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was stronger than the PGK1 promoter (515 b) by
1.2-fold in terms of FVIII expression activity. Since
the g-actin minimum promoter was stronger than
the PGK1 promoter and was short enough to
construct 5.1-kb AAV vectors carrying the BDD FVIil
cDNA, we used the p-actin minimum promoter to
produce AAV vectors carrying the BDD FVill gene.

Expression of Lac Z gene by the B-actin
minimum promoter in vivo

To confirm that the p-actin minimum promoter can
express a transgene in vivo, AAV vectors carrying
the Lac Z gene located in the downstream of the g-
actin minimum promoter (AAV1-g-actin-Lac Z,
AAV8-p-actin-LacZ) were injected to wild-type
mice and expression of the Lac Z gene was studied
by X-gal staining. When AAV1-p-actin-Lac Z was
injected to the skeletal muscles of lower extrem-
ities of wild-type mice, Lac Z gene expression was
observed in muscle fibers as shown in Fig. 2A. No
apparent Lac Z gene expression was observed in
other organs in the AAV1-p-actin-Lac Z injected
mice (not shown), suggesting that transgene ex-
pression in other organs was minimum. Lac Z gene
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Figure 2 Expression of the Lac Z gene in mice
transduced with AAV vectors carrying the Lac Z gene
located downstream of the (-actin minimum promoter.
X-gal staining of the skeletal muscles of mice with
intramuscular injection of AAV1-B-actin-Lac Z (A) and of
the liver of mice with intravenous injection of AAV8-3-
actin-Lac Z (B) is shown.

expression of mice with intravenous injection of
AAV8-B-actin-Lac Z mainly was observed in the liver
as shown in Fig. 2B. Lac Z gene expression also was
observed in other organs including the heart, lung,
and skeletal muscles in accordance with the
previous report [16]. The liver could be transduced
with intravenously injected AAV8-g-actin-Lac Z
almost as efficiently as intraportally injected
vectors (not shown).

Expression of FVIHiIl by AAV vectors carrying
the BDD cFViil gene

AAV1-3-actin-FVIIl vectors were injected into skel-
etal muscles of hemophilia A mice and AAV8-3-
actin-FVIil vectors were intravenously injected into
the cervical vein plexus of hemophilia A mice. FVIII
clotting activities of citrated plasma drawn from
mice were measured by the APTT method using
FVlll-deficient human plasma. '
FVIII clotting activities in mouse plasma in-
creased on days 14 and 28 after AAV1 vector
injection. The increase of FVill clotting activities
on day 28 after injection was dose-dependent. The
FVIIf activity levels in peripheral blood increased to
2.9 +1.0% in hemophilia A mice with the AAV1-p-
actin-cFVIll dose of 1x10'* gc/body (Fig. 3),
suggesting partial correction of the phenotype with
AAV1-p-actin-cFVIIl vectors. After these periods,
FVIIl activities decreased to the basal levels of mice
before vector injection. FVIIl antigen levels in-
creased in parallel with levels of FVIlI activity,
confirming expression of cFVIIl transgene in mice
(not shown). Analyses for antibody against trans-
gene products showed that neutralizing antibodies
developed in 4 out of 6 tested mice by week 12
after vector injection, although the antibody titers
were not high (Table 1). The RT-PCR analysis and
the immunohistochemistry study suggested the
presence of the transgene transcripts and products
in the vector-injected muscles, suggesting that
decrease of FVIIl levels may be accounted for by
the presence of neutralizing antibody to cFVIL.
FVIl clotting activity levels in hemophilia A mice
with intravenous injection of AAV8-p-actin-cFVIil
also were increased dose-dependently on day 28,
achieving therapeutic FVIIl levels (5—90%) in he-
mophilia A mice with the AAV8-g-actin-cFVIIl doses
of 1-3x10"" gc/body and supernormal FVIil levels
(180-670%) were achieved in hemophilia A mice
with the AAV8-p-actin-cFVIll dose of 1x10'? gc/
body (Fig. 4). These data on AAV8 vector-trans-
duced FVIII expression were almost comparable
with the results of the previous study using the
single AAV8 vector carrying the BDD cFVIil gene [6],
suggesting that p-actin minimum promoter almost
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Figure 3  FVIIl levels in plasma of hemophilia A mice Figure 4  FVIIl levels in plasma of hemophilia A mice

after intramuscular injection of AAV1-3-actin-cFVIil. FVIll
clotting activity levels expressed in plasma of hemophilia
A mice (n=4) on day 28 after intramuscular injection of
AAV1-B-actin-cFVIil are shown in panel A. Activity levels
of cFVIIl in peripheral blood of hemophilia A mice with
injection of AAV1-p-actin-cFVIll (circles, 1x10'" gc/
body: squares, 5x 10" gc/body: triangles, 1 x10'? ge/
body) are shown in panel B.

