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Epstein-Barr virus (EBV) nuclear antigen 1 (EBNAT), a latent viral protein consistently expressed in
infected proliferating cells, is essentially required in trans to maintain EBV episomes in celis. We
constructed a mutant (mt) EBNA1 and examined whether it exerted dominant-negative effects on
maintenance of the viral episome thereby leading to abrogation of EBV-infected tumor cell growth.
Using lymphocyte and epithelial cell lines converted with neomycin-resistant recombinant EBV
(rEBV) as models, adenovirus vector-mediated transduction of mtEBNAT1, but not LacZ, brought
about rapid and striking reductions in rEBV-derived wild-type EBNAT1 levels and viral genomic loads
in converted lines of three major viral latencies. This outcome was further validated at the single-cell
level by cellular loss of G418 resistance and viral signals in situ. The mtEBNA1 transduction
significantly impaired growth of naturally EBV-harboring Burkitt lymphoma cells in vitro and in vivo,
largely in association with the eradication of viral episomes. Expression of mtEBNA1 per se caused
no detectable cytotoxicity in EBV-uninfected cells. These results indicate that mtEBNA1 can act as a
dominant-negative effector that efficiently impedes the EBV-dependent malignant phenotypes in
cells regardless of viral latency or tissue origin. The mutant will afford an additional therapeutic
strategy specifically targeting EBV-associated malignancies.

Key Words: Epstein-Barr virus, EBNA1 mutant, adenovirus vector, EBV episome eradication,
tumor growth inhibition, gene therapy

INTRODUCTION

The Epstein-Barr virus (EBV) is a human gammaherpes-
virus that can readily immortalize B lymphocytes in vitro,
called lymphoblastoid cell lines (LCL). This immortaliz-
ing capability is relevant to understanding how EBV acts
as the etiological agent of infectious mononucleosis and
of often-fatal lymphoproliferative disorders in immuno-
compromised hosts [1]. EBV is also causally associated

with endemic Burkitt lymphoma (BL) and undifferenti-
ated nasopharyngeal carcinoma [1]. Over the past 15
years the array of human cancers potentially related to
EBV has increased and now includes Hodgkin disease,
subgroups of T or natural killer (NK) cell lymphoma, and
gastric carcinoma [1-6].

These EBV-associated malignant diseases are clinically
aggressive and often less responsive to conventional
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therapy, and currently available anti-herpesvirus (lytic- promoter via binding to cis-acting elements of the latent
cycle) drugs are ineffective treatments. A unique in vivo viral replication origin, oriP, in Latency I1I [21-24]. EBNA1"
feature of EBV-associated malignancies is consistent exis- also participates in the regulation of Qp through binding
tence (generally monoclonal) and expression of EBV to a cognate sequence adjacent to Qp in Latencies [ and I1
exclusively in tumor cells and not in surrounding normal  [25]. Furthermore, EBNA1 may be involved in regulating
cells. In addition, considerable evidence has shown that other genes, transcriptionally or posttranscriptionally, via
EBV itself and some of its virus-encoded latent genes are its protein-binding and/or putative RNA-binding proper-
actually implicated in certain critical aspects of the ties or an undefined mechanism(s) [12,26-30]. EBNA1
oncogenic event in cells [8-18]. These facts, therefore, also elicits immune T cell responses, thereby activating
give enough scope for exploitation of tumor-specific gene  production of some cytokines by T cells, and this, in turn,
therapy that can eliminate EBV itself from malignant cells. would promote EBV-infected cell proliferation {31].

EBV usually persists as a circular extrachromosomal Many studies have clarified the precise intramolecular
episome in latently infected LCL, or tumor cells (multi- location and functions of some of the domains of the
copies per cell in general), in which viral latent genes are EBNA1 protein [7,22,30,32-34]. Based on domain map-
expressed in different combinations, generally dependent  ping data, the present study constructed a mutant (mt)
upon the cell/tumor type [1,7]. The major EBV latent EBNA1 gene lacking the most N-terminal half, relative to
genes include six nuclear antigens (EBNAs 1-6), three wild-type (wt) EBNA1, and incorporated it into a conven-
latent membrane proteins (LMPs1, 24, and 2B), two small  tional replication-incompetent adenovirus serotype 5
nonpolyadenylated RNAs (EBERs 1 and 2), and the some- vector (Adv5) [35] or its fiber-substituted variant (Adv5/
what complex BamHI-A rightward transcripts (so-called 35f) [36]. Utilizing these recombinant adenovirus vectors
BARTs or CSTs) [7]. Latent EBV infection in dividing cells (Adv’s), we examined whether this mtEBNA1 could
in vitro and in vivo is classified into three types according interrupt the maintenance of EBV episomes in latently
to patterns of latent gene expression: Latencies I, II, and infected tumor cells. The results indicated, for the first
III. A full set of the latent genes is expressed in Latency 1II, time, that Adv-mediated transduction of the mtEBNA1
typified by LCL, whereas a restricted set is expressed in efficiently eradicated viral episomes from cells regardiess
Latencies I and H, which are represented by BL and T/NK of viral latency type, tissue origin, or virus strain.
cell lymphoma, respectively [1]. Consequently, cellular loss of EBV executed by our

Of the EBV latent genes, EBNAI is commonly mtEBNAI, referred to as dominant-negative (dn) EBNA1,
expressed in EBV-infected proliferating cells irrespective  caused remarkable growth inhibition of naturally virus-
of latency type and tissue origin, although three EBNA harboring BL tumor cells. Thus, the dnEBNA1 will provide
transcriptional promoters localized in the BamHI-C, -W, the basis for a novel, reasonable therapeutic molecule
and -Q regions of the EBV genome (Cp, Wp, and Qp, specifically directed against EBV-associated malignancies.
respectively) are differentially utilized {7,19,20]. Biolog-
ically, the EBNA1 protein has functional plasticity, as
indicated by its role as a transactivator required for viral REsuLTs
episome maintenance within cells (replication upon cell Infection of Cell Lines by Adv
division and segregation into daughter cells) and as a We examined the human cell lines used in this study
transcriptional enhancer for Cp, Wp, and the LMP1/2B  (Table 1) for efficiency of Adv-mediated gene transfer

TABLE 1: Susceptibility of cell lines to Adv

Cell line Cell type/EBV latency Y%EGFP-positive cells? (applied m.o.i. of Adv)

1 2 5 10 20 50 70
Akata™/rEBV® B cell/Latency | 45.7 55.1 59.5 67.2 84.0 84.5 85.3
MT-2/rEBV® T cell/Latency |l - - 85.3 853 91.2 94.0 ND
BJAB/rEBV® B cell/Latency Il - - 48.2 48.2 65.8 83.9 89.8
NU-GC-3/rEBV® Epithelium/Latency | - - 74.1 82.5 92.8 94.7 95.8
Mutu I B cell/Latency | 53.2 59.1 59.8 64.7 63.5 63.9 ND
Akata-EC® B cell/Latency | 34.2 41.5 52.4 60.4 56.2 ND ND
MRC-5¢ Fibroblast - - 49.3 62.9 78.6 88.9 ND

? Flow cytometric analysis data are presented as a percentage of enhanced green fluorescent protein (EGFP)-positive cells over background (control Adv-LacZ inoculation at the same
multiplicity of infection (m.o.i.)). Data represent the means of three independent assays performed on each cell line (SD was <6% in all cases). Results obtained using one of the four kinds of
Adv’s (see Materials and Methods) that produced the highest infectivity are shown here, i.e., Adv5-CV-EGFP for the NU-GC-3/rEBV cell line, Adv5/35f-SV-EGEP for the MRC-5 cell line, and
Adv5-SV-EGFP for the other cell lines. Cells were analyzed 3 days after Adv inoculation. -, not tested; ND, not determined due to appearance of significant cytotoxicity caused by Adv-LacZ.
° rEBV-converted or -reinfected cell lines.

¢ Naturally occurring BL cell lines.

¢ Human fibroblast.
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using purified Adv’s for enhanced green fluorescent
protein (EGFP) expression, AdvS-EGFP and Adv5/35f-
EGFP (the simian virus 40 early promoter (SVp)-driven
and the cytomegalovirus early promoter (CMVp)-driven
for each Adv type). Flow cytometric analysis revealed that
all cell lines attained maximal EGFP-positive signal of 50-
95% for at least one of the four kinds of Adv’s (see
Materials and Methods) at m.o.i. ranging from 5 to 70
(Table 1). According to these results, we selected an Adv
(and promoter) type suitable for each cell line and used it
for the following experiments.

Adv-Mediated Expression of mtEBNA1

We checked isolated Adv clones confirmed to be carrying
the mtEBNA1 or wtEBNA1 gene construct (Fig. 1) for
expression of these proteins by immunoblotting. Repre-
sentative results of Adv5-CV-DNE1 and Adv5-CV-AKE1
clones (for designation of Adv’s, see Materials and
Methods) are shown in Supplemental Fig. S1. We probed
blots with EBV-positive reference human serum and
detected an 82-kDa band, indicative of wtEBNA1 (Akata
strain [37]), only in cells inoculated with Adv5-CV-AKE1,
which served as the positive control. On the same blots,
we detected a signal band at around 21 kDa, the expected
molecular size of mtEBNA1, in cells inoculated with
Adv5-CV-DNE1 but not with Adv5-CV-LacZ (Supplemen-
tal Fig. S1). The 21-kDa band was also produced by clones
of Adv5-SV-DNE1, Adv5/35f-CV-DNE1, and Adv5/35£-SV-
DNE1 (data not shown). Neither the 21-kDa nor the 82-
kDa protein was detectable when probed with EBV-
negative human serum (data not shown).

Reduction of Episome-Derived wtEBNA1 Expression
and EBV Genomic Loads by mtEBNA1 Transduction

We analyzed the effects of mtEBNA1 using EBV-converted
or -reinfected cell lines (Table 1), which had been estab-
lished in vitro by infecting virus-negative cells with
recombinant EBV (tEBV; Akata strain) that carries the
neomycin-resistance gene (rneo”) as a selective marker {38].
For example, we cultured the rEBV-converted epithelial
cell line NU-GC-3/rEBV [39] in the absence of G418 for 7
days and inoculated it with Adv5-CV-DNE1 and monitored
the expression of both rEBV episome-derived wtEBNA1
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FIG. 2. Sequential decrease in rEBV episome-derived WtEBNAT expression by
mtEBNAT transduction. (A) Immunoblot. Representative data from one of
three experiments using the epithelial converted cell line NU-GC-3/rEBV are
shown. Cells were inoculated with CsCl-purified Adv5-CV-DNET or -LacZ or
-AKET (m.o.i. of 20) and cultured without G418. Expression of witEBNAT1 (top
row), mMtEBNAT (second row), and p-actin (third row) was assayed at the days
indicated postinoculation (pi). The cell lines 293 and 293/DNE1 served as
mtEBNAT1-negative and -positive cell controls, respectively (see Materials and
Methods). Molecular size standards are indicated at the left. (B) Quantification
of wtEBNAT expression levels. Bands specific for witEBNA1 were analyzed
quantitatively in comparison with @-actin signals. Expression levels of
wtEBNAT protein in the Adv5-CV-DNE1- or Adv5-CV-LacZ-inoculated NU-
GC-3/rEBV cells were expressed as relative values against a mock-infected
control. Black columns with bars represent means + SD of results from three
repeated experiments.

