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A Proteoliposome Containing Apolipoprotein A-l
Mutant (V156K) Enhances Rapid Tumor
Regression Activity of Human Origin Oncolytic
Adenovirus in Tumor-Bearing Zebrafish and Mice

Juyi Seo'?, Chae-Ok Yun®, Oh-Joon Kwon®, Eun-Jin Choi*, Jae-Young Song’, Inho Choi'?, and

1,2,%

Kyung-Hyun Cho

We recently reported that the efficiency of adenoviral gene
delivery and virus stability are significantly enhanced when
a proteoliposome (PL) containing apolipoprotein (apo) A-l
is used in an animal model. In the current study, we tested
tumor removal activity of oncolytic adenovirus (Ad) using
PL-containing wildtype (WT) or V156K. Oncolytic Ad with
or without PL was injected into tumors of zebrafish and
nude mice as a Hep3B tumor xenograft model. The V156K~
PL-Ad-injected zebrafish, group showed the lowest tumor
tissue volume and nucleic acids in the tumor area,
whereas injection of Ad alone did not result in adequate
removal of tumor activity. Reactive oxygen species (ROS)
contents increased two-fold in tumor-bearing zebrafish;
however, the V156K-PL-Ad injected group showed a 40%
decrease in ROS levels compared to that in normal zebraf-
ish. After reducing the tumor volume with the V156K-PL-
Ad injection, the swimming pattern of the zebrafish changed
to be more active and energetic. The oncolytic effect of PL-
Ad containing either V156K or WT was about two-fold
more enhanced in mice than that of Ad alone 34 days after
the injection. Inmunohistochemical analysis revealed that
the PL-Ad-injected groups showed enhanced efficiency of
viral delivery with elevated Ad-E1A staining and a dimin-
ished number of proliferating tumor cells. Thus, the anti-
tumor effect of oncolytic Ad was strongly enhanced by a
PL-containing apoA-l and its mutant (V156K) without caus-
ing side effects in mice and zebrafish models.

INTRODUCTION

Viruses are widely used tools for therapeutic gene delivery of
many critical diseases. Although a few hurdles have been
overcome to achieve practical success, one promising group of
anticancer agents is the oncolytic viruses (Cattaneo et al., 2008).

Among oncolytic viruses, oncolytic adenovirus (Ad) is a widely
used anti-tumor activity tool for many different tumor types
(Toth et al., 2010). A number of preclinical and clinical studies
have used oncolytic Ad with encouraging results (Kumar et al.,
2008). Of note, an in vivo evaluation of an adenoviral gene
delivery was limited due to the lack of a suitable animal model.
Infection with Ad is species-specific, and the replication ability
of human-originating Ad is much lower than that in laboratory
animals. Development of a new experimental animal model is
needed prior to testing larger animals and conducting clinical
trials. Zebrafish (Danio rerio) are a good model to test gene
delivery efficiency because a zebrafish homologue of the cox-
sackievirus and Ad receptor protein has been identified (Pet-
rella et al., 2002). Zebrafish can serve as a chemical treatment
cancer model or through transplantation of mammalian cells
(Feitsma and Cuppen, 2008).

Ad has immunogenic properties and induces inflammatory
activity (Yang et al., 1994). Additionally, the stability and effi-
ciency of Ad is weakened at increased temperatures. To over-
come these disadvantages, development of an Ad vehicle may
help protect the stability of Ad. We recently reported that the
efficiency of gene delivery is significantly enhanced using a
proteoliposome (PL) containing apolipoprotein A-l in various
cell and zebrafish models (Park et al., 2010). We also showed
that human-originating Ad replicates in zebrafish. Adult zebraf-
ish can be infected with Ad, particularly with PL containing
apoA-l. A PL containing V156K (V156K-PL-Ad) has near two-
fold enhanced GFP expression than a PL containing a wild-
type apoA-I (WT-PL-Ad), raising the possibility that Ad can be
formulated in PL as a novel tool for targeted gene delivery,
which would have a variety of therapeutic applications (Park et
al., 2010). The formulation of Ad in PL greatly enhances the
efficiency of adenoviral gene delivery in various cell and zebraf-
ish models. Additionally, the anti-inflammatory and antioxidant
activities of apoA-I administered in this fashion could be used to
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treat cancer.

In the current study, we assessed the tumor removal effect of
oncolytic Ad alone or Ad in WT-PL-Ad or V156K-PL-Ad using
tumor-bearing zebrafish.