worked as efficiently as the chimeric [GBP promot-
er complexes. High-level expression of FVII in the
vector-injected hemophilia A mice was sustained
for more than 12 weeks. No apparent neutralizing
antibody developed during the 12-week period
after vector injection (Table 1). FVIil antigen levels
also increased in parallel with FVIII activity levels,
confirming expression of the cFVIll transgene in
mice (not shown). The antigen levels of cFVIll
determined by the ELISA for human FVIIl were
approximately 1/5 of the FVIII activity levels

Table 1 Neutralizing antibodies against cFVIII
developed in hemophilia A mice
_ Inhibitor positive mouse
AAVICFVIIL 476 (66.7%) 9.4 £9.5°

AAVBCFVIIl  0/9 (0%) Not detected

2 Neutralizing antibodies detected by week 12 after vector
injection.

Bethesda units/mL

after intravenous injection of AAV8-3-actin-cFVIIl. FVIlI
clotting activity levels expressed in plasma of hemophilia
A mice (n=4, each group) on day 28 after intravenous
injection of AAV8-p-actin-cFVllI are shown in panel A.
Activity levels of cFVIll in peripheral blood of hemophilia
A mice (n=4, each group) with injection of AAV8-p-actin-
cFVIIl (circles, 1x10"" gc/body; squares, 3x10'" gc/
body; triangles, 1x 10" gc/body) are shown in panel B.

determined by the APTT method. Analyses for
cFVIIl transcripts suggested that the cFVIll gene
mainly was expressed in the liver (Fig. 5) together
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Figure 5 Analysis for cFVIIl transcripts in mice. The RT-
PCR analyses for the transcripts derived from the cFVIll
gene (cFVIIl) of RNA isolated from hemophilia A mouse
organs without (control) or with intramuscular injection
of AAV1-B-actin-cFVIIl vectors (AAV1cFVIII) or intravenous
injection of AAV8-B-actin-cFVIil vectors (AAVBCFVIII) are
shown. For the control, the RT-PCR analysis for mouse
GAPDH (Mouse GAPDH) of RNA isolated from hemophilia A
mice with or without injection of AAV-B-actin-cFVIll
vectors was performed simultaneously.
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Figure 6

Immunohistochemical Analysis for cFVill transgene products. Immunohistochemistry for cFVIIl of the skeletal

muscles of hemophilia A mice with intramuscular injection of AAV1-B-actin-cFV!il vectors (A) and the liver of hemophilia
A mice with intravenous injection of AAV8-B-actin-cFVIll vectors (C) is shown (positive stain: brown). For the control,
sections of the skeletal muscles (B) and the liver (D) obtained from hemophilia A mice witheut vector injection were

processed simultaneously with anti-FVIIl antibodies.

with the traceable expression in the heart, lung,
and spleen (not shown). In accordance with the
data on cFVIlI transcripts, cFVill molecules were
immunohistochemically detected in the skeletal
muscles of AAV1-g-actin-cFVIll injected mice and in
the liver of mice with intravenous injection of
AAV8-p-actin-cFVIil (Fig. 6).

Discussion

Because of the size and nature of the FVIII gene
(cDNA), there were difficulties in hemophilia A
gene therapy compared with gene therapy for
hemophilia B. These difficulties were solved by
efforts of many investigators that allowed use of a
modified FVII gene such as BDD FVIill cDNA,
improved vector systems, and new strategies.
Based upon these studies, a few clinical trials of
hemophilia A gene therapy were conducted [17—
19]. Increase of FVIIl activities in the circulation
and clinical improvements were observed in
patients who received vector injection or trans-
plantation of genetically modified cells. However,
long-term expression of FVIII from the transgenes
was not achieved in these studies. Thus, reexami-

nation of the vector systems, the target organs for
transduction, and the promoters may be required.

The recombinant AAV vectors are thought to be
one of the better vectors in terms of its capability
to transduce non-dividing cells and long-term
transgene expression, although delivery of the FVill
gene using AAV vectors were limited by its small
packaging capacity [4]. The dual AAV vector system
utilizing separate AAV2 vectors independently car-
rying the FVIII heavy chain gene and the FVIII light
chain gene could express functionally active FVill
[5]. However, there was an imbalance in the
expression levels of the FVIIl heavy chain and FVIll
light chain, suggesting that over-expressed free
FVIIl light chain molecules might be more immuno-
genic than the native molecules. The BDD FVill gene
could be packaged in AAV2 or AAV8 vectors in the
previous studies and these vectors could efficiently
transduce the liver with intraportal injection of the
vectors [6]. Transduction of the liver with periph-
eral vein injection of AAV8 vectors was as efficient
as portal vein injection of vectors, although that of
AAV2 vectors was not [6].

The liver would appear to be the appropriate
target organ for transduction because FVIII is
physiologically synthesized in this organ, so FVII
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synthesis in hepatocytes and its subsequent secre-
tion into the circulation may be warranted. Howev-
er, if any adverse reaction to the therapy occurs,
removal of the liver would be an unacceptable
solution. In fact minor liver dysfunction upon AAV2
vector injection into the hepatic artery was
reported in clinical trials for hemophilia B gene
therapy. In this respect, surgically removable organs
such as skeletal muscles may well be the alternative
target organs. AAV1 vector-based transduction of
the skeletal muscles has beneficial characteristics of
removing the transgenes. This is the first report of
sufficient expression of FVIIl in the skeletal muscles
transduced with AAV vectors and suggests that
skeletal muscle-directed FVIlIl expression has a
potential for hemophilia A gene therapy.

Compared with synthesis and secretion of FVIII
into the circulation from the liver, transport of
sufficient FVIlI into the circulation from the skele-
tal muscle fibers is not assured. Based upon our
data, it is apparent that transduction of the liver
with AAV8-p-actin-cFVIIl is superior to transduction
of skeletal muscles with AAV1-p-actin-cFVIH re-
garding FVIlI production. The difference between
FVII levels in the peripheral blood of these vector-
injected mice may be due to how the transduced
cells secrete FVIIl molecules into the circulation.
Hepatocytes actively secrete a variety of molecules
including FVIIl into the circulation. Since recombi-
nant cFVIll is in a BDD form, its expression in and
secretion from hepatocytes is expected to be
better than native FVIII [20], accounting for the
high cFVHI expression in mice with intravenous
injection of AAV8 vectors carrying the cFVlll gene
though cFVIll expressing hepatocytes were not
abundant. Although muscle fibers are surrounded
by capillaries, transport of recombinant FVIII mol-
ecules from muscle fibers to capillaries would not
be as efficient as that from hepatocytes.

In terms of the immune reaction to transgene
products, muscle stem cells have been shown to
function as antigen-presenting cells, suggesting
that expression of the transgene by the ubiquitous
promoter in the skeletal muscles might lead to
development of antibodies against the transgene
products if there is no immune tolerance to the
transgene products [21]. This was confirmed by
Wang et al. [22]. Neutralizing antibody formation
was observed in 66.7% of mice with AAVicFVIII
injection even with administration of immunosup-
pressant, while it was not observed in mice with
AAV8-p-actin cFVIII injection by week 12 after
vector injection, supporting the potential advan-
tage of AAV8 vector-based transduction of the liver
over the muscle-directed transduction by AAV1
vectors.

Each vector system has advantages and disadvan-
tages in these respects. We may need to confirm the
results obtained in hemophilia mice using dogs and
non-human primates that genetically are more close
to humans because there may be differences in
transduction efficiency of various serotypes be-
tween mice and humans [23]. Taken together, we
may need to perform a comparative study using
another animal models such as hemophilic dogs and
non-human primates that are more genetically close
to humans than mice to address these questions.
Additionally, use of tissue-specific promoters to
minimize neutralizing antibody formation may be a
better strategy for expressing transgenesin a tissue-
and organ-specific manner. These experiments will
be performed in future studies.

In conclusion, our data suggested that both AAV1
and AAVS vectors carrying the FVIIl gene utilizing a
minimum promoter have the potential for hemo-
philia A gene therapy. Our present studies have
provided important insight about selecting the
appropriate target for delivery of the therapeutic
genes and the vector system for the hemophitia A
gene therapy.
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Abstract

Huntington disease (HD) is a fatal progressive neurodegenerative disorder associated with expansion of a CAG repeat in the first exon of
the gene coding the protein huntingtin (htt). Although the feasibility of RNA interference (RNAi)-mediated reduction of htt expression to
attenuate HD-associated symptoms is suggested, the effects of post-symptomatic RNALI treatment in the HD model mice have not yet been
certified. Here we show the effects of recombinant adeno-associated virus (rAAV)-mediated delivery of RNAI into the HD model mouse
striatum after the onset of disease. Neuropathological abnormalities associated with HD, such as insoluble protein accumulation and
down-regulation of DARPP-32 expression, were successfully ameliorated by the RNAI transduction. Importantly, neuronal aggregates
in the striatum were reduced after RNAI transduction in the animals comparing to those at the time point of RNAI transduction. These
results suggest that the direct inhibition of mutant gene expression by rAVV would be promising for post-symptomatic HD therapy.

© 2006 Elsevier Inc. All rights reserved.
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Huntington disease (HD) is an autosomal dominant neu-
rodegenerative disorder, characterized by cognitive abnor-
malities and involuntary movements. Selective loss of brain
neurons and the formation of intranuclear aggregates were
observed [1]. HD is resulting from polyglutamine repeat
(CAG repeat: polyQ) expansion in the protein huntingtin
(htt). Expanded polyQ alters the protein conformation and
then recruits many essential proteins such as transcription-
regulating proteins, molecular chaperones, and ubiquitin-
binding proteins [2-6]. Mutant htt also impairs the function
of the ubiquitin-proteasome system [4,7] and also induces
mitochondrial calcium defects [8].

For therapeutic treatment of HD, several substances,
such as Congo red and trehalose, have beneficial effects to
inhibit oligomerization or stabilