
were stained with X-gal (Wako Ltd., Tokyo, Japan) and the
number of B-galactosidase-positive cells was counted in order
to demonstrate the transfection efficiency [13].

2.6. Cell growth assay

Human pancreatic cancer cell lines (50 x 10* cell) were
cultured in 60 mm tissue culture dishes (Corning Glass Works,
NY, U.S.A)) for 12 h. Then, the culture medium was replaced
with suspensions of AdCAlacZ or AdCAtob at an MOI of 20.
After transfection, the medium was changed every other day.
Cell growth was assessed by counting the number of live cells
on the indicated day after transfection. The results are the
means + SD from three independent experiments.

2.7. Protein immunoblotting

Six days after transfection of AdCAlacZ or AdCAtob into
the pancreatic cancer cell lines, total protein was isolated by
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lysis in 0.5 ml 1% NP-40 (Sigma). The lysates (100 pg pro-
tein) were electrophoresed on a 10% SDS-PAGE and trans-
ferred to nitrocellulose (Nytran, Schleicher & Schuell,
Keene, NH) [14]. Western analysis was performed with the
anti-TOB monoclonal antibody using a second antibody con-
jugated to peroxidase. The preparations were visualized with
diaminobenzidine.

2.8. In vivo tumor experiments

2.8.1. Establishment of twmors in nude mice

We prepared pancreatic cancer peritonitis models using in-
traperitoneal (ip) injection of AsPC-1 pancreatic cancer cells.
AsPC-1 cells were trypsinized, washed once with RPMI1640
and suspended in RPMI1640 at 1, 2, 5 or 10 x 10° cells/
0.2 ml; a 0.2 ml cell suspension was injected into each nude
mouse peritoneally.

2.8.2. Inhibition of tumor growth in vivo

In order to examine the tumor suppressor effect of the
tob on the formation of pancreatic cancer peritonitis, ip
injections of AdCAtob or AdCAlacZ were performed in
tumor-bearing mice of a cancer peritonitis model. Perito-
neal injection of AdCAfob or AdCAlacZ (50 x 10° pfu/
0.2 ml/day, from day 5 to day 9) after 4 days of ip injec-
tion of AsPC-1 cells (2 x 10% doubling time 2—3 days).
After 16 days of tumor inoculation, the mice were sacri-
ficed and tumor formations investigated in the abdominal
cavity.

2.8.3. Pathological evaluation of tumors in nude mice

At 16 days of follow-up, tumors from AdCAtob-, AACA-
lacZ-treated groups and the non-treated control group were
evaluated for differences between the control and the exper-
imental groups by analyzing the anti-TOB immunostained
sections of each tumor. Formalin-fixed paraffin-embedded
in vivo experimental tissues were cut at 4—5 um, dried at
60 °C, deparaffinized, and hydrated with distilled water. En-
dogenous peroxidase activity was blocked with 3% hydro-
gen peroxidase in PBS, followed by rinsing in several
changes of distilled water and PBS. Immunochemical stud-
ies were performed using the avidin—biotin—peroxidase
complex method of Hsu et al. in the following manner: sec-
tions were blocked with normal rabbit serum for 30 min at
room temperature and incubated with mouse anti-human
TOB monoclonal antibody (clone 4B1, 1:100 dilution) for
30 min at room temperature. HISTOFINE SAB-PO (M)
kit (Nichirei Co. Ltd., Tokyo, Japan) was used to apply bio-
tinylated anti-mouse [IgG/IgA/IlgM and avidin—biotin—
peroxidase complexes, incubating for 10min at room
temperature. The immunoperoxidase staining reaction was
visualized by using 0.5% dimethyl-aminoazobenzene in
0.61 M Tris buffer (pH 7.4) containing 0.03% hydrogen
peroxidase.

3. Results

3.1. Northern blot analysis of endogenous tob transcripts
in pancreatic cancer cell lines

The endogenous fob mRNA was expressed in the three pan-
creatic cancer cell lines (Fig. 1). The level of rob mRNA of
SOJ cells was low, but that of AsPC-1 cells was high (A).
The overexpression of c-erbB-2 mRNA was shown in BxPC-
3 and AsPC-1 cells (B).