and transduced mtEBNA1 proteins by immunoblotting.
The 21-kDa mtEBNA1 protein was detectable at least for 9
days after Adv inoculation (Fig. 2A). Concomitantly,
expression of wtEBNA1 prominently declined with time

FIG. 1. Structure of mtEBNA1 used in this study. Functional wiEBNA1
domains of the mtEBNA1 are schematically diagramed in .
comparison with wtEBNA1. Amino acid coordinates are indi- DNA T?:;\s;(l:?ikvl:t?oﬁ DNA Bindi
cated above the limits (vertical bars) of each domain according Linking Gly,-Ala Repeats “_ Dime:inzill?gn&
to the published data {22,30,34]. The coding constructs of a1 4,\;4 ke o8 sresse” st .
mtEBNAT and wWtEBNA1 (LacZ and EGFP, too), which are HN- P RS A
transcribed by SVp or CMVp, were incorporated into Adv5 or : l | % — - W |
Adv5/35f. NLS and USP7B indicate nuclear localization signal Gly-Arg NLS USP7B Acidic Tail
[22] and putative ubiquitin-specific protease 7 binding domain
[30], respectively.
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(Fig. 2A). A quantitative analysis, normalized to p-actin control 3 and 9 days after inoculation, respectively (P <
levels, demonstrated that wtEBNA1 expression from Adv5-  0.01, analyzed by ANOVA, followed by the post hoc Tukey
CV-DNEL1 inoculation, but not in AdvS-CV-LacZ inocula- test) (Fig. 2B). We also observed a similar reduction in
tion, decreased to 75 and 18% of the mock-inoculated wtEBNAL in other rEBV-reinfected and -converted lym-
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FIG. 3. Complete eradication of EBV episomes by dnEBNA1 at the single-cell level regardless of latency type and cell type. (A) Expression of dnEBNAT1 in other
rEBV-converted cell lines. Substantial expression of dnEBNAT (hereafter, our mtEBNA1 is referred to as “dnEBNAT,” see text) in rEBV convertants of different EBV
latency types and cell lineages (Table 1). Results from Akata™/rEBV, MT-2/rEBV, and BJAB/rEBV are shown. The convertants were inoculated with Adv5-SV-DNE1
at an m.o.i. of 20 for Akata™/rEBV and MT-2/rEBV and 70 for BJAB/rEBV and cultured without G418. Immunoblot analysis was carried out 3 days postinoculation.
Obvious 21-kDa bands, indicative of dnEBNA1, and a decrease in 82-kDa bands representing wtEBNAT were unequivocally seen only in Adv5-SV-DNE1-
inoculated cells. Several accentuated extra bands, particularly visible in MT-2/rEBV cells exposed to Adv, could represent adenovirus-related proteins that reacted
with human serum used as the probe. Detection of p-actin levels served as the internal control. The negative and positive controls, 293 and 293/DNE1,
respectively, are the same as explained in the Fig. 2A legend. Molecular size standards are indicated on the left. (B) EBER1-ISH. Representative data from a series
of NU-GC-3/rEBV cells are shown. The cells were inoculated with Adv’s at an m.o.i. of 20 and cultured in the absence of G418. The incidence of rEBV loss was
assessed by EBER1-ISH 9 days after inoculation. Cells with strong nuclear signals are EBERT-positive. NU-GC-3 + Adv5-DNE1 served as a rEBV-negative control.
Fine granular precipitates visible in the background of Mock and Adv5-LacZ samples of NU-GC-3/rEBV are nonspecific products that occasionally appear during
the final chromogenic reaction step. Original magnification: x100. (C) Growth kinetics of dnEBNAT-transduced rEBV convertants in the presence of G418. Adv5-
CV-DNE?T or -LacZ was used for NU-GC-3/rEBV and Adv5-SV-DNE1 or -LacZ was used for the other convertants. The Adv’s and applied m.o.i. are indicated by
abbreviations and Arabic numerals, respectively, and are attached to the symbols. In Akata™/rEBV cells, for example, DNE1 20 represents a single Adv5-SV-DNE1
inoculation at an m.o.i. of 20, and DNE1 20 x 2 represents repeated Adv5-SV-DNE1 inoculations at an m.o.i. of 20. The second Adv inoculation is indicated by
an arrow. Viable cells were consecutively counted by trypan blue dye exclusion. Data from one of two independent experiments are provided here.
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phoid lines exposed to Adv5-SV-DNE1 (Fig. 3A). The
marked decrease in wtEBNA1 expression by mtEBNA1
transduction could represent elimination of rEBV epi-
somes from a considerable fraction of cells, although the
possibility that wtEBNA1 expression was down regulated
by mtEBNA1 cannot be excluded at this step.

Toinvestigate whether mtEBNA1 inhibits tTEBV episome
maintenance in cells, we quantified viral genomic DNA
loads sequentially by real-time PCR after Adv inoculation.
We exposed NU-GC-3/rEBV cells to Adv likewise and then
cultured them in the absence of G418. rEBV genome loads
in Adv5-CV-DNE1-exposed cells began to decrease 3 days
postinoculation and were considerably reduced to 11% of
the Adv5-CV-LacZ-exposed control 9 days postinoculation
(Table 2). Incontrast, thedynamics of viral genomeloads in
Adv5-CV-LacZinoculation was unchanged throughout the
observation (Table 2). Immunofluorescent staining con-
sistently showed that more than 98% of cells exposed to
Adv5-CV-LacZ, or mock infected, were positive for
wtEBNA1 26 days after removal of G418 from culture (data
not shown), indicating that spontaneous loss of the rEBV
genome was not frequent, even in G418-free culture during
the test period. Reduction of 1EBV loads by mtEBNA1
transduction occurred in Akata /rEBV cells [14] as well (a
decrease to 19% of the LacZ control, Table 2; for mtEBNA1
expression, see Fig. 3A). Thus, ourmtEBNA1, asadominant-
negative EBNA1, can efficiently eradicate viral episomes
from cells, at least at the bulk-culture level.

dnEBNA1l-Induced Eradication of EBV Episomes at
Single-Cell Level in Different EBV Latency Programs
and Tissue Origins

We then examined whether dnEBNA1 could efficiently
eradicate EBV episomes (multicopies per cell) at the single-
cell level by in situ hybridization for EBV-encoded small
RNA 1 (EBER1-ISH) using rEBV-converted cell lines, since
our previous study [39] demonstrated that an EBER
expression status correlates well with the rEBV genome
persistence/loss in converted cells. Adv5-SV- (or -CV)-

DNE1 also successfully expressed dnEBNA1 protein at
substantial levels in the other converted lines, MT-2/rEBV
(T cell) [40] and BJAB/rEBV (B cell) [41] (Fig. 34A; the
decrease in wtEBNAL1 levels should also be noted), which
display EBV latency types II and 11, respectively (Table 1).
EBER1-ISH showed that 89 + 3% of NU-GC-3/rEBV cells
(Fig. 3B), 77 + 5% of Akata™/rEBV cells, 80 + 6% of BJAB/
rEBV cells, and 85 £ 3% of MT-2/rEBV cells in the absence
of G418 appeared to be negative for EBER1 9 days after a
single inoculation with Adv5-SV- (or -CV)-DNEL. These
reproducible findings were reflected also by looking at the
growth kinetics of rEBV-converted cell lines in the
presence of G418. The experimental concept is based on
the premise that cells that lose rEBV (rEBV-lost cells)
cannot survive in G418-containing culture [38,39]. The
Adv5-SV (or -CV)-DNE1-exposed cultures showed obvious,
albeit transient, suppression of cell proliferation 4 to 6
days postinoculation, whereas Adv5-SV (or -CV)-LacZ-
exposed cells as well as mock-infected controls continued
to grow steadily (Fig. 3C). The loss of resistance to G418
cytotoxicity occurred dose dependently upon addition of
Adv5-DNE1, and the maximal growth inhibition achieved
by a single Adv5-DNE1 inoculation was almost equal
among all the converted cell lines. The viability was 9-
23% of the corresponding AdvS-LacZ-inoculated controls
(Fig. 3C) and is largely consistent with the ability of Adv’s
to infect the convertants (Table 1). After the “nadir” of cell
viability, as was typically seen in NU-GC-3/rEBV,
dnEBNAT1-transduced cultures were liberated from growth
suppression 6 days after a single Adv inoculation (Fig. 3C),
representing a proliferation of cells that still carried tEBV,
i.e., cells not transduced with the dnEBNA1 gene. When
we reexposed cells to Adv5-SV-DNE1 4 days after the first
inoculation, their growth was more affected (Fig. 3C).

The results indicated overall that our dnEBNA1 did
eliminate multiple tfEBV episomes almost completely at
the single-cell level from individual cells into which
dnEBNA1 was successfully transduced, in any major viral
latency and in different cell backgrounds.

TABLE 2: Reduction of rEBV genomic loads by mtEBNAT transduction

Cells Inoculation EBV genome number per cell® (days after Adv inoculation)
0 3 6 9 12
NU-GC-3/rEBV Mock 1.9 £0.36 1.9 £+ 0.20 1.8 £ 0.29 1.8 + 0.26 NT
Adv5-CV-LacZ 1.8 +0.12 1.7 £ 0.18 1.8 + 0.11 NT
Adv5-CV-DNET 0.9 £0.12 03 +0.23 0.2 £ 0.04 NT
Akata™/rEBV Mock 26.7 + 3.2 248 + 1.2 25.0 £ 0.8 26.6 + 1.2 254 +19
Adv5-SV-LacZ 261 £ 25 28.0 + 2.6 283 + 1.7 249 + 2.1
Adv5-SV-DNE1 223 £ 0.6 158 + 2.2 5.0+03 6.1 +0.7
Namalwa® - 2.0 £ 0.08
BJAB® - 0

2 Viral genome copies per cell were quantified by the real-time PCR assay after Adv-mediated mtEBNA1 transduction. In the experiments, G418 was removed from culture 7 days before
Adv inoculation, and 0.1mM acyclovir (an inhibitor of viral genome ampilification during the lytic cycle) was added to the culture 3 days before Adv inoculation (m.o.i. of 20) to prevent
overestirmation of latent viral episome number, which may be caused by the possibly occurring spontaneous viral lytic cycle. Data indicated are averages + SD of results from three
experiments. NT, not tested.

b Namalwa [65] and BJAB cells served as EBV-positive and -negative controls, respectively, for each test, and the results were highly reproducible.
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Therapeutic Potential of dnEBNA1 Against Naturally
EBV-Infected BL Cells

We assessed dnEBNAL for its ability to inhibit the growth
of naturally EBV-infected BL tumor cells in association
with the enforced loss of resident viral episomes using
Mutu I {42] and Akata-EC (early cultured) cells [17]. We
selected these BL cells as test cells because (1) EBV-lost
clones of Mutu I cells can be isolated spontaneously or by
chemical treatment (at a low frequency) and can still
survive, although these clones reportedly exhibit
impaired growth [16,43], and (2) the survival/growth of
Akata-EC cells strongly depends on the existence of EBV
[17]. After Adv3-SV-DNEI1 inoculation at an optimal
m.o.i., dnEBNA1 protein was expressed in Mutu I cells
at significant levels and in Akata-EC cells at a detectable
level but at a level noticeably lower than in the Mutu I
cells (Fig. 4A). The expression of wtEBNA1 was clearly
decreased in the Mutu I cells (Fig. 4A), as seen in rEBV-
converted cells (Figs. 2 and 3A). In contrast, unexpect-
edly, the wtEBNA1 expression level in Akata-EC cells
exposed to Adv5-SV-DNE1 remained unchanged (Fig.
4A). Consistently, quantitative PCR assay showed that
EBV DNA loads decreased significantly in the Mutu I
cells, but were almost unchanged in Akata-EC cells after
exposure to Adv5-SV-DNE1. The virus genome copy
numbers per Mutu I cell after 6 days were 11.2 + 4.6
following Adv5-SV-DNE1 inoculation vs 39.8 = 3.5 in
AdvS-SV-LacZ inoculation controls and 42.0 + 2.6 in
mock-inoculated cells (P < 0.01). However, successive
viable cell counts monitored in parallel revealed that
Adv5-SV-DNE1 significantly suppressed the growth of
both Mutu I and Akata-EC BL lines in a dose-dependent
fashion, compared with Adv5-SV-LacZ-inoculated cells (P
< 0.001) (Fig. 4B). These results suggest that most EBV-
lost Mutu I cell clones were still living but underwent
profound growth retardation [16,43], whereas Akata-EC
clones were more likely to have been predisposed to
immediate cell death rather than growth arrest after EBV
was eradicated [17].

To corroborate that dnEBNA1 truly eradicated EBV
episomes from naturally EBV-positive BL cells at the
single-cell level, we exposed Mutu I cells to Adv’s for the
picornavirus intraribosomal entry site (IRES)-mediated
coexpression of dnEBNA1 or LacZ with hygromycin B
resistance (hyg"), i.e., Adv5-SV-DIH or -LIH (Fig. 4C; for
designation of Adv’s, see Materials and Methods), and
then cultured them in the presence of hygromycin B to
grow selectively cells expressing dnEBNA1 or LacZ (the
selection conditions are detailed in the legend to Fig. 4D).
The fluorescence in situ hybridization (FISH) assay dem-
onstrated that >96% of Adv5-SV-DIH-inoculated/hygrom-
ycin B-selected viable Mutu I cells were negative for EBV
genomic signals 10 days after Adv inoculation (Fig. 4D,
bottom left), whereas <0.3% of Adv5-SV-LIH-inoculated/
hygromycin B-selected viable cells were negative for these
signals (Fig. 4D, bottom middle) (P <0.001 by ¢t test). These

results signify that individual cells that were transduced
with dnEBNA1 lost multiple copies of the EBV episome.
Without hygromycin B treatment, 59% of the Mutu I cells
in Adv5-SV-DIH-inoculated culture were negative for FISH
signals (Fig. 4D, top middle) vs 0.4% in Adv5-SV-LIH-
inoculated culture (Fig. 4D, top right) (P < 0.001) 10 days
after Adv inoculation, indicating that the positive selec-
tion worked well. In contrast, FISH-negative cells were
detected only in a small population (<7%) of Akata-EC
cells after Adv5-SV-DNEL1 inoculation, which was compat-
ible with the results of immunoblots (Fig. 4A) and
quantitative PCR assays (see above). In cell-sorting experi-
ments, as expected, sufficient viable Akata-EC cells for
analysis were obtained from AdvS-SV-LIH-inoculated/
hygromycin B-selected control culture, but not from
Adv5-SV-DIH-inoculated/hygromycin B-selected culture,
suggesting again that most EBV-lost Akata-EC clones by
dnEBNA1 were not able to survive [17].

Influence of dnEBNA1 on EBV-Uninfected Cells

We further examined whether dnEBNA1 would cause
any adverse effects on EBV-uninfected nonmalignant
cells (i.e., the human fibroblasts, MRC-5) and pairs of
EBV-negative tumor lines and their virus convertants.
Inoculation of MRC-5 with the fiber-substituted Adv5
vector [36] Adv5/35f-CV-DNE1 gave rise to dnEBNA1
expression levels consistent with a high efficiency of
gene transfer (~75% of cells, Table 1) sufficient to assess
the effects of dnEBNA1 on cell growth (Fig. 5A, left).
MRC-5 cells inoculated with Adv5/35f-CV-DNE1 did not
differ in growth characteristics from the Adv5/35f-CV-
LacZ-inoculated control (P = 0.386) (Fig. SA, right).
Similarly in the EBV-negative NU-GC-3 line, Adv5-CV-
DNE1 inoculation caused no significant difference in
growth compared with the control Adv5-CV-LacZ inoc-
ulation (P = 0.846) (Fig. 5B, left). On the other hand, in
the rEBV-convertant NU-GC-3/rEBV line, Adv5-CV-DNE1
inoculation significantly suppressed growth in compar-
ison with Adv5-CV-LacZ inoculation (P < 0.01) (Fig. 5B,
right). This growth suppression was considered to be
attributable to dnEBNA1-induced eradication of rEBV,
rather than cytotoxicity induced by dnEBNA1 per se,
because dnEBNAl-transduced NU-GC-3/rEBV (with
>90% of cells that lost rEBV, as shown in Fig. 3B)
revealed a growth pattern similar to that of its parental
(virus-negative) NU-GC-3 cell line (Fig. 5B, left). Con-
sistent with these data is our previously reported result
[15] that the growth of NU-GC-3 cells is promoted by
conversion with rEBV. Transduction of dnEBNA1 did not
affect the growth of other EBV-negative cell lines such as
Akata™ and BJAB (data not shown).

Suppressive Effect of dnEBNA1 on Tumor Growth/
Induction in Vive

Finally, we examined the in vivo effects of dnEBNA1
using an animal xenograft model. When subcutaneous

MOLECULAR THERAPY Vol. 11, No. 4, April 2005
Copyright © The American Society of Gene Therapy

583



doi:10.1016/j.ymthe.2004.12.017

A Mutui  Akata-EC 7 B
=
Tnl¥ngdlg Mutu} Akata-EC
g ¢ & 9 8 E oo
wa = S8 2 55 88 1007 w0
- wiEBNAT . B0 * o 80- = "
8 g 3 ol I
E £
g 60 1 ¢ 60 Y.
g £
g 1 O DNET 1 § 40- DDNET §
#® GONET 2 o SDNET 10
20 A LacZ 1 20 AlacE 8
& LacZ 2 & LacE 10
~ dREBNAT o- ol
012 34 8 6 123 4586
Days pi Days pi
- - (3eactin
Dz
DNE? SV4tp
or CMY
pA  hyg' IRES (or facz) BGI' P}
[ e |

Mock AdVS-SV-DIH  Adv5-8V-LIH

ITR 4 ITR
i Y

Advs genome

AEL AE3

Advi-8Y-DIiH Adv5-SV-LIH Adv5-SV-DiH
+ hygromycin + hygromyein

FIG. 4. Effects of dnEBNAT on naturally EBV-positive BL tumor cells. (A) Immunoblot analysis of dnEBNAT1 transduction. Applied m.o.i. of Adv5-SV-DNE1 or -LacZ
were 2 for Mutu | and 10 for Akata-EC. 293/DNET indicates a positive control for dnEBNAT expression. Expression of wtEBNAT and dnEBNAT1 (top), along with
that of p-actin as an internal control (bottom), was assayed at 4 days after Adv inoculation. Molecular size standards are indicated on the left. (B) Cell proliferation
assay. Mutu | or Akata-EC cells were inoculated with Adv’s, at different m.o.i. as indicated by the symbols, and their growth was followed by WST-1 assay, which
was started 5 h after Adv inoculation (Day 0). Results are expressed as a percentage of absorbance values of Adv5-SV-DNET- (circles) or Adv5-SV-LacZ-inoculated
cultures (triangles) against the absorbance of the mock-infected control on each day. DNE1 2, for example, represents inoculation with Adv5-SV-DNE1 at an
m.o.i. of 2. Each symbol with a bar represents mean = SD of the absorbance percentages obtained from the experiments repeated three times. ANOVA showed
significant main effects of Adv-DNET inoculation (*). Post hoc Dunnett test revealed a significant decrease in percentage values against mock-infected cells in
cells inoculated with Adv5-SV-DNE1 at both m.o.i. (C) Adv construct for bicistronic gene expression. The genome structure of Adv5-SV (or -CV)-DIH (or -LIH)
used to sort gene-transduced cells is schematically shown. BGI, p-globin intron sequence; IRES, intraribosomal entry site; ITR, adenoviral inverted terminal repeat;
¥, packaging signal; pA, poly(A) signal; AET and AE3, deleted genes in the vector genome [35]. (D) FISH analysis of EBV genome. Data from a series of Mutu |
cells are shown. Adv5-SV-DIH and -LIH denote inoculations with Adv’s for dual expression of dnEBNA1 or LacZ, respectively, along with hyg" as the selective
marker. Mutu |, Adv5-SV-DIH + hygromycin and Mutu I, Adv5-SV-LIH + hygromycin denote cultures that were inoculated with Adv (m.o.i. of 2) and then treated
with hygromycin B (400 ug/ml) to remove cells that had not been transduced with the genes. Hygromycin B was added to culture on the day following Adv
inoculation, and then cells were cultivated for 4 consecutive days. The resultant surviving cells were propagated in the absence of hygromycin B for a further 5
days and screened for EBV infection by FISH. Mutu |, Adv5-SV-DIH and Adv5-SV-LIH denote cultures inoculated with Adv alone. Mutu I, Mock and BJAB, Adv5-5V-
DIH served as EBV-positive and -negative controls, respectively. All samples were assessed 10 days postinoculation. Cells with green fluorescent dot signals are
positive for the EBV genome. Original magnification: x200.

tumors appeared in 24 flanks of 12 SCID mice tested SV-DNE1, Adv5-SV-LacZ, or phosphate-buffered saline
after implantation of Mutu 1 cells (for details of (PBS) in 8 flanks each and observed the animals for up
procedure, see Materials and Methods)—usually at 9- to 14 days after injection. During this time, all 8
11 days—we gave intratumoral injections with Adv5- tumors injected with Adv5-SV-DNE1 ceased to grow or

584 MOLECULAR THERAPY Vol. 11, No. 4, April 2005
Copyright © The American Society of Gene Therapy



doi:10.101 6/j.ymthe.2004.12.017

A

2.5~
MRC-5

DNE1 LacZ

MOI: 10 20 10 20
ks :
83-
az-

b
o
:

i
2
g&
&l

a2
8
-

283

-
<
i

§0-

-
<o
]

37 -

Absorbance { A ssonm — Asoone }
o
3

25~

< gNEBNAT

Adv BOH
O Bock
~fy lacZ 20
A1 DNEY 20

MRC-5 FIG. 5. Effects of dnEBNAT on EBV-uninfected cells. (A)

Adv-mediated dnEBNAT expression and its effect on
MRC-5 cell growth. MRC-5 cells were inoculated with
Adv5/35f-CV-DNE1 or -LacZ at m.o.i. of 10 and 20
and analyzed by immunoblotting 3 days postinocula-
tion (pi) (left). 293/DNE1 and 293 indicate the
positive and negative controls, respectively. Molecular
size standards are indicated at the left. Proliferation of
MRC-5 cells (right) was measured by WST-1 assay after
Adv5/35f-CV-DNE1 or Adv5/35f-CV-LacZ inoculation
at the indicated m.o.i., compared with mock infection.
Day 0 represents 5 h after Adv inoculation. Each
symbol with a bar represents mean + SD of the
absorbance obtained from one of three experiments.
Statistical analysis was carried out as done for Fig. 4B.
(B) Proliferation of the NU-GC-3 line (left) and its rEBV-
convertant NU-GC-3/rEBV (right) after dnEBNA1
transduction. Cells (6 x 10%/well) were inoculated
with Adv5-CV-DNE1T or Adv5-CV-LacZ at the indicated

NU-GC-3
Adv MO!

)~ fock
- faeZ 20
L3 ONEY 20

2.5+ 2.5~

Adv WO
O Mok
- tack 20
L3 DHET 20

g
k=3
X

-
o
1

Absorbance {4 sonm — A susam)

Ahssrbance(A4m - A sponam }

NU-GG-3/EBV

m.o.i. The substantial Adv-mediated expression of
dnEBNAT in both cell lines was as shown in Supple-
mental Fig. ST and Fig. 2. Cell growth was measured
by WST-1 assay in comparison with mock infection.
Day 0 represents 5 h after Adv inoculation. Data are
expressed as in (A) and were statistically analyzed as
done for Fig. 4B.

Days pi

¢ | S
0O 1 2 3 4 5 &

Days pi

=

regressed (1 tumor), whereas the 16 tumors injected
with Adv5-SV-LacZ or PBS continued to grow aggres-
sively (Fig. 6A). This was confirmed by the significant
difference in tumor weights between the dnEBNA1-
transduced mouse group and the control groups (P <
0.001 by Mann-Whitney U test) (Fig. 6B). EBER1-ISH
and histological examinations showed that EBV-lost
cells (~30%) and dead cells were present in the small
tumors at the Adv5-SV-DNE1 inoculation sites, and the
large tumors at the control sites were filled with viable
EBER1-positive cells (data not shown). Another animal
experiment revealed that implantation of Mutu I cells
preinoculated with Adv5-SV-DNE1 did not induce
tumors at all in all four tested flanks of mice, but
implantation of cells preinoculated with Adv5-SV-LacZ
induced tumors in all four implanted flanks that
exceeded 2 cm in dimension by 14-20 days after cell

3

4 5 8

Days pi

injection (Fig. 6C). These results indicate that dnEBNA1
acts to suppress tumor growth in vivo.

Discussion

A previous study by others has shown that several
EBNA1 derivatives are capable of interrupting the
EBNA1l-oriP functions, using an artificial system of
oriP-carrying plasmids and cells transfected with the
wtEBNA1 gene [34]. In the present study we have
demonstrated that an EBNA1 mutant, with a similar
domain constitution, eradicates EBV episomes efficiently
from infected cells, therefore acting as dnEBNAIL,
irrespective of viral latency type and cell lineage
(lymphoid and epithelial). In fact, transduction of
dnEBNAT1 yielded EBV-negative cell clones from natu-
rally EBV-infected BL lines Mutu I and Daudi at a much
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FIG. 6. Animal experiments. (A} Inhibition of tumor growth by dnEBNAT.
Mutu 1 cells (1 x 107) were impianted subcutaneously in each flank of 12 SCID
mice (i.e., 24 flanks). When tumors became palpable, at about 10 days after
implantation, Adv’s (108 pfu per dose) and PBS (mock) were injected into 8
tumors each. A representative result photographed 8 days after Adv
inoculation (i.e., 17 days after cell implantation) is shown here. The sites of
Adv5-SV-DNE1 and Adv5-SV-LacZ injections are indicated on the mouse flank
by D and L, respectively. (B) Changes in tumor size. The procedures and
subjects used for experiment are the same as in (A). Each column with a bar
represents the mean + SD of weight (in grams) of tumors resected from each
SCID mouse group, comprising 8 tumors in their flanks. Untreated, Adv-LacZ,
and Adv-DNET1 represent intratumoral injections with PBS, Adv5-SV-LacZ, and
Adv5-SV-DNET, respectively. A statistically significant difference in tumor
weight between the mouse groups is shown by asterisks. (C) Inhibition of
tumor induction. Mutu | cells (1 x 107) preexposed to Adv5-SV-DNET or
Adv5-SV-LacZ (m.o.i. of 2) were implanted subcutaneously in both flanks of
each of four SCID mice, and tumor formation was observed. D and L indicate
the implantation sites of Adv5-SV-DNE1- and Adv5-SV-LacZ-preexposed cells,
respectively. A representative result photographed 14 days after cell implan-
tation is shown.

higher frequency than that of spontaneous isolation
(our unpublished data), suggesting that the dnEBNAL
acts effectively not only against the common laboratory
strain of EBV such as Akata, but also against other wild
strains. Accordingly, the dnEBNA1 may facilitate the
rapid in vitro production of an isogenic pair of EBV-
positive and -negative cell clones from a variety of EBV
tumor lines. Since an isogenic system has been reported
for only a few BL lines, with low frequency [11,16,43],
such analytical subjects would benefit the progress of
studies on EBV oncogenicity.

Concomitant with eradication of EBV, our dnEBNA1
inhibited the growth of the naturally occurring EBV-
positive BL tumor cells in vitro and in vivo. Interestingly,
this growth impairment was already evident in vitro 1 to 2
days after Adv inoculation, whereas EBV loss was usually
recognizable 3 days after Adv inoculation. This implies
that dnEBNA1 might interfere not only through erad-
ication of viral episomes, but directly via a putative
wtEBNAT1 function implicated in activating the cell cycle
{12,26,30], although this has yet to be confirmed
[14,16,17,44]. Similar studies on tumor cells that have
integrated EBV genomes will be necessary to test this
possibility. A recent study by others utilizing similar
EBNA1 mutants has suggested that EBV, and wtEBNA1
itself in particular, was involved in the survival/persis-
tence in vitro and in vivo of virus-infected cells [45]. In the
article, an apoptotic event was induced in some but not
all cells expressing dnEBNA1. Consistent with the result,
our data (unpublished) also showed that only a minor
fraction (~ 25%) of dnEBNA1-delivered Akata-EC BL cells
entered into early apoptosis, assessed by annexin V
expression, before EBV genomes were eradicated, though
this is not the case with Mutu I BL cells. These findings
suggested again that dnEBNA1 would check the cell
survival/growth, at least in BL cells, through apoptosis
and another undefined mechanism(s) [45]. We are now
further assessing the inhibitory effects of dnEBNA1 on
the growth of various cell types, including EBV-carrying T
or NK cells established spontaneously from lethal EBV-
induced lymphoproliferative diseases [3,46].

Although the precise molecular mechanism by which
our dnEBNA1 eliminates EBV from cells is not yet fully
understood, several mechanisms are feasible based on the
domain structure. The DNA binding/dimerization
domain enables the dnEBNA1 molecules to dimerize,
thereby competing against wtEBNA1 homodimers (func-
tional form) for occupancy on the specific cis-acting
element in oriP. In addition, dnEBNA1 could conceivably
heterodimerize with wtEBNA1, as described in a recent
report using a similar mutant [44]. This could result in a
decrease in wtEBNA1 homodimers by depriving them of
dimerization partners. The dnEBNA1-wtEBNA1 hetero-
dimers (nonfunctional form) would also preclude bind-
ing of wtEBNA1 homodimers to oriP. In either case,
dnEBNA1 is deemed to inhibit directly viral episome
maintenance mediated by the interaction of the
wtEBNA1 homodimer with oriP. Moreover, the inhibitory
effects of dnEBNA1 against wtEBNA1 binding to oriP may
abolish the enhancer activity of oriP for Cp and Wp,
which decelerates wtEBNA1 mRNA transcription (and
probably other EBNAs and LMP1/2B) in cells of Latency
I [19,22,24,32,33,44]. Down regulation of wtEBNA1
synthesis would also occur in cells of Latency I or II
because Qp-driven wtEBNAL transcription is autore-
pressed via wtEBNA1 binding to negative regulatory
elements for Qp (NRE-Qp) [25]. If dnEBNA1 homodimers
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and/or dnEBNA1-wtEBNA1 heterodimers exist in abun-
dance, they would bind to NRE-Qp, thus leading to down
regulation of Qp activity. Such suppressive effects of
dnEBNAT1 on de novo wtEBNA1 synthesis via mediation of
promoter regulation may also play an indirect role in
inhibiting viral episome maintenance. Further investiga-
tion into this proposal is now being undertaken.

The molecular balance between dnEBNA1 and
wtEBNA1 appears to be a critical factor in achieving
efficient dominant-negative effects. This was seen here in
the EBER1-ISH experiments, which showed that EBV-lost
clones varied significantly, even in the same cell line,
according to whether the introduced dnEBNA1 gene was
driven by SVp or CMVp. For example, when NU-GC-3/
rEBV cells were inoculated with Adv5-SV-DNE1 or with
Adv5-CV-DNE], at the same m.o.i. of 20, the incidence of
EBER1-negative cells was significantly different: 69.3 +
6.2% for SVp vs 88.6 + 3.1% for CMVp (P <0.01 by ¢ test)
9 days postinoculation. The data indicate that there may
be a minimum threshold of the stoichiometric dnEB-
NA1:wtEBNA1 ratio that can make the effects of
dnEBNA1 overt, although this was not determined in
the present study.

An epidemiological study estimates the annual inci-
dence of EBV-associated human tumors worldwide to be
approximately 500,000 [47]. These EBV-associated dis-
eases are often uncontrollable by currently available
treatments. A promising therapeutic approach against
these diseases is adoptive immune transfer of EBV-specific
cytotoxic T lymphocytes (CTL) [48,49], although several
problems remain [50]. An alternative approach, based on
evidence that the EBV genome, or the specific gene, is
virtually implicated in the cellular acquisition of malig-
nant phenotypes [1,7-18,43], involves single EBV gene-
or EBV genome (machinery)-targeted remedial strategies,
some of which are considered to have potential as
treatments [51-55]. However, most EBV latent genes,
other than EBNA1, are silenced in tumor cells
{1,2,4,5,39,40,42,46] or are heterogeneously expressed,
even in individual tumors [56-58], thus limiting clinical
approaches that target these viral latent genes. Because of
its wide applicability and selectivity, EBNAl-based or
-targeted molecular therapy would be more suitable for
clinical application [52,55,59].

Rigorous investigations have defined the CTL epitope-
clustered location in EBNA1 as the C-terminal, DNA-
binding/dimerization domain [60,61]. However, EBNA1-
specific CD8* CTL do not efficiently recognize target cells
expressing the full-length EBNA1 protein [60]. This is due
in part to the Gly,-Ala repeat domain, which inhibits
MHC class I-restricted presentation of the epitopes of
EBNA1 [62]). Our dnEBNA1 lacks the Gly;-Ala repeat
domain, but still has the C-terminal, CTL epitope-rich
region. This knowledge raises some concerns about the
therapeutic use of dnEBNA1, for although transduction
of dnEBNA1 may favorably potentiate EBNA1-specific

CTL recognition of virus-infected tumor cells, it may also
expose normal cells to CTL. To avoid such disadvantages,
tumor-specific transduction and/or expression of
dnEBNA1 or intentional conservation of the Gly,-Ala
repeats (preferably as a functionally minimal form)
within the dnEBNA1 structure would be necessary.

MATERIALS AND METHODS

Cell lines. EBV-converted or -reinfected cell lines were established by
infecting virus-negative cells with rEBV (Akata strain), which carries the
neo” as a selective marker {38]. In this study, each rEBV-positive line was
denoted by the name of the EBV-negative parental cell line followed by
“/rEBV” (Table 1), i.e., Akata™/rEBV [14], MT-2/1EBV {40], NU-GC-3/rEBV
[15,39], and BJAB/tEBV [41]. Converted cell lines were maintained in
RPMI 1640 culture medium containing 10% fetal calf serum and G418
(Sigma-Aldrich, Tokyo, Japan) at appropriate concentrations (0.5-1 mg/
ml) for selection. In some experiments, G418 was removed from cultures
during an observation period. Southern blot hybridization confirmed
that all the converted cell lines harbored the rEBV genome in an
episomal, not integrated, form (data not shown). Mutu I {42] (clone 79,
kindly provided by Dr. J. Sample, St. Jude Children’s Research Hospital,
Memphis, TN, USA) and Akata-EC (early-cultured Akata) [17] were used
as test cells of naturally EBV-infected BL cell lines. Hygromycin B (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) was used to grow cells
selectively in dual gene transduction experiments (see below). The MRC-
5 cell line was purchased from the American Type Culture Collection
(Rockville, MD, USA). 293/DNE1 is a hygromycin-selected 293 cell clone
that stably expresses the mtEBNA1 protein.

Plasmid construction. The mtEBNA1 structure was made according to the
EBNA1 sequence of B95-8 EBV [63]. The mtEBNA1l consists of the
following functional domains of wtEBNA1 (641 amino acids of the B95-
8 strain): the nuclear localization signal (NLS; aa 379 to 386) and the C-
terminal region spanning the DNA linking/dimerization domain to the
acidic tail (aa 451 to 641) (Fig. 1) [22,32-34]. Briefly, a coding segment of
the partial NLS (aa 382 to 386) connected to the C-terminal domain
region (aa 451 to 641) was amplified by PCR using a cloned BamHI-K of
B95-8 EBV (pUC119-B95BamK) as the template. The mutagenized
nucleotides ATC were introduced into the forward chimeric junction
primer, in place of GAG in the native NLS (genomic coordinates 96807 to
96809 according to the new version of the B95-8 EBV sequence databases,
GenBank Accession No. AJ507799), thereby generating a Bg/II recognition
site useful for the next DNA recombination without amino acid
substitution (relating to codons Arg*®*? and Ser®®?®). The reverse adaptor
primer contained the artificial Ball and EcoRI recognition sites (necessary
for cloning) followed by sequences encompassing the 3’end of the acidic
tail domain. An amplified product was cloned into the Bg/II-EcoRI site of
the pIRES2-EGFP vector (BD Bioscience Clontech, Tokyo, Japan), resulting
in pIRES2-EGFP/Bg-EI-ADNEL. A synthesized oligomer adaptor was then
prepared, composed of coding sequences for the N-terminal part of
mtEBNA1 (Met’-Lys?”-Arg®®"-Pro®") with Nhel- and Bgl/ll-compatible
sites at its 5’'and 3’ends, respectively. The adaptor was inserted into Niel-
BgINl site of pIRES2-EGFP/Bg-EI-ADNE1, yielding pIRES2-EGFP/DNEL. A
0.6-kb EcoRI fragment of pIRES2-EGFP/DNE1, corresponding to the
expected entire structure of mtEBNA1, was cloned into SVp-driven vector,
pSGS-neo, a modified pSGS (Stratagene, La Jolla, CA, USA) into which the
neo” cassette had been inserted. The same 0.6-kb EcoRI fragment was
cloned also into the CMVp-driven vector pcDNA3 (Invitrogen, Gronin-
gen, Netherlands), resulting in pSGS-neo/DNE1 and pcDNA3-DNEL,
respectively. A wtEBNAL expression plasmid, pSGS5m-neo/AKE1, was
constructed by ligating a 2.1-kb Xholl-Ball fragment from a cloned
BamHI-K of Akata EBV strain [37] into the BamHI-Smal site of pSG5Sm-
neo (pSG3-neo with additional cloning sites). Expression plasmids for
EGFP (derived from pIRES2-EGFP) and Escherichia coli p-galactosidase
(LacZ; derived from pSV-p-Gal; Promega, Madison, WI, USA) were aiso
cloned into pSGSm-neo and pcDNA3.
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Plasmids for IRES-mediated bicistronic expression of the mtEBNA1
gene and the hyg" gene, as a positive selection marker, were also
constructed for mtEBNA1-transduced cell sorting experiments (Fig. 4C).
Briefly, the hyg'-poly(A) segment of pCEP4 (Invitrogen) was PCR-
amplified with primers to create EcoRV and Xhol recognition sequences
at the 5 and 3'ends, respectively, and cloned into pBluescript II SK(-)
(Stratagene), resulting in pBKN-HYG-pA. The EcoT22I (blunted)-BstXIl
fragment from pIRES2-EGFP/DNE1, which contains CMVp-DNE1-IRES,
was inserted into the Sacl (blunted)-BstX1 site of pBKN-HYG-pA, yielding
the plasmid pCMV-DIH containing CMVp-DNE1-IRES-hyg"-polyA. A
plasmid containing SV40p-DNE1-IRES-iyg"-polyA, pSGS-DIH, was also
made by replacing CMVp of pCMV-DIH with SV40p. Plasmids for
coexpression of lacZ and hyg” (pCMV-LIH and pSGS-LIH) were con-
structed as controls.

The expression units of the plasmids described above (details will be
provided upon request) were incorporated into Adv’s as explained below.

Isolation and purification of Adv. All Adv’s used in this study were
developed using the in vitro ligation method [35]. Adenovirus genome
plasmids, termed pAdHM4 [35] and pAdHM36 [36], were used to
construct the standard E1/E3-deleted AdvS and its fiber-replaced variant
(Adv5/35f), respectively. Prepared recombinant Adv genome plasmids
were linearized with Pacl (New England Biolabs, Inc., Beverly, MA, USA)
and then transfected into 293 cells. After plaque purification, Adv isolates
were checked for the restriction pattern of viral DNA and expression of
incorporated genes. Confirmed virus clones were expanded and purified
by sequential ultracentrifugation, using CsCl step gradients, followed by
dialysis [64]. Purified virus was aliquoted into small volumes and stored at
—80°C until use. Titers of virus stock were determined by the standard
plaque-forming end-point assay {64].

In this study, both SVp-driven and CMVp-driven expression units
were constructed for each gene, e.g., pSGS5-neo/DNE1 and pcDNA3-
DNE1 (see above), and incorporated individually into AdvS and Advs/
35f. Of the four kinds of Adv per gene, the most suitable was
preliminarily selected for each cell line in terms of the highest gene
transfer efficiency (AdvS or Adv5/35f) and gene expression levels (SVp
or CMVp). Adv’s were designated “Adv type-driving promoter-incorpo-
rated gene.” For example, AdvS for SVp-driven mtEBNA1 and Adv5/35f
for CMVp-driven LacZ were referred to as Adv5-SV-DNE1 and Adv5/35f-
CV-LacZ, respectively. Adv’s for IRES-mediated coexpression of
mtEBNA1 (or LacZ) and hyg" were referred to as Adv5 (or Adv5/35f)-
SV (or CV)-DIH (or LIH) (Fig. 4C).

Ady infection and flow cytometric analysis. Susceptibility of cell lines to
Adv infection was examined by exposing celis to Adv5 (or Adv5/35f)-S8V
(or CV)-EGFP at various m.o.i. for 2 h at 37°C. After cuitivation for 3 days,
EGFP-positive cells were measured by flow cytometry (FACScan Cytom-
eter, BD Bioscience Clontech) and compared with cells inoculated with
each corresponding Adv type for LacZ expression at the same m.o.i. and
with mock-inoculated cells as controls. Immediately before analysis, celis
were stained with 2 pM 7-amino-actinomycin D (Sigma-Aldrich) to
exclude nonviable cells.

Selection of Adv-infected cells. Cells that had been successfully infected
with Adv5-SV (or CV)-DIH (or LIH) were sorted from uninfected cells
by hygromycin B-based positive selection (Fig. 4D). The optimal
conditions for this short-term drug pulse were determined preliminar-
ily for each cell line by strictly comparing Adv-DIH-inoculated cultures
with Adv-LIH-inoculated cultures (selection procedures following Adv
inoculation for Mutu I cells, as an example, are described under Results
and in the legend to Fig. 4D). The resultant surviving ceils after drug
selection were then evaluated for EBV genome carriage (e.g., by in situ
hybridization, see below). Using immunoblot analysis, it was confirmed
that Adv5-SV (or CV)-DIH (or LIH) achieved the same levels of
mtEBNA1 and LacZ protein expression as Adv5-SV (or CV)-DNE1 (or
LacZ) did (data not shown).

Quantitative PCR. The EBV genome was quantified by real-time PCR
with the LightCycler system (Roche Diagnostics, Mannheim, Germany)
using primers directed for a region within the LMP1 gene. The sequences

were LMP1-Pv4S, SIGTTGATCTCCTTTGGCTCCTC-3' (genome coordi-
nates 168358-168338, according to the new databases mentioned above),
and LMP1-Pv4AS, 5:GTGTCTGCCCTCGTTGG-3' (168191-168207). Two
specific hybridization probes were used: LMP1-v4PR/FL, S{TGATGAACAC-
CACCACGATGACTCC-[fluorescein]-3’' (168287-168263), and LMP1-
v4PR/LC, 5:[LC-Red640}]-TCCCGCACCCTCAACAAGCTAC-PO,4-3’
(168261-168240) (synthesized by Nihon Gene Research Labs, Inc.,
Sendai, Japan). Template DNA was extracted with a FlexiGene DNA Kit
(Qiagen, Tokyo, Japan), treated with 20 ul of RNase A (10 pg/ml, type IA;
Sigma-Aldrich), and predigested with EcoRI to minimize the viscosity of
DNA solutions, thereby ensuring accuracy in the amount of DNA
dispensed into capillaries. The reaction mixture was 20 pl in volume
and consisted of 10 pmol of each primer, 4 pmol of each probe, 10 ul of
QuantiTect Probe PCR Kit Master Mix (Qiagen), and 5 ul of the
predigested DNA (50 ng) per reaction. The cycling protocol was as
follows: preincubation at 94°C for 15 min followed by 40 cycles of
denaturation at 94°C for 15 s, annealing at 60°C for 20 s, and extension at
72°C for 20 s. Data were gained according to the settings recommended by
the manufacturer and analyzed with LightCycler software version 3.5.
Serial 10-fold dilutions of a plasmid amplicon containing the LMP1 target
sequence (2 x 10% to 2 x 10" copies per capillary) were used to generate a
standard plot for calculation of EBV genome number. To calibrate the
data and to check the integrity of DNA samples, the g-globin gene was
quantified in parallel (information about primers/probes can be provided
upon request). The Namalwa cell line [65], which carries two EBV
genomes per cell, was used as a positive control for each LightCycler
assay to check reproducibility.

Immunoblot. The basic immunoblot procedures used have been
described previously [46]. EBNA1 expression was examined with reference
human serum (anti-EBNA1 titer, 1:1280) or EBNA1-monospecific rabbit
immune serum (kindly provided by Dr. T. Tsurumi, Aichi Cancer Center,
Nagoya, Japan) as the primary antibody. Protein bands were detected
using the enhanced chemiluminescence system (Amersham Pharmacia).
In some experiments, specific chemiluminescent signals were scanned by
the ATTO LightCapture System Cool Saver software (Type AE-6962; ATTO
Co. Ltd., Tokyo, Japan) and intensity was analyzed with a CS analyzer
(ATTO). To evaluate the relative levels of wtEBNA1 protein expression,
scanned values specific for wtEBNA1 were normalized to those of p-actin
signals of the same samples probed with the AC-15 monoclonal antibody
(Sigma-Aldrich) as an internal control.

Cell proliferation assay. Viable cell kinetics were assessed by trypan blue
dye exclusion or by production of water-soluble formazan in the sulfonated
tetrazolium salt (WST-1) assay (Takara Biotech, Tokyo, Japan). The WST-1
assay was done in triplicate in 96-well plates, and an absorbance of 450 nm
(A4s0) was determined for each well, followed by subtracting the back-
ground absorbance (A4gp) from each A 450 measurement.

In situ hybridization. To detect EBV genome-harboring cells, FISH was
carried out according to the method reported previously [66]. Briefly, the
cosmid pJB8, containing an EcoRI-A fragment (37 kb) of EBV DNA, was
used to make a probe labeled with biotin-16-dUTP (Roche Diagnostics) by
nick translation. Ten microliters of hybridization solution (Sigma-Aldrich)
containing 20 ng of biotinylated probe was denatured at 70°C for 2 min
and applied to preparations on glass slides, which were then incubated at
37°C overnight in a humidified chamber. The slides were washed twice for
10 min in 50% formamide in 2% standard saline citrate (SSC) (0.3 mM
sodium chloride, 30 mM sodium citrate, pH 7.0) at 43°C, followed by two
rinses in 2x SSC at 37°C. The hybridized probe was detected by incubation
with fluorescein avidin D (Vector Laboratories, Burlingame, CA, USA),
according to the procedure described previously [66]. The interphase
nuclei were counterstained with propidium iodide (Sigma-Aldrich) and
diamino-2-phenylindole (SERVA Feinbiochemica, Heidelberg, Germany).
The slides were observed with a BXS50 epifluorescence microscope
(Olympus, Tokyo, Japan). Hybridization signals were captured with a
cooled CCD camera and merged using a computer workstation equipped
with the M-FISH system (Photometrics-Seki Technotron, Tokyo, Japan).
EBER1-ISH was also carried out to assess the EBV persistence or loss in
rEBV-converted cells, as previously described in detail {46].
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Animal experiments. All animal experiments were conducted according
to the guidelines of the Animal Experiment Committee of Kochi Medical
School. The therapeutic potential of mtEBNA1 was assessed by its ability
to inhibit tumor growth/induction in vivo using a xenograft animal
model. Mutu I BL cells (1 x 107) suspended in 200 ul of PBS, pH 7.2,
were implanted subcutaneously in both hind flanks of 6- to 8-week-old
SCID mice (female, FOX CHASE C.B-17/lcr-scid Jcl; CLEA, Tokyo, Japan).
Twelve mice (i.e., 24 flanks) were used for this experiment. Once tumors
had become unequivocally palpable (0.4-0.5 cm in diameter), mice
received intratumoral injection of either Adv5-SV-DNE1 or Adv5-SV-
LacZ as the control (10° pfu per dose) into each flank. Some mice
received an injection of PBS in place of Adv5-SV-LacZ as a mock
injection control. Adv5-SV-DNE1, Adv5-SV-LacZ, and PBS were injected
into eight tumors each. In an additional experiment, Mutu I cells were
preexposed to Adv5-SV-DNE1 or Adv5-SV-LacZ and on the next day 1 x
107 viable cells were likewise implanted in each flank of SCID mice (4
mice were tested). All mice were monitored for tumor growth/induction
for up to 4 weeks after cell implantation and photographed and
euthanized if the tumor exceeded 2 cm in dimension or the mouse
was apparently ill. The resected tumors were weighed, and some of the
tissues were examined histologically and screened for EBV.

Statistical analysis. Data of wtEBNA1 protein levels and cell growth
kinetics were expressed as the relative ratio {or percentage) of scanned (or
absorbance) values in cells inoculated with Adv’s against those of mock-
inoculated cells. The statistical method used was mainly two-way analysis
of variance. In analyses of the effects of Adv’s, the factors consisted of
time after Adv inoculation and Adv type (Adv-DNE1 and Adv-LacZ) used,
followed by the post hoc Tukey or Dunnett test. The ¢ test and the Mann—
Whitney U test were also used for some results. P values less than 0.05
were considered statistically significant.
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Abstract

The peroxisome proliferator-activated receptor (PPAR) v is regarded as a “master regulator” of adipocyte differentiation and is abundantly
expressed in adipose. To understand the biological role of PPARy in adipose, RNA interference (RNAi) of PPARy should be a powerful tool.
3T3-L1 cell line serves an excellent model to investigate the mechanism of preadipocyte-to-adipocyte differentiation. However, this cell line
is difficult to transfect by plasmid vectors and viral vectors. We optimized the transduction of both 3T3-L1 preadipocytes and adipocytes by
means of fiber-modified adenovirus (Ad) vectors. Among the various vectors tested, polylysine modification of the C-terminal of the fiber
knob most markedly improved the transduction efficiency in both 3T3-L1 preadipocytes and adipocytes. Then, we examined whether fiber-
modified Ad vectors with polylysine peptides expressing the small interfering RNA (siRNA) for PPAR-y inhibit the differentiation of 3T3-L1
preadipocytes into adipocytes. Oil red O staining and measurement of glycerol-3-phosphate dehydrogenase (GPDH) activity indicated that
the vectors effectively suppressed the differentiation of 3T3-L1 preadipocytes to adipocytes. These results suggested that the combination of
fiber-modified Ad vectors containing polylysine peptides and RNAI is an effective tool for the study of the biological and physiological
mechanism of adipogenesis in adiposity and diabetes using 3T3-L1 models. Ad vector-mediated RNAi for PPARy should also be useful to
clarify the biological role of the PPARy pathway in various tissues in addition to adipose and for therapeutic application to a variety of
diseases, including adiposity and diabetes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Abbreviations: CAR, coxsackievirus and adenovirus receptor; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GPDH, glycerol-3-phosphate An understanding of the biological and physiological
dehydrogenase; LacZ, p-galactosidase; PPARy, peroxisome proliferator- mechanism of adipogenesis is essential for an improved

activated receptor y; RT-PCR, reverse transcription-polymerase chain . . . . .
reaction; shRNA, short hairpin RNA; siRNA, small interfering RNA. underStandlng of ad1p081ty and diabetes. The Cxpression of
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adipocyte differentiation and determination factor 1/sterol
regulatory element binding protein 1 (ADD-1/SREBP-1), is
programmatically regulated in the process of adipogenesis
(Gregoire et al., 1998; Ntambi and Young-Cheul, 2000).
Among them, the peroxisome proliferator-activated receptor
(PPAR) v is regarded as a “master regulator” of adipocyte
differentiation and is abundantly expressed in adipose
(Tontonoz et al., 1994a,b; Vidal-Puig et al,, 1997; Wu et
al., 1998; Kubota et al., 1999; Berger and Moller, 2002).
PPAR< is a member of the nuclear receptor superfamily and
induces transcriptional activation by heterodimerization
with the retinoic acid-like receptor (RXR) (Tontonoz et
al., 1994a; Berger and Moller, 2002).

Adipocytes are thought to be derived from mesenchymal
stem cells, and cell culture models using preadipocyte 3T3-
L1 cell lines are extensively used to study preadipocyte-to-
adipocyte differentiation (Ntambi and Young-Cheul, 2000).
Treatment of 3T3-L1 adipocytes with agonists for PPARy
including thiazolidinediones (TZD), potent insulin sensitizing
agents, induces preadipocyte-to-adipocyte differentiation. To
understand the factors and mechanisms involved in the
process of adipogenesis, studies of loss of function via knock-
out’/knock-down of target gene expression or gain of function
via overexpression are among the most powerful methods.
3T3-L1 cells, however, are not efficiently transfectable. Viral
vector-mediated transduction might improve their efficiency.

Among the viral vectors, adenovirus (Ad) vectors have
been extensively used to deliver foreign genes to a variety of
cell types and tissues both in vitro and in vivo. They can be
easily grown to high titer and can efficiently transfer genes
into both dividing and non-dividing cells. The efficiency of
Ad vector-mediated transduction into 3T3-L1 cells, however,
is quite low due to the scarcity of the primary receptor, the
coxsackievirus and adenovirus receptor (CAR) (Orlicky et
al., 2001). To overcome CAR-dependent transduction, fiber-
modified Ad vectors have been developed (Krasnykh et al.,
1996; Wickham et al.,, 1997; Dmitriev et al., 1998;
Shayakhmetov et al., 2000; Havenga et al., 2001; Mizuguchi
etal., 2001; Mizuguchi and Hayakawa, 2002; Koizumi et al.,
2003), containing RGD peptides in the HI loop of the fiber
knob, polylysine peptides in the C-terminal end of the fiber
knob, or fiber proteins derived from subgroup B Ads such as
Ad type 3, -11, or -35. These vectors are infected via av
integrin, heparan sulfates, or CD46 (or CD80 or CD86) on the
cellular surface, respectively (Wickham et al., 1997; Dmitriev
et al.,, 1998; Mizuguchi et al.,, 2001; Gaggar et al., 2003;
Segerman et al., 2003; Short et al., 2004).

For studies of loss of function via knockdown of target
gene expression, RNA interference (RNAI) has been shown
to have great promise for both basic research and therapeutic
use. RNAi mediates the sequence-specific suppression of
gene expression in a wide variety of eukaryotes by double-
stranded RNA homologies to the target gene (McManus and
Sharp, 2002). In mammalian cells, small interfering RNA
(siRNA), a 19- to 29-nt RNA, leads to the inhibition of
target gene expression in a sequence-specific manner

(Elbashir et al., 2001). Vector-based siRNA systems,
including Ad vectors, have also been developed using
RNA polymerase III promoters, such as the U6 promoter or
the H1 promoter, to express siRNA (Brummelkamp et al.,
2002; Miyagishi and Taira, 2002; Paul et al., 2002; Sui et
al., 2002; Yu et al., 2002; Shen et al., 2003; Zhao et al.,
2003; Hosono et al., 2004).

In the present study, we established an optimal fiber-
modified Ad vector for transduction of 3T3-L1 preadipo-
cytes and adipocytes and demonstrated that the fiber-
modified Ad vector expressing short hairpin RNA (shRNA)
against PPARYy efficiently suppressed the differentiation of
preadipocytes into adipocytes in 3T3-L1 cells.

2. Materials and methods
2.1. Cells

293 cells and 3T3-L1 cells (clonal subline of the mouse
3T3 that accumulate large amounts of triglyceride fat when
the cells are in the resting state; Human Science Research
Resources Bank, Japan, JCRB9014) were cultured with
Dulbecco’s Modified Eagle’s Medium supplemented with
10% fetal calf serum (FCS). NIH3T3 cells were cultured with
minimum essential medium supplemented with 10% FCS.