MATERIALS AND METHODS

Materials

Dimyristoyl phosphatidylcholine (DMPC; #121518, 1 g) and
cholesterol (# C8667) were purchased from Avanti Polar Lipids,
Inc. (USA) and Sigma (USA), respectively.

Purification of WT and V156K apoA-|

WT and V156K apoA-| were expressed in an E. coli expression
system and then purified using Ni#*-column chromatography as
described previously (Cho et al., 2006; Han et al., 2005). Pro-
tein purity was assessed by 20% sodium dodecyl sulfate-poly
acrylamide gel electrophoresis using a Pharmacia Phast Sys-
tem (Uppsala, Sweden). The functional and structural charac-
terization of the apoA-l in lipid-free state and lipid-bound state
was carried out according to our previous report (Cho, 2009a;
Park and Cho, 2011)

Generation of oncolytic Ad regulated by the recombinant
HRE-AFP promoter

To construct oncolytic Ads targeting hepatocellular carcinoma,
the recombinant AFP promoter excised from pBlueScriptll (+)
was sub-cloned into phAFP-d19, pre-digested with Sal/Xhol,
and the six copies of HRE, which were digested with Sall/Xhol
from pTeasy/HREs, were inserted into an E1 shuttle vector
containing the modified AFP promoter. The resulting shuttle
vector (pHa2bmd19) was linearized with Xmnl, then co-trans-
formed into E. coli BJ5183 together with the BsiBl-digested
adenoviral plasmid (vmdI324BstBI) for homologous recombina-
tion.

The oncolytic Ad (Ha2bm-d19) was propagated in 293A cells,
purified by the cesium chloride density purification method,
dissolved in storage solution (10 mM Tris, 4% sucrose, and 2
mM MgCl,), and stored at -80°C before use according to a
standard protocol (Hitt et al., 1994). Viral particle numbers were
calculated from measurements of optical density at 260 nm, in
which 1 absorbance unit was equivalent to 1 x 102 viral parti-
cles per ml.

Synthesis of a PL with oncolytic Ad

PL containing DMPC, free cholesterol (FC), and apoA-I were
synthesized by sonication using an initial molar ratio of DMPC:
FC: apoA-l of 200:9:1. During synthesis, 10 pl of the oncolytic
Ad stock solution (final concentration, 1.2 x 10° particles/ul of
PL) was added to the PL, which was incubated at room tem-
perature for 24 h to allow association of the PL and Ad, as de-
scribed previously (Park et al., 2010).

Zebrafish and tumor induction
Zebrafish and zebrafish embryos were maintained according to
standard protocols (Nusslein-Volhard, 2002). Procedures in-
volving zebrafish were approved by the Committee of Animal
Care and Use of Yeungnam University (Korea). The zebrafish
larvae and embryos were maintained in a system cage and 6-
well plates at 28°C during treatment under a 14:10 h light: dark
cycle. Tetrabit were used as the basal diet, supplemented with
Atremia salina nauplii.

Primary tumors were induced in 11-week-old zebrafish by
continuous immersion in N-nitrosodiethylamine (DEN) solution
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(100 ppm) for 8 weeks, as described previously (Mizgireuv and
Revskoy, 2006). Thirty zebrafish were maintained in a 10-L
glass tank equipped with a mechanical filter and automatic
heater during the DEN exposure. After the exposure, the fish
were transferred to a 20-L tank and were observed for up to 9
months.

Zebrafish microinjection
WT-PL-Ad or V156K-PL-Ad were individually microinjected
using a pneumatic picopump (PV820; World Precision Instru-
ments, USA) equipped with a magnetic manipulator (MM33;
Kantec, USA) with a pulled microcapillary pipette-using device
(PC-10; Narishigen, Japan) into 36-week-old zebrafish, which
had grossly visible neoplasms located on the ventral region.
Injections were performed at the same site on the tumor with a
total of 100 nl of V156K-PL-Ad or WT-PL-Ad (5.7 x 10° virus
particle, 36 ng of apoA-l) to minimize bias as previously re-
ported by Cho group (Park and Cho, 2011). Filter-sterilized
solutions with the same number of Ad in each vehicle were
injected into zebrafish after anesthetization with tricaine meth-
ane sulfonate (Sigma A5040, final concentration, 0.002%).
After injection, live zebrafish were observed under a stereo-
microscope (Motic SMZ 168, Hong Kong, China) and photo-
graphed using a motic cam 2300 CCD camera.