Fig. 1. Expressions of tob, f-actin (A) and erbB-2 (B) mRNA in pancreatic
cancer cell lines. Three human pancreatic cancer cell lines, AsPC-1, BxPC-
3, and SOJ, were used in this experiment. (A) tob mRNAs are shown as
a L.3kb band in the left side (upper panel of A). Total RNA was extracted
and processed for Northern blot analysis as described in Section 2. A 10 pg
of RNA were loaded in each lane. Standard molecular weights are shown on
the right side as arrows. Internal control of the expression level of mRNA is
shown as f-actin mRNA. (B) Expression level of erbB-2 mRNAs is also com-
pared among pancreatic cancer cell lines. Four kb bands comresponding to
erbB-2 mRNA are indicated by an armow.
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3.2. Adenovirus-directed lacZ gene transfer in
pancreatic cancer cell lines in vitro

Use of a recombinant B-gal adenovirus AdCAlacZ allowed
us to establish the measures of gene transfer efficiency in pan-
creatic cancer cells. Three human pancreatic cancer cell lines,
AsPC-1, BxPC-3, and SOJ were used as target cells for the
vector. These cell lines were transfected with AdCAlacZ at
different MOIs (Fig. 2). The lacZ was expressed in all cell
lines, in parallel with the increase in MOL There was no sig-
nificant difference in transfection efficacy among the cell
lines, indicating that cell lines are susceptible to adenovirus
transfection.

3.3. Tumor suppression by transfection of AdCAtob

In order to examine the rumor suppressor effect of the tob
gene on the growth of cancer cells, the cells were transfected
with AdCAlacZ or AdCAtob at an MOI of 20. The cells could
be transfected with MOI 20 without adenoviral virulence. SOJ
and AsPC-1 cell lines transfected with AdCArob vector
showed growth suppression (Fig. 3A). SOJ and AsPC-1 cells
expressed exogenous fob mRNA, and were enlarged and
megakaryocytic with many granules in the cytoplasm
(Fig. 3B). The characteristics resembled those of senescent
cells. Anti-proliferative activity of TOB seems to be well cor-
related with the level of its expression. In comparison with Ad-
CAlacZ, the two-fold growth suppression was shown in the
SOJ cell line expressing a good amount of TOB (Figs. 3A
and 4).

34. Exogenous tob expression

TOB expression was analyzed with Western blot analysis of
lysates of pancreatic cancer cell lines after transfection of Ad-
CAlacZ or AdCArob. As shown in Fig. 4, an exogenous
45 kDa band was detected in all transfected cell lines. Tob
was successfully introduced, especially into SOJ cells, and
the magnitude of the expression of TOB is correlated to tumor
growth suppressive activity, as shown in Fig. 3A.

3.5. Pathological findings of tumors treated with
AdCAtob vector: adenovirus-mediated tob expression in
vitro

Expression of exogenous TOB (45 kDa) was confirmed by
immuno-cytostaining of cells. AsPC-1 cells were plated at
a density of 50 x 10° cells/well in a 24-well culture plate
12 h before AdCArob infection. Then, cells were transfected
with AdCAtob vector (MOI 20). After 72 h, cells were spinned
down and stained with anti-TOB monoclonal antibody 4B1 in
order to determine the expression of TOB. AsPC-1 cells
showed the expression of TOB with AdCArob transfection
(Fig. 5).

3.6. Electronmicroscopic findings

‘We noted a dramatic change in the light scatter pattern of
AsPC-1 cells upon induction of tob expression. Using trans-
mission electron microscopy, we found that TOB-overexpress-
ing AsPC-1 cells showed degradation of the nucleus and many
autophagosomes and electron-dense cytoplasmic inclusions
(Fig. 6A). The contents of these electron-dense cytoplasmic
vesicles consisted of lamellar material that resembled lipofus-
cin, a lipid substance with auto-fluorescence properties that
has been shown to accumulate with aging in the lysosomes
of all vertebrates. Neither the increase inside scatter nor the
appearance of lipofuscin granules was seen in AsPC-1 cells
transfected with or without AdCA mock vector (Fig. 6B, C).
Cytotoxic changes in TOB-induced AsPC-1 cells showed the
degradation of autophagy.

3.7. Anti-tumorigenic effects of AdCAtob vector on
AsPC-1 cell-derived tumors in nude mice: morphological
findings of tumors treated with AdCAtob vector

Pancreatic cancer peritonitis model was established in nude
mice using ip injection of AsPC-1 cells. Four days after the ip
injection of AsPC-1 cells, the mice were ip-injected with Ad-
CAtob (50 x 10° or 150 x 10° pfw/0.5 ml/day, from day 5 to
day 9).

Bloody ascites and multiple tumor nodules were seen at the
mesothelium after 16 days of ip injection of 2, 5 and 10 x 10°
AsPC-1 cells. We designed our initial experiments to deter-
mine whether in vivo AdCAtob-mediated gene transfer would
affect the formation of pancreatic cancer peritonitis after im-
plantation of cancer cells into the abdominal cavity. Peritoneal
injection of AdCAreb suppressed tumor nodule formation in
the abdominal cavity compared with the non-treated group
(Fig. 7). Several tumor nodule formations were observed in
AdCAlacZ-treated mice. Bloody ascites was not seen in either
AdCAwob or AdCAlacZ-treated mice (Table 1).

3.8. Pathological findings of tumor treated with AdCAtob
vector: adenovirus-mediated tob expression in vivo

Only one tumor nodule was recognized in the abdominal
cavity of AdCAtob (50 x 10° pfu)-treated groups, and not
found in that of 150 x 10° pfu groups. The tumor continued
to express TOB with staining by anti-TOB monoclonal anti-
body, 4B1 (Fig. 8A). On the other hand, the jejunum, mesothe-
lium, acinal gland and pancreatic islets of Langerhans did not
show the expression of exogenous TOB with AdCAreb trans-
fection (Fig. 8B). AsPC-1 cells expressing exogenous fob
mRNA were enlarged and megakaryocytic with characteristics
resembling those of senescent cells. These results suggest that
our adenovirus-mediated fob gene therapy was applicable for
the specific and efficient treatment of pancreatic cancer
peritonitis,
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AsPC-1

Fig. 2. Transduction efficiency of adenovirus in cancer cells in vitro. Optimal MO! for adenovi di

MOIE -

duction without virulence was determined in

1 gene

pancreatic cancer cells with control viral vector AdCAlacZ. AsPC-1, BxPC-3 and SOJ cells were plated on 24-well plates and transfected with AdCAlacZ at MOI
of 0, 5, and 20. Forty-eight hours later, cells were fixed and stained with x-gal to demonstrate lacZ gene expression. The magnification of all photographs is x400.
No stained cells were detected at MOI O in the left panels, and increased transduction of lacZ in the right two panels of each cell line.

4. Discussion

The development of gene transfer technologies has pro-
vided new possibilities for the treatment of malignancies. Ad-
enovirus vector systems that can produce high titers of viruses
capable of efficient expression in target cells can deliver exog-
enous genes into a variety of cells and tissues.

Matsuda et al. reported that 185 kDa protein immunoreac-
tive to anti-erbB-2 antibodies was detected in TOB

immunoprecipitates, and a 45 kDa protein reactive to the
anti-TOB  antibodies was co-immunoprecipitated with
p185°*®2 reciprocally [6,7]. TOB physically interacts with
the c-erbB-2 gene product. Exogenously expressed TOB is
able to suppress the growth of NIH3T3 cells, and delivers
growth inhibitory signals. These findings raise the possibility
that the fob is a tumor suppressor gene [6,15]. Inspection of
the deduced amino acid sequence of TOB revealed significant
homologies (40.6%) to the BTG-1 anti-proliferative gene
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45KkDa =

BxPC-3

Fig. 4. Western blot analysis of ly of ic cancer cell lines after
transfection of AdCAlacZ or AJCAfob using the anti-TOB monoclonal anti-
body Transfected adenovirus vectors are indicated above lanes. Cancer cells
are indicated below lanes. Arrow on the left side of gel indicates 45 kDa
band specific 1o exogenous TOB. Band higher than 45 kDa indicates endoge-
nous TOB expressed in AsPC-1 cells.

product and to the PC 3 (BTG-2) gene product at its amino-
terminal half. Both BTG-1 and BTG-2, having the significant
homologies to TOB, suppress cell growth, and perform cell
cycle control [8,9]. ANA, belonging to the anti-proliferative
TOB family, interacts with CCR transcription factor-associ-
ated protein Cafl [16,17].

NIH3T3 cells expressing exogenous tob mRNA were en-
larged and showed swollen nuclei with many granules in the
cytoplasm. The characteristics resembled those of senescent

cells. Evidence of senescence change were the accumulation
of lipofuscin granules, an ultrastructural change associated
with aging, and flattened enlarged cell morphology. TOB ex-
hibits anti-proliferative activity when the level of its expres-
sion is elevated and/or deregulated. The interaction of TOB
with c-erbB-2 gene products was suggested to occur through
the carboxyl-terminal half of TOB. Exogenously expressed
TOB also exhibits anti-proliferative activity. Protein-tyrosine
kinase receptors induce the expression of Gl cyclins, which
in tumn interact with and activate CDK family proteins, result-
ing in the phosphorylation of Rb protein. It is necessary to ex-
amine whether protein-tyrosine kinases other than p185%"%-2
could also interact with TOB in the proliferative signal trans-
duction of cancer cells. Expression of BTG-1 is high in G0/G1
phases of the cell cycle and is down regulated when the cells
enter the growth cycle, suggesting that the gene product is in-
hibitory to GO/G1 progression. A forced expression of exoge-
nous BTG-1 in NIH3T3 cells resulted in the suppression of
cell growth [8]. The BTG-1 gene is 60% homologous to
PC3, an immediate early gene induced by nerve growth factor
in rat PC12 cells. Rouault et al. named PC3 as BTG-2, and
have reported that BTG-2 expression is induced through
a p53-dependent mechanism and the function may be relevant
to cell cycle control and cellular response to DNA damage [9].

Yoshida et al. had reported that fob is a member of anti-pro-
liferative family genes. Mice lacking tob are prone to sponta-
neous formation of tumors. The occurrence rate of
diethylnitrosamine-induced liver tumors is higher in tob™"
mice than in wild-type mice. TOB™'~ p53~'~ mice show ac-
celerated tumor formation in comparison with single null
mice. Expression of cyclin DI mRNA is increased in the ab-
sence of and reduced by TOB [18]. Suzuki et al. had reported
that TOB inhibits cell growth by suppressing cyclin DI ex-
pression, which is canceled by Erkl- and Erk2-mediated
TOB phosphorylation. TOB is critically involved in the con-
trol of early Gl progression [19]. Iwanaga et al. reported

Fig. 5. AdCAtob vector-mediated tob expression in vitro AsPC-1 cells (50 x 10%) were transfected with AdCAtob vector (MOI 20). After 72 h, cells were collected
and stained with anti-TOB monoclonal antibody 4B1 by peroxidase immunostaining in order to determine the expression of TOB protein. Photograph magnifi-
cation is x400. Left: transfected cells were well stained. Right: non-treated naive cells.
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Fig. 6. Cytotoxic effect on AsPC-1 with tob expression by AdCArsob vector on electron microscopy. (A) AdCAsob transfectant (MOI 100), (B) AdCA mock trans-
fectant (MOI 100), (C) Non-treated control. (A) AdCAob transfectant (MO1 100) showed degradation of mucleus (arrowhead 1), many autophagosomes and elec-
tron-dense cytoplasmic inclusions (arrowhead 2). The contents of these vesicles consisted of lamellar material that !u:mbl:d lipofuscin, a lipid substance with

to-fluorescence properties. (B) AACA mk Lransfectm (MOI 100) showed iregular-shaped nucleus, enlar ts and deformities of mlmchund:m.. increase
of endoplasmic reticulum and | No i of lipofuscin granules. (C) Non-treated control showed irregular-shaped B of
m:lochondna, increase of cndnplnlmc reticulum. Several autophagosomes were seen in cells treated with AACA mock and non- tmm:d cells, but increase of au-

were recognized in cells treated with AdCAtob. There was neither an increase of inside scatter nor the appearance of lipofuscin granules. A-1, B-1,

a.ud C 1 are low magnification of the photograph (% 5000), A-2, B-2, and C-2 are high magnification of the photograph (x8000), and A-3, B-3, and C-3 are high
magnification of the photograph (= 15,000).




H. Yanagie et al. | Biomedicine & Pharmacotherapy xx (2008) 1-12 9

Non treated control

AdCA tob treated

Fig. 7. Tumor growth supp of cancer peri

is model with peritoneal AJCArob transfection. Bloody ascites and tumor growth suppression in the abdominal

cavity disappeared with viral fob expression. (A). Non-treated control; Bloody ascites (Left) and multiple tumor nodules (Right) were seen al the mesentery after 16
days of 2 x 10° ip injection of AsPC-1 cells, (B). AdCAzob-treated; mice underwent ip injections of AdCArob (1.5 x 10° pfu/0.2 ml/day, from day 5 to day 9) after
4 days of ip injection of 2 x 10° AsPC-1 cells. Peritoneal injections of AdCAfob suppressed tumor nodule formation in the abdominal cavity compared with the
non-treated group (Right). Bloody ascites was not seen in AdCAzob-treated mice (Left),

that the phosphorylated and inactive form of TOB was de-
tected in 76% of cancer tissues of adenocarcinoma patients,
but not in normal alveolar epithelial cells [20]. Cho et al. re-
ported that phosphorylation of myristoylated alanine-rich C
kinase substrate, MARCKS, removes TOB from ErbB-2 by in-
creasing its binding affinity with TOB, and thereby activates
ErbB-2-mediated signal transduction [21]. TOB phosphoryla-
tion contributes to the progression of papillary carcinoma of
the thyroid, especially in the later phase through cancellation
of its anti-proliferative function [22]. Exogenous overexpres-
sion of TOB family proteins suppresses cell proliferation.

Mutation in the nuclear localization signal sequence of TOB
affects its nuclear localization and impairs anti-proliferative
activity [23,24]. ERK phosphorylation negatively regulates
the anti-proliferative function of TOB [25]. Sasajima et al. re-
ported that the BTG/TOB family was degraded by the ubiqui-
tin-proteasome system [26].

We evaluated the expression of fob mRNA and gene prod-
uct in pancreatic cancer cell lines, AsPC-1, BxPC-3, and SOJ
with or without tob transfection. The tob mRNA was expressed
in all pancreatic cancer cell lines, and the level of rob mRNA
of AsPC-1 cells was strongest among them. The fob mRNA
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Table 1
Inhibition of the formation of pancreatic cancer peritonitis with Adeno-virus
mediated tob gene transfer in vive

Treatment Tumor Asciles

group nodules

AdCArob (1.5 x 10* pfu) (n=4) - o) + Serous
AdCArob (5 x 107 pfu) (n=13) - (1n) =+ Serous
AdCAlacZ (1.5 % 10°pfu) (n=3)  + @3 + Serous
AdCAlacZ (5 x 107 pfu) (n=13) + (23) +~++ Turbid
Non-treated (1.5 10°pfu) (n=3) +++ (B) +++ Bloody

Despite the observed heterogeneity for individual animals, a significant tumor
growth inhibitory effects of AACA b has been noted.

A-1: AdCA tob transfection

Small Intestine

Fig. 8. Pathological findings of tumor treated with AdCArob vector in vive. Only one wmor nodule was

A-2: Non transfection

expression was increased in correlation with erbB-2 mRNA
expression in AsPC-1 and BxPC-3 cells, but the endogenous
tob gene product is not increased in these cells,
Overexpression of erbB-2 and EGF-R protein was observed
in pancreatic cancer cells, so the suppressive effect of endog-
enous TOB could be impaired by the passage of protein-tyro-
sine kinases as p185°°®2 We prepared adenoviral vector
containing tob ¢cDNA (AdCAtob). AdCAtob was transfected
and expanded in 293 cells. The titer of the vector was
350 x 10 pfu/ml. Monitoring the viability of pancreatic can-
cer cells transfected with adenoviral vector containing the
lacZ gene revealed that these cancer cells were able to be
transfected with MOI 20 without adenoviral toxicity. Growth

A-3: AdCA lacZ transfection

Langerhans Islet of Pancreas

ized in the abd

inal cavity in the AdCArob

(5 x 107 pfu)-treated group, and not found in 1.5 x 10® pfu groups. The tumor continued to express TOB with staining by anti-TOB monoclonal antibody 4B1
{A-1). Tumors of non-treated control (A-2) and AdCAlacZ (A-3)-transfected groups showed only a few endogenous TOB. The jejunum (B-1), mesothelium, acinal
gland and pancreatic islets of Langerhans (B-2) did not show the expression of exogenous TOB with AdCAfob transfection.
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suppression with transfection of AdCArob was shown in SOJ
and AsPC-1 cell lines according to tob expression. We evalu-
ated the tumor-suppressing effects of AdCAtob in pancreatic
cancer cell lines. SOJ and AsPC-1 cell lines transfected by Ad-
CAtob showed growth suppression. Significant suppression
was shown in SOJ cell lines after the overexpression of
TOB. These results suggest that the recombinant adenovirus
vector containing the fob gene is a useful candidate for anti-tu-
mor gene therapy, and could be applied for cancer peritonitis.
AsPC-1 cells expressing the exogenous fob were enlarged and
megakaryocytic with characteristics resembling those of sen-
escent cells.

We also found that TOB-overexpressing AsPC-1 cells
showed degradation of the nucleus and many autophagosomes
and electron-dense cytoplasmic inclusions. One cancer cyto-
toxic mechanism is based on autophagy. Autophagy is a cellu-
lar degradation pathway for the clearance of damaged or
superfluous proteins and organelles [27,28], and a survival
pathway required for cellular viability during starvation; how-
ever, if it proceeds to completion, autophagy can lead to cell
death. Autophagy has emerged as a homeostatic mechanism
regulating the turnover of long-lived or damaged proteins
and organelles, and buffering metabolic stress under condi-
tions of nutrient deprivation by recycling intracellular constit-
uents. Autophagy is also a form of cell death, when allowed to
proceed to excessive levels and when apoptosis-defective cells
are triggered to die. It has been thought that autophagy may
play an active role in programmed cell death [29]. We had ob-
served autophagic conformation by the formulation of auto-
phagosomes and localization of GFP-LC3 on the
cytotoxicity of human pancreatic cancer cells treated with pol-
yoxomolybdates (PM-17) [30]. Faiy et al. indicated that quer-
cetin induced autophagy specifically in Ha-RAS-transformed
cells [31]. They had reported that flavonoid quercetin drasti-
cally reduces the half-life of oncogenic Ras, and Ras protein
levels in cell lines expressing oncogenic Ras proteins. Querce-
tin induces autophagic processes in Ha-RAS-transformed
cells. Microtubule-associated protein light chain 3 (LC3) pro-
tein is localized in autophagosomes and autolysosomes mem-
branes after processing in quercetin-treated cancer cell lines.

In this report, we also prepared pancreatic cancer peritonitis
models using ip injection of AsPC-1 cells. In this model,
bloody ascites and multiple tumor nodules were seen at the
mesentery after 16 ip days. We administered ip injection of
AdCArob to mice bearing pancreatic cancer peritonitis. Tumor
growth was suppressed 10 days after ip injections of AdCAtob
compared to the control group. Our new model of gene ther-
apy for pancreatic cancer by AdCArob in the first week in-
duced significant tumor reduction and complete tumor
regression. There was no fumor nodule in the abdomen and
no bloody ascites. AdCAfob has shown no significant toxic ef-
fect on untransformed cells. AdCAfob treatment produced sig-
nificant growth inhibition both in vive and in vitro.

Overexpression of wt p53 triggered a short-term cellular re-
sponse leading to irreversible growth arrest and senescence
[32—34]. The commitment to senescence became irreversible
with in 48—72h and no longer required p53 expression. A
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number of studies utilizing adenoviral or retroviral vectors
have evaluated the anti-proliferative and anti-tumorigenic po-
tential of restoration of wild-type pS3 in in vitro as well as in
vivo animal models of cancer [35—40]. Nielsen et al. reported
that ip injection of AACMVwt p53 resulted in reducing the tu-
mor burden of SK-OV-3 ovarian cancer in vive [2]. We also
performed ip injections of AdCMVwr p53 (5 x 107 pfu/day,
from day 5 to day 9) after 4 days of ip inoculation of AsPC-
1 cells, and tumor growth was suppressed 10 days after ip in-
jections of AACMVwt p53 (data not shown). Tumor suppres-
sor gene p53 includes the regulation of Gl-associated cell
growth inhibition, maintenance of genomic integrity, control
of the apoptotic pathway, and regulation of inhibitors of angio-
genesis. Consequently, reconstituting the normal p53 function
in tumor cells with defective p53 via introduction of the wr
p33 gene may have therapeutic utility [41,42].

It has been known that the adenovirus vector-mediated gene
transfer system has several limitations for in vive application,
including transient expression of transferred gene and immu-
nogenic response of the host against adenovirus. As an exten-
sion of this study, we are now evaluating the rob gene
therapeutic potential with a cationic liposomal delivery system
to a pancreatic cancer model. Injection of the AACAtob vector
provides significant growth inhibition of tumor progression,
and our study offers strong support for the gene therapeutic
potential of this vector in human pancreatic cancer peritonitis.
Continuous progression of these investigations in the future
will be necessary for the successful development of a new
treatment modality for clinical trials of gene therapy for met-
astatic pancreatic cancer.
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Objective. We Investigated the utility of in vivo bioluminescence imaging (BLI) in assessing the
therapeutic effects of total body irradiation (TBI) in a murine hematological malignancy
model.

Materials and Methods. The suspension of Ba/F3 cells transduced with firefly luciferase and
p190 BCR-ABL genes was exposed to fonizing radiation, and viable cell numbers and biolu-
minescent signals were measured serially. Mice intravenously inoculated with the cells under-
went TBI at various doses. In vivo BLI was performed repeatedly until spontaneous death,
and whole-body bioluminescence signals were determined as an indicator of whole-body
tumor burden,

Results. In the cell culture study, bioluminescence signals generally reflected viable cell num-
bers, despite some overestimation immediately after irradiation. Sublethal TBI in mice tran-
slently depressed the increase in whole-body signals and prolonged survival. Spontaneous
death occurred at similar signal levels regardless of radiation dose. A significant negative cor-
relation was found between survival and whole-body signal early after TBI. Significant dose
dependence was demonstrated for both survival and signal increase early after TBI and was
more evident for signal increase. Lethally irradiated mice without bone marrow transplanta-
tion died while showing weak signals. In mice receiving lethal TBI and syngeneic bone mar-
row transplantation, signal reduction and prolongation of survival were prominent, and
whole-body signals at death were similar to those in nonirradiated or sublethally irradiated
mice.

Coneclusion. In vivo BLI allows longitudinal, quantitative evaluation of the response to TBI in
mice of a hematological malignancy model. Antitumor effects can be assessed early and reli-
ably using in vivo BLL. © 2008 ISEH - Society for Hematology and Stem Cells. Published
by Elsevier Inc.

tribution of the inoculated cells can be acquired repeatedly
in individual animals.

In vivo bioluminescence imaging (BLI) allows noninvasive,
whole-body evaluation of luciferase expression in intact

small animals and is used increasingly to evaluate the ef-
fects of novel therapeutic strategies against malignant neo-
plasms [1,2]. For bioluminescent tumor monitoring, mice
are inoculated with tumor model cells stably expressing
firefly luciferase. Injection of the mice with D-luciferin,
substrate for firefly luciferase, induces light emission
from the cells, and images that reflect the amount and dis-

Offprint requests to: Yusuke Inoue, MD, Department of Radiology,
Institute of Medical Science, University of Tokyo, 4-6-1 Shirokanedai,
Minato-ku, Tokyo 108-8639, Japan; E-mail: inoueys-tky @umin.ac.jp

In vivo BLI has been applied to studies using animal
models of hematological malignancies [3-8]. In hematolog-
ical malignancy models, various organs, including bone
marrow, lymph nodes, liver, and spleen may be involved
and, because of the difficulty in assessing whole-body tu-
mor burden, therapeutic effects are evaluated in conven-
tional experiments primarily based on survival, However,
in addition to the time-consuming nature of survival assess-
ment, survival may be affected by various confounding fac-
tors other than the antitumor effects of the therapeutic
intervention, and many animals are required to yield
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statistically relevant results. Deaths from tumor progression
need to be discriminated from treatment-related or acciden-
tal deaths. Because of the limitations of survival assess-
ment, in vivo BLI may be particularly beneficial for
animal experiments of hematological malignancies.

It has been validated in various tumor models that the in-
tensity of light signals determined from in vivo BLI reflects
tumor burden quantitatively [9-18]. However, most studies
have assessed the relationship between tumor size and BLI
signal without therapeutic interventions, and validation
studies concerning tumors after therapy are limited. Some
studies have revealed discrepancies between tumor sizes
and BLI signals in treated animals [17-19]. Although these
discrepancies were attributed to BLI reflecting viable tu-
mors selectively, whereas tumor size measurements are af-
fected by necrotic or fibrotic components of the tumor and
were interpreted as evidence of the superiority of BLI over
size measurements, the reliability of BLI assessment of
therapeutic efficacy and posttreatment regrowth has not
been fully established.

Radiotherapy, including total body irradiation (TBI),
plays an important role as a treatment option for hemato-
logical malignancies [20], and further improvements of
treatment strategies, including optimization of radiation
dose, schedule, and field design, use of a radiosensitizer
or radioprotector, and combinations with other treatment
modalities, are being pursued [21-24]. Animal experiments
using in vivo BLI may aid such investigations. In this study,
we evaluated in vitro relationships between viable cell num-
ber and luminescent intensity longitudinally after exposing
luciferase-expressing cells of a hematological malignancy
model to ionizing radiation. Moreover, mice inoculated in-
travenously with the cells underwent TBI at various doses
with or without bone marrow transplantation (BMT). In
vivo BLI was performed repeatedly until spontaneous
death, and the effects of the different treatments were mon-
itored in individual mice based on survival and BLI signals.
The principal aim of this study was to determine the poten-
tial of in vivo BLI for assessment of the therapeutic efficacy
of TBI in mice of a hematological malignancy model.

Materials and methods

Cell lines

The interleukin-3—dependent murine pro—B-cell line Ba/F3 was
cotransfected with the firefly luciferase gene and the wild-type
pl190 BCR-ABL fusion gene using a retroviral method described
previously [25]. Stable transfectants were selected, and the estab-
lished cells were named Ba/F3-Luc/Wt cells. The cDNA encoding
firefly luciferase was excised from the pGL3-basic vector (Prom-
ega, Madison, W1, USA), and the long terminal repeat (LTR) of
Moloney murine leukemia virus (MMLYV) drives luciferase ex-
pression in the Ba/F3-Luc/Wt cells. A single cell clone isolated
by limiting dilution was used in all experiments. The subclone
used in this study was different from that used in the previous

study [3] and was selected because of its consistent in vivo
proliferation. The p190 BCR-ABL gene is important in the devel-
opmem ort' acute lymphohlasuc leukemia [26] and causes factor-
proliferation when transformed into
Ba!FS cells [27). The Ba/F3-Luc/Wt cells were maintained in
RPMI-1640 medium (Invitrogen, Grand Island, NY, USA) supple-
mented with 10% (v/v) fetal bovine serum (JRH Biosciences,
Lenexa, KS, USA) and 1% penicillin/streptomycin (Invitrogen)
in the absence of interlenkin-3. Cell cultures were incubated at
37°C in 5% CO,.

Animals

Eight-week-old female BALB/c nw/nu mice were inoculated with
2 x 10° Ba/F3-Luc/Wt cells, suspended in 0.1 mL phosphate-
buffered saline (PBS), intravenously via the tail vein and were
used as a hematological malignancy animal model. Mice were ob-
tained from SLC Japan (Hamamatsu, Japan) and were handled in
accordance with guidelines of the Institute of Medical Science, the
University of Tokyo. Experiments were approved by the commit-
tee for animal research at the institution.

In vitro analysis

Viable cell counting, standard luciferase assay, intact-cell lucifer-
ase assay, and cell cycle analysis were performed to assess prolif-
eration and bioluminescent features of the cultured cells. All
measurements were performed in triplicate. Viable cell numbers
and viability were measured using the trypan blue dye exclusion
method and hemocytometers.

Luciferase activity in a given volume of cell suspension, con-
taining various numbers of cells, was determined by a standard lu-
ciferase assay. After centrifugation of 100 pL cell suspension, the
pellet was lysed with 200 pL lysis buffer (Passive Lysis Buffer;
Promega). The lysate was centrifuged, and the supernatant was
stored at —80°C until assayed. Luciferase activity in the superna-
tant was measured using the Luciferase Assay Reagent (Promega),
according to the manufacturer's recommendation and using a plate
reader (Wallac ARVO MX 1420 Multilabel Counter; Perkin Elmer
Japan, Yokohama, Japan). Luminescence was also measured by
simply adding D-luciferin (Beetle Luciferin Potassium Salt; Prom-
ega) to the cell suspension without cell lysis. We refer to this as
the intact-cell luciferase assay. Cell suspension (20 pL) was added
o D-luciferin (100 pL 180 pg/mL solution), and the light output
was measured using the plate reader. Phenol red-free RPMI-
1640 medium was used for the cell culture study to avoid possible
light absorbance by the dye.

To assess the cell cycle, cells were fixed with cooled 70% eth-
anol. Afterward, fixed cells were washed twice with PBS and in-
cubated with 0.5% ribonuclease A for 30 minutes. After the
addition of propidium iodide (final concentration, 25 pg/mL),
cells were analyzed by flow cytometry using a FACSCalibur
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
The cell cycle was determined using the FlowJo software (TreeS-
tar, San Carlos, CA, USA). The fraction of proliferating cells, or
the proliferation index, was calculated by the following equation:

Proliferation index(%)=(G;/M + )/
(G1/Go + SGa2/M +8) x 100,

where Go/M, §, and G,/Gy are the numbers of cells in the
G,/M, §, and G,/G, phases, respectively.