2.2. Construction of stable CAR-expressing NIH3T3 cells

Mouse liver total RNA was isolated using ISOGEN
reagent (Nippon Gene, Tokyo, Japan) according to the
manufacturer’s instructions. Mouse liver ¢cDNA was
obtained from reverse transcription (RT) product for mouse
liver total RNA using a SuperScript First-Strand Synthesis
System for RT-PCR (Invitrogen Life Technologies, Carls-
bad, CA, USA) according to the manufacturer’s instruc-
tions. Mouse CAR ¢DNA was amplified from mouse liver
cDNA using the following primers: 5'-accatggcgcgee-
tactgtget-3’ and 5'-ttcagtagtecttcatatttat -3'. The amplified
polymerase chain reaction (PCR) product was inserted into
the TA cloning vector pGEM-T Easy (Promega Corp.,
Madison, WI, USA) to generate pGEM-T-mCAR. CAR-
expressing plasmid pCMV-mCAR was constructed by
ligation of the EcoRI site of pcDNA3 (Invitrogen Life
Technologies) with the £coRI fragment of pGEM-T-mCAR,
and was transfected into NIH3T3 cells by SuperFect
transfection reagent (Qiagen, Inc., Valencia, CA, USA).
The stable CAR-expressing cells, NIH3T3-CAR, were
obtained by geneticin (G418) selection.

2.3. Plasmid and virus

pHMCA-LacZ1 contains a P-actin promoter/CMV
enhancer with a p-actin intron, which was kindly provided
by Dr. J. Miyazaki (Osaka University, Osaka, Japan) (Niwa
et al., 1991), an Escherichia coli B-galactosidase (LacZ)
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gene derived from pCMVE (Clontech, Palo Alto, CA,
USA), and a bovine growth hormone polyadenylation
signal, flanked by I-Ceul and PI-Scel sites.

pHM35-HI-PPARYy was constructed by insertion of the
oligonucleotides (5'-gatcccegtetgetgatetgegagecticaaga-
gaggctegeagatcageagactttttggaaat-3’ and 5 -ctagattte-
caaaaagtctgctgatctgegagectctettgaaggetegeagatcagea-
gacgge-3) (Katayama et al,, 2004) (loop sequences were
underlined) into the Bg/Il and Xbalsites of pHMS-H1 (Hosono
et al., 2004), which is designed to express shRNA upon the
insertion of an appropriate sequence into the Bg/ll/Xbal site.
pHMS5-HI-Scramble was constructed by insertion of the
oligonucleotides (5'-gatccccacgetgagtacttcgaaatticaagaga-
atttcgaagtactcagegttttttggaaat-3’' and 5’ -ctagatttccaaaaaacgcet-
gagtacttcgaaattctcttgaaatttcgaagtactcagegggg-3') (loop
sequences were underlined) into the Bg/II and Xbal sites of
pHM5-H1. The sequence was verified on a DNA sequencer
(ABI PRISM 310, Applied Biosystems, Foster City, CA,
USA).

Ad vectors expressing LacZ or siRNA were constructed
by an improved in vitro ligation method (Mizuguchi and
Kay, 1998; Mizuguchi and Kay, 1999). Briefly, pHMCA-
LacZ1 was digested with /-Ceul and PI-Scel, and then
ligated with I-Ceul/PI-Scel-digested pAdHM4 (Mizuguchi
and Kay, 1998), pAdHM15-RGD (Mizuguchi et al., 2001),
pAdHM41-K7(C) (Koizumi et al.,, 2003), or pAdHM34
(Mizuguchi and Hayakawa, 2002), resulting in pAdHM4-
CALacZl, pAdHMI15-RGD-CALacZ1, pAdHM41-K7-
CALacZl, or pAdHM34-CALacZ1, respectively.
pAdHM41-K7-HI, pAdHM41-K7-H1-PPARY, and
pAdHM41-K7-Scramble were constructed by the ligation
of I-Ceul/PI-Scel-digested pHMS5-H1, pHMS5-H!1-PPARy,
or pHMS5-H1-Scramble, respectively, with I-Ceul/PI-Scel-
digested pAdHM41-K7(C).

To generate the virus (Ad-CALacZ, AdRGD-CALacZ,
AdF35-CALacZ, AdK7-CALacZ, AdK7-H1, AdK7-HI1-
PPARy, AdK7-H1-Scramble), Pacl-digested Ad vector
plasmids (pAdHM4-CALacZl, pAdHMI15-RGD-CAL-
acZl, pAdHM34-CALacZl, pAdHM41-K7-CALacZl,
pAdHM41-K7-H1, pAdHM41-K7-H1-PPARYy, and
pAdHM41-K7-Scramble, respectively) were transfected
into 293 cells plated in a 60-mm dish with SuperFect
(Qiagen, Inc.) according to the manufacturer’s instructions.
Viruses were prepared as described previously (Mizuguchi
and Kay, 1998). AdK7-Null contains no transgene in the El
deletion region. The virus was purified by CsCl, gradient
centrifugation, dialyzed with the solution containing 10 mM
Tris (pH 7.5), 1 mM MgCl, and 10% glycerol, and stored in
aliquots at —70 °C. The determination of virus particle titer
was accomplished spectrophotometrically by the method of
Maizel et al. (1968).

2.4. X-gal staining

In the case of 3T3-L1 preadipocytes, 3T3-L1 cells
(1x10° cells) were seeded into a 12-well plates. On the

following day, they were transduced with Ad-CALacZ,
AdRGD-CALacZ, AdF35-CALacZ, or AdK7-CALacZ
(3000 or 10,000 vector particles (VP)cell) for 1.5 h.
Forty-eight hours later, LacZ production in the cells was
determined by X-gal (5-bromo-4-chloro-3-indolyl-B-D-gal-
actopyranoside) staining.

In the case of 3T3-L1 adipocytes, 3T3-L1 cells were
differentiated as described in the next section. After 6 days
in culture with differentiation medium, the cells were
transduced with each Ad vector (3000 or 10,000 vector
particles (VP)/cell) for 1.5 h. Forty-eight hours later, LacZ
production in the cells was determined by X-gal staining.

2.5. Adipocyte differentiation

Induction of adipocyte differentiation was performed as
previously described (Tontonoz et al., 1994a). Two days
after confluence (day 0), the medium was replaced with
differentiation medium containing pioglitazone (CALBIO-
CHEM, San Diego, CA, USA) (3 uM), insulin (Sigma,
Saint Louis, MO, USA) (150 nM), dexamethasone
(Sigma) (1 pM) and 3-isobutyl-1-methylxanthine (Sigma)
(100 pM), which was changed every 3 days thereafter
until analysis.

Differentiation of 3T3-L1 preadipocytes to adipocytes
was monitored by measurement of intracellular lipid
accumulation using Oil red O staining and glycerol-3-
phosphate dehydrogenase (GPDH) activity on day 9. The
cells were fixed for 2 h with 10% formaldehyde in isotonic
phosphate buffer and then washed with distilled water. The
cells were then stained with complete immersion in a

Table 1
Adenovirus vectors used in this study

Name Fiber type Gene of interest

Ad-CALacZ
AdRGD-CALacZ

type 5 fiber

RGD peptide in the
HI-loop of the fiber
knob

polylysine peptide in
the C-terminal of the
fiber knob

chimeric type S fiber
tail and type 35 fiber
knob and shaft
polylysine peptide in
the C-terminal of the
fiber knob
polylysine peptide in
the C-terminal of the
fiber knob
polylysine peptide in
the C-terminal of the
fiber knob
polylysine peptide in none
the C-terminal of the

fiber knob

CA promoter: B-actin promoter/CMYV enhancer with B-actin intron.

CA promotert+LacZ
CA promoter+LacZ

AdK7-CALacZ CA promoter+LacZ

AdF35-CALacZ CA promoter+LacZ

AdK7-H1 HI promoter

AdK7-H1-PPARYy HI promoter+shRNA

for PPARY

AdK7-H1-Scramble HI promoter+shRNA

for Scramble

AdK7-Null
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working solution (0.3%) of Oil red O for 4 h. Excess dye
was removed by exhaustive washing with water. The GPDH
activity was measured using a GPDH assay kit (Hokudo,
Hokkaido, Japan).

2.6. Reverse transcription—polymerase chain reaction for
CAR mRNAs

Total RNA was isolated using ISOGEN reagent
according to the manufacturer’s instructions. RT was
carried out using a SuperScript First-Strand Synthesis
System for reverse transcription—polymerase chain reaction
(RT-PCR) according to the manufacturer’s instructions.

[A] Preadipocyie

PCR amplification of the mouse CAR and GAPDH was
performed in 50 pl of a solution containing 1 pl of RT
products, 1 U TaKaRa Ex Taq HS and attached reagents
(TaKaRa, Shiga, Japan). The sequences of the primer for
PCR are as follows: CAR: forward, 5'-aattcctgctgacegttctt-
3’; reverse, 5'-tttctgecagecatggegta-3'; GAPDH: forward,
5'-accacagtccatgecatcac-3'; reverse, 5'-tccaccaccectgttgetgta-
3. The following parameters were used: CAR: 20 s at 94
°C, 10 s at 60 °C, and 60 s at 72 °C for 35 cycles;
GAPDH: 20 s at 94 °C, 10 s at 60 °C, and 60 s at 72 °C
for 25 cycles. The PCR products were electrophoresed in
2.0% agarose gel. The sequence of the PCR products was
confirmed by direct sequencing.

Ad-CALacZ

AdRGD-CALacZ

[B] Adipocyte

22

Ad-CALack AJRGD-CAlacZ

AdK7-CALacZ AdK735-CALacZ

AdKT7-CALacZ Ad F?éS-CALacZ

Fig. 1. Comparison of the transduction efficiency of various types of fiber-modified Ad vector into 3T3-L1 preadipocytes and adipocytes. 3T3-LI
preadipocytes (A) and adipocytes (B), which were cultured in differentiation medium containing pioglitazone, insulin, dexamethasone and 3-isobutyl-1-
methylxanthine for 6 days, were transduced with Ad-CALacZ, AdRGD-CALacZ, AdK7-CALacZ or AdF35-CALacZ (3000 or 10,000 VP/cells) for 1.5 h.
After 48 h in culture, LacZ expression was determined by X-gal staining.
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2.7. Western blotting for PPARy proteins

The cell extracts were prepared in lysis buffer (25 mM
Tris [pH 7.5], 1% Triton X-100, 0.5% sodium deoxycholate,
5 mM EDTA, 150 mM NaCl) containing a cocktail of
protease inhibitors (Sigma). The protein content was
measured with a Bio-Rad assay kit (Bio-Rad, Hercules,
CA, USA) using bovine serum albumin as the standard. The
protein samples (10 pg) were electrophoresed on 12.5%
SDS—polyacrylamide gels under reducing conditions, fol-
lowed by eclectrotransfer to Immobilon-P membranes
(Millipore, Bedford, MA, USA). After blocking in Block
Ace (Dainippon Pharmaceuticals, Osaka, Japan), the filters
were incubated with antibodies against PPAR«y (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) and GAPDH
(Trevigen, Gaithersburg, MD, USA), followed by incuba-
tion in the presence of peroxidase-labeled horse anti-mouse
IgG antibody (Cell Signaling Technology, Inc., Bevetly,
MA, USA) or peroxidase-labeled goat anti-rabbit IgG
antibody (Cell Signaling Technology, Inc.). The filters were
developed using chemiluminescence (ECL Western blotting
detection system; Amersham Biosciences, Piscataway, NI,
USA). The signals were read using a LAS-3000 (FUJI-
FILM, Tokyo, Japan), and quantified by Image Gauge
Software (FUJIFILM).

3. Results

3.1. Optimization of fiber-modified Ad vectors for the
transduction of 3T3-L1 adipocytes and preadipocytes

The Ad vector is known to transduce 3T3-L1 preadipo-
cytes with very low efficiency (Orlicky et al., 2001; Orlicky
and Schaack, 2001; Ross et al., 2003). Therefore, we first
optimized the transduction of 3T3-L1 adipocytes as well as
preadipocytes by means of fiber-modified Ad vectors,
which exhibit different tropism with the conventional Ad
vector.
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Fig. 2. RT-PCR analysis of CAR mRNA expression in 3T3-L1 preadipo-
cytes and adipocytes. Total RNA was isolated from 3T3-L1 preadipocytes
and adipocytes differentiated for 6 days, and RT-PCR analysis was
performed as described in Materials and methods. NIH3T3 and NIH3T3-
CAR cells were also analyzed as a negative and positive control of CAR
mRNA expression, respectively.
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Fig. 3. Suppression of PPARy expression in 3T3-L1 cells transduced with
AdK7-HI-PPARYy. 3T3-L1 preadipocytes were transduced with each Ad
vector for 1.5 h. On the following day, the cells reached confluence. From 3
days after Ad treatment, the cells were cultured with differentiation medium
containing pioglitazone, insulin, dexamethasone and 3-isobutyl-1-methyl-
xanthine for 4 days. Proteins were then extracted from the cells, and the
levels of PPAR<y expression were examined by Western blotting. The
GAPDH bands served as an internal control for equal total protein loading.

The 3T3-L1 preadipocytes were infected with LacZ-
expressing Ad vectors containing modified fiber proteins
(Ad-CALacZ, AdRGD-CALacZ, AdF35-CALacZ and
AdK7-CALacZ) (Table 1 and Fig. 1A). Ad-CALacZ
contains the wild-type fiber, AJRGD-CALacZ contains
an RGD peptide motif in the Hi-loop of the fiber knob,
AdK7-CALacZ contains a polylysine peptide in the C-
terminal of the fiber knob, and AdF35-CALacZ contains a
fiber protein derived from Ad type 5 fiber tail and Ad type
35 fiber knob and shaft. As shown previously (Orlicky et
al., 2001; Orlicky and Schaack, 2001; Ross et al., 2003),
Ad-CALacZ was inefficient for transduction of 3T3-L1
preadipocytes. AdK7-CALacZ was the most effective in
transducing the LacZ genes. Nearly 100% of 3T3-Ll1
preadipocytes were transduced by AdK7-CALacZ at
10,000 vector particles (VP)/cell. AAdRGD-CALacZ medi-
ated higher levels of LacZ expression than Ad-CALacZ
but lower levels than AdK7-CALacZ, while AdF35-
CALacZ was ineffective.

We then examined the transduction efficiency of 3T3-L1
adipocytes using various types of Ad vectors. 3T3-L1
preadipocytes differentiate into mature, lipid droplet-con-
taining adipocytes when stimulated with an appropriate
hormonal cocktail containing insulin, dexamethasone and 3-
isobutyl-1-methylxanthine. Pioglitazone, the ligand of
PPARY, enhances adipocyte differentiation of 3T3-L1 cells.
3T3-L1 preadipocytes were cultured with a differentiation
medium containing pioglitazone for 6 days and then
transduced with Ad vectors (Fig. 1B). Under the differ-
entiated conditions, AdK7-CALacZ showed high trans-
duction efficiency (67% LacZ-positive cells), although its
efficiency was slightly lower than that in 3T3-L1 preadipo-
cytes. AARGD-CALacZ also showed high transduction
efficiency (59% LacZ-positive cells). Ad-CALacZ and
AdF35-CALacZ were ineffective. No cytotoxicity or other
negative effects on cell function were observed in either
3T3-L1 preadipocytes or adipocytes.



162 T Hosono et al. / Gene 348 (2005) 157165

To determine why the wild-type Ad vector exhibited
inefficient transduction of 3T3-L1 preadipocytes and
adipocytes, we examined the expression of CAR, a primary
Ad receptor, in 3T3-L1 preadipocytes and adipocytes by
RT-PCR analysis (Fig. 2). NIH3T3 and NIH3T3-CAR cells,
which are transfectants of the mouse CAR gene, were used
as a negative and positive control, respectively. The results
showed that CAR mRNA was not present in either 3T3-L.1
preadipocytes or adipocytes, suggesting that Ad vectors
containing wild-type fiber did not mediate transduction
probably due to little expression of CAR. From these

results, we concluded that fiber-modification with K7
peptides improved the efficiency of Ad transduction into
both 3T3-L1 preadipocytes and adipocytes.

3.2. Suppression of the expression levels of PPARy in
373-L1

Next, we constructed AdK7-H1-PPARYy, which expresses
siRNA for PPARy with K7 peptides-modified fiber knob, and
examined whether AdK7-H1-PPARw inhibited the differ-
entiation of 3T3-L1 preadipocytes into adipocytes. The target

Fig. 4. Suppression of preadipocyte-to-adipocyte differentiation by transduction with AdK7-H1-PPARy. 3T3-L1 preadipocytes were transduced with each Ad
vector for 1.5 h. On the following day, the cells reached confluence. From 3 days after Ad treatment, the cells were cultured with differentiation medium
containing pioglitazone, insulin, dexamethasone and 3-isobutyl-1-methylxanthine for 9 days. Then, the intracellular lipid accumulation, which was used as the
marker of preadipocyte-to-adipocyte differentiation, was determined by Oil red O staining. (A) 3T3-L1 preadipocytes (3T3-L1 cells cultured with normal
medium); (B) 3T3-L1 adipocytes (3T3-L1 cells cultured with differentiation medium without Ad treatment); (C) 3T3-L1 cells cultured with differentiation
medium with AAK7-HI (10,000 VP/cell) treatment; (D) 3T3-L1 cells cultured with differentiation medium with AdK7-HI-PPARy (3000 VP/cell) treatment;
(E) 3T3-L1 cells cultured with differentiation medium with AdK7-H1-PPARy (10,000 VP/cell) treatment; (F) 3T3-L1 cells cultured with differentiation
medium with AdK7-HI-Scramble (10,000 VP/cell) treatment; (G) 3T3-L1 cells cultured with differentiation medium with AdK7-Null (10,000 VP/cell)

treatment.
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sequence of siRNA for PPARy was selected to knockdown
both PPAR+y1 and PPAR~y2 (Katayama et al.,, 2004). We
confirmed by Western blotting that AdK7-H1-PPAR<y
suppresses the expression levels of PPARy in 3T3-L1
adipocytes (Fig. 3). The levels of PPARy in the cells treated
with 3000 or 10,000 VP/cell of AdK7-H1-PPARYy were
decreased to 51% or 16% of the levels in cells treated with
AdK7-Null (10,000 VP/cells), respectively. AdK7-H1,
AdK7-HI-Scramble and AdK7-Null did not show any effect
on the PPAR'y expression, compared with non-infected cells.
These results indicated that AdK7-H1-PPARy effectively
suppressed the expression of PPARy in 3T3-L1 cells.

3.3. Suppression of the preadipocyte-to-adipocyte differ-
entiation in 3T3-L1 cells

During the process of preadipocyte-to-adipocyte differ-
entiation, 3T3-L1 preadipocytes initiate the storage of
energy in the form of triacylglycerol-rich lipid droplets.
The degree of differentiation of 3T3-L1 cells can be
evaluated by measuring the accumulation of intracellular
lipids, which are stained by Oil red O, and GPDH activity.
We next examined whether AdK7-H1-PPARy suppresses
the preadipocyte-to-adipocyte differentiation in 3T3-L1
cells. The 3T3-L1 cells were transduced with Ad vectors
and reached confluence on the following day. Two days
after reaching confluence, the cells were cultured with
differentiation medium for 9 days and stained with Oil red
O. Intracellular lipid accumulation was reduced in 3T3-L1
cells transduced with AdK7-H1-PPARry (Fig. 4). The levels
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Fig. 5. Suppression of the fatty synthesis on 3T3-L1 cells transduced with
AdK7-H1-PPARY. The cells and virus were treated as described in the
legends of Fig. 4. The fatty synthesis was determined by the measurement
of GPDH activity in 3T3-L1 cells. Data were expressed as percentage of the
GPDH activity of 3T3-L1 cells cultured with differentiation medium with
AdK7-Null (10,000 VP/cell) treatment.

of GPDH activity in the cells treated with 3000 or 10,000
VP/cell of AdK7-H1-PPARy were decreased to 55% or
33% of the levels in cells treated with AdK7-Null (10,000
VP/cell), respectively (Fig. 5). AdK7-H1, AdK7-HI-Scram-
ble and AdK7-Null did not show any suppressive effect on
the accumulation of intracellular lipid and GPDH activity
(Fig. 5). These results suggested that AdK7-HI1-PPAR<y
efficiently suppressed the preadipocyte-to-adipocyte differ-
entiation of 3T3-L1 cells.

4. Discussion

3T3-L1 cell line is widely used for studying adipocyte
differentiation and adipose biology. However, this cell line
is poorly transduced by the conventional Ad vectors or
DNA transfection reagents. In the present study, we
successfully transduced nearly 100% of 3T3-L1 preadipo-
cytes by using fiber-modified Ad vectors containing
polylysine peptides and showed that Ad vector-mediated
RNAI for PPARYy efficiently suppressed the preadipocyte-
to-adipocyte differentiation. We also showed that 3T3-L1
adipocytes were efficiently transduced by the fiber-modified
Ad vectors containing polylysine peptides. Carlotti et al.
reported that Ad vector-mediated gene transfer into 3T3-L1
adipocytes was associated with marked cytopathogenicity
(Carlotti et al., 2004). In our results, no cytotoxicity,
adipogenicity, or other negative effects on cell function
were observed by the Ad vector-mediated gene transfer.

Several strategies have been employed to overcome the
poor transduction efficiency of 3T3-L1 cells. Because the
low expression of CAR, the primary Ad receptor, in 3T3-L1
cells would the cause of the poor transduction of the
conventional Ad vectors (Fig. 2), 3T3-L1 cells stably
expressing CAR by the transfection have been developed
{Orlicky et al., 2001; Ross et al., 2003). However, CAR is
an adhesion molecule which mediates tight junctions and
homotypic interactions (Honda et al., 2000; Cohen et al.,
2001). Therefore, there might be negative effects of ectopic
CAR expression in the process of adipogenesis of 3T3-L1
cells. Another strategy is to use transduction-enhancing
agents such as polylysine, lipofectAMINE (Invitrogen Life
Technologies), or SuperFect (Qiagen Inc.), which mediate
CAR-independent transduction of Ad vectors (Orlicky and
Schaack, 2001). These reagents sometimes negatively affect
cellular function, e.g., via their cytotoxicity or their

‘inhibition of cell growth and differentiation. Complexes of

Ad vectors and transduction-enhancing agents are also non-
uniform and are not likely to show reproducible results.
Fiber-modified Ad vectors overcome all these problems.
Among the vectors tested in the present study, polylysine-
modification of the Ad fiber, which is negatively charged,
exhibited the most efficient gene transfer to 3T3-L1
preadipocytes and adipocytes. This result correlates well
with the report of Orlicky and Schaack that complexes of
Ad vectors and polylysine enhanced transduction in 3T3-L1