Histological analysis

After three injections per day within a 24-h interval for up to 72
hours, all zebrafish were sacrificed, fixed in 4% solution of para-
formaldehyde, and microsectioned with a cryotome (MICROM,
HM500; Germany). The tumor site in the ventral region was
sectioned longitudinally from head-to-tail and stained with he-
matoxyin and eosin. In order to compare extent of DNA replica-
tion in the tumor site, we employed fluorescent dye using DAPI
as previously described (Kapuscinski, 1990). Photographs of the
slides were obtained using a Nikon Eclipse TE2000 microscope
(Japan) at 600x magnification.

Reactive oxygen species (ROS) imaging

After treatment of zebrafish with Ad or PL-Ad, the increased
ROS and inflammatory response in the injected area were
imaged using dihydroethidium (DHE, Sigma cat # 37291) as
described previously (Owusu-Ansah et al., 2008). The stained
image of tumor site was obtained by fluorescence observation
(Ex = 588 nm and Em = 605 nm) using a Nikon Eclipse TE2000
microscope. Quantification of the fluorescence area in the in-
jected area was carried out via computer-assisted morphome-
try using Image Proplus software (version 4.5.1.22; Media Cy-
bernetics, USA).

Anti-tumor effects of Ad-PL complexes in the liver cancer
xenograft model

To establish the Hep3B tumor xenograft model, 1 x 107 cells
were subcutaneously injected into the abdomens of 7-week-old
male athymic nu/nu mice (Orientbio Inc, Korea). When tumor
volume reached about 150 mm?®, the mice were divided into
four separate groups (n = 6 per group) and injected intratu-
morally with 30 pl PBS or 3 x 10° VP of Ha2bm-d19, Ha2bm-
d19:V156K, or Ha2bm-d19:WT in 30 ul of PBS three times
every other day. Tumor growth was measured with calipers every
2 days, and tumor volume was calculated (volume = 0.523 x
length x width?).
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Fig. 1. Tumor-removal effect due to injection of a proteoliposome-
adenovirus (PL-Ad) or Ad alone. The change in the longest body
width of the tumor area was measured by stereomicroscopy at a
designated time.

Evaluation of tumor xenografts by histology and
immunohistochemistry

Hep3B tumors that were treated with PBS, Ha2bm-d19, Ha2bm-
d19:V156K, or Ha2bm-d19:WT were collected at 3 days after
the final injection and fixed in 10% formalin, embedded in paraf-
fin (Wax-it, Canada), and sectioned at 5 um. Representative
sections were stained with hematoxylin and eosin and for ade-
noviral E1A protein or proliferating cell nuclear antigen (PCNA)
by incubating the sections with rabbit anti-Ad E1A (sc-430;
Santa Cruz Biotechnology, USA) or mouse anti-PCNA (M0879,
Dakocytomation, USA).

RESULTS AND DISCUSSION

Tumor removal by V156K-PL-oncolytic Ad
Exposure to water-soluble carcinogens, such as DEN, can
induce a wide array of benign and malignant tumors in many
different organs (Spitsbergen et al., 2000). Although it is unclear
what kind of cancer occurs following DEN treatment, zebrafish
can serve as a chemical treatment cancer model or by trans-
plantation of mammalian cells (Mizgireuv and Revskoy, 2006).
Twenty-three weeks after DEN immersion and at the same

Tumor-bearing zebrafish

Control
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age (36 week-old), the control and DEN-treated zebrafish
groups had weight-to-height (mg/mm) ratios of 14.5 and 11.1,
respectively. Initially, both groups had a weight-to-height ratio of
15.1, as shown in Supplementary Fig. 1A. But, the DEN-treated
zebrafish had a 20% reduction in body weight after 23 weeks,
whereas the control group had a 6% increase in body weight.
The DEN group had a 5% increase in height, whereas the con-
trol group had a 13% increase in height. These results suggest
that weight loss occurred as a function of tumorigenesis. The
grossly visible tumors, approximately 2-7 mm in diameter, ap-
peared in the abdominal area 14-23 weeks after exposure to
DEN as indicated by the arrow (Supplementary Fig. 1B).

The three daily injections (24 h interval) of Ad in PL (100 nl,
5.7 x 10° VP) into solid tumor sites of DEN-treated or control
zebrafish were well-tolerated. Only one tumor-bearing zebrafish
died after the first injection of WT-PL-Ad. The tumor area in the
ventral region decreased significantly 24 h following the V156K-
PL-Ad injection [up to a 15% decrease in body width from the
initial value (from 4.5 mm before injection to 3.9 mm)] (Fig. 1).
The decrease was detected 3 days post-injection (up to an
18% decrease in body width) as shown in Fig. 1 and Supple-
mentary Figs. 2 and 3. However, WT-PL-Ad-injected zebrafish
only showed a 2-4% decrease in body width from the initial
value during the 3 days. The Ad alone-injected group had al-
most no change in body width or tumor size. The same injec-
tion of each PL-Ad into either DEN-treated or control zebrafish
did not result in any toxicity or swimming defects. The DEN-
treated zebrafish (Supplementary Video 1) with a tumor in the
ventral region exhibited a slower and weaker swimming pattern.
However, 24 h after injection (Supplementary Video 2), the
swimming pattern of the V156K-PL-Ad-injected zebrafish was
more active compared to that prior to injection, as the tumor
had disappeared.

Histological analysis

The tumor site in the ventral area was micro-sectioned longitu-
dinally from head-to-tail and stained with hematoxylin and eosin.
As shown in Fig. 2, a larger number of hematoxylin-stained
cells was detected at the tumor site of DEN-treated zebrafish
compared to that in control zebrafish. In addition, tumor sec-
tions showed less eosin-staining efficiency than normal tissue,
suggesting that rapidly dividing cells, such as cancer cells, are
less prone to staining, as reported by Le et al. (2007). The DHE
staining to visualize ROS showed that normal muscle exhibited
a stronger red intensity due to eosin staining and fewer nuclei
compared with those in tumor tissue, which had a larger num-
ber nuclei of increased size with weaker red staining intensity

(Fig. 3).

Fig. 2. Longitudinal section (7 um

WT-PL-Ad

A PBS

V156K-PL-Ad

\ thickness) from head-to-tail in the
ventral region, including the tumor
was sectioned and stained with
hematoxylin and eosin (H & E) 3
days post-injection. Representa-
tive section at 420 um depth from
the surface (A) and at 800 pm
depth (B) 600x magnification.

Ad alone
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Em = 460 nm). (A) Representative
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tioned tumor tissue. (B) Quantifi-
cation of fluorescence in the mi-
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puter-assisted morphometry based
on the same size (7.4 mm®) as the
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DHE staining revealed that the ROS level increased in the
tumor induced area of the DEN treated group, suggesting that
rapid tumorigenesis was accompanied by an acute inflamma-
tory response. This result was in good agreement with a previ-
ous report in a DEN-treated rat model, which showed oxidative
stress and an inflammatory response due to DEN-initiated
hepatocarcinoma (Bishayee et al., 2010). Among tumor bearing
zebrafish, the V156K-PL-Ad injected group showed the lowest
intensity of DHE- and DAPI-stained cells, whereas the PBS-
injected group showed the highest intensity.

We recently reported that rapamycin, a non-soluble drug, be-
comes more solubilized in saline solution when reconstituted in
high-density lipoproteins (HDL) containing V156K-apoA-I (V156K-
rHDL). Rapamycin in V156K-rHDL shows enhanced delivery
efficiency and an anti-inflammatory effect in the zebrafish model
(Cho, 2011). Furthermore, V156K-rHDL exhibits anti-inflamma-
tory activity in apo-E deficient mice and is more resistant to
myeloperoxidase-mediated oxidation (Cho and Kim, 2009; Cho
et al., 2007).

More recently, we showed that V156K-rHDL has potent anti-
oxidant activity and is more resistant to glycation with enhanced
tissue regeneration activity in the zebrafish model (Yoon and
Cho, 2012). Increased resistance to glycation is advantageous
to develop protein-based drugs as anti-atherosclerotic and anti-
diabetic agents. These previous reports that showed enhanced
properties of V156K-apoA-l in PL or rHDL were in good agree-
ment with the current tumor-removal results in the zebrafish
model.

The V156K-PL-Ad-injected group had a decreased hema-
toxylin-stained area than that observed in the WT-PL-Ad-or Ad
alone-injected zebrafish, indicating that the number and size of
nuclei was diminished by eliminating the tumor. These results
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Fig. 4. Intratumoral injection of Ad alone or PL-Ad into Balb/c nude
mice, which was established as the Hep3B tumor xenograft model.
The same amount of Ad (3 x 10° virus particles) was injected three
times as indicated by the arrow, and tumor volume was measured
at 34 days post-injection.

correlated well with the stereoscopic microscope observations.
Indeed, the disappearance of the tumor in the ventral region
was associated with a decrease in hematoxylin-stained cells in
V156K-PL-Ad-injected zebrafish.

Anti-tumor effect in the Hep3B subcutaneous model
Tumor volume in PBS-injected Hep3B tumor xenograft model
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Fig. 5. Histological analysis of
tumor area at 3 days post final

PBS

injection by hematoxylin and eosin
(H & E) staining. Particles of
adenovirus (Ad) in the tumor area
were visualized by immunohisto-

chemistry using the antiAd E1A

Ha2Zbm-d19

antibody. Proliferating cell nuclear
antigen (PCNA) was visualized by
immunodetection using mouse
antiPCNA antibody.

Ha2bm-d19-WT

Ha2bm-d19-V156K |

mice during 34 days increased to 2248 + 185 mm°, whereas
that in the oncolytic Ad (Ha2bm-d19) injected group had a tu-
mor volume of 446 + 50 mm®. This result suggests that the
speed of tumor growth could be attenuated by up to 80% by
injecting oncolytic Ad. Furthermore, the PL-Ad injected group
showed much less tumor growth in both V156K and WT (284 +
41 and 137 + 52 mm?®, respectively) (Fig. 4). The PL-Ad injected
group showed only 8% and 6% of tumor volume compared with
that in the PBS-control, indicating that the oncolytic effect of Ad
was greatly enhanced by the PL formulation. The immunohis-
tochemical analysis revealed that PL-Ad containing either
V156K or WT showed enhanced viral delivery (Ad-E1A stain-
ing) and diminished proliferating tumor cell (PCNA staining) (Fig.
5).
These results suggest that the PL-Ad containing either WT or
V156K showed potent inhibitory activity against tumor growth,
which was xenografted in the mice. In contrast with these re-
sults, the tumor eliminating activity of WT-PL-Ad in the zebraf-
ish was much weaker, suggesting that there might be species-
specific tumorigenesis mechanisms. Although it is unclear why
WT-PL-Ad showed a different efficacy between the zebrafish
and mice models, it is likely that the two cancer models have a
different tumorigenic mechanism. The tumor in the zebrafish
model was a spontaneous tumor caused by a chemical car-
cinogen, whereas the tumor in nude mice was established by
transplantation of tumor cells. Future research should be con-
ducted to address the oncolytic effect of tumorigenesis in differ-
ent models. Another possibility is that the WT-apoA-l was more
sensitive to the protein modification by oxidative stress as our
previous report (Park and Cho, 2011; Yoon and Cho, 2012).
Generally, apoA-l exerts antioxidant and anti-inflammatory
activity in human and animal plasma (Kim et al., 2010; Patel et
al., 2010) and anti-tumor activity in mouse ovarian cancer (Su
et al., 2010). Due to many beneficial effects of apoA-l in plasma,
infusion of HDL/apoA-I therapy has been well established to
treat atherosclerosis and coronary artery disease (Cho, 2009b;
Tardif, 2009).

Preclinical anti-tumor experiments are usually conducted in
immune-deficient mice (nude and SCID) or a hamster model
(Thomas et al., 2006), which is more expensive and time con-
suming. As we have demonstrated in the current report, zebraf-
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ish are a good cancer model to evaluate putative tumor regres-
sion activity with a low maintenance cost. This is the first study
to show enhanced delivery efficiency of Ad, particularly the
tumor eliminating activity of oncolytic Ad. Although the oncolytic
Ad has been used to treat cancer (Toth and Wold, 2010), it is
necessary to develop more enhanced delivery methods for
better efficacy.

In conclusion, the current results demonstrated that epider-
mal injection of human-origin apoA-I-PL-oncolytic Ad eliminated
carcinogen-induced tumors in zebrafish without causing side
effects. As with oncolytic Ad, other viruses for gene therapy can
be formulated with V156K-PL. This V156K-PL-Ad system can
be applied to humans and other vertebrates for further efficacy
testing of virotherapy.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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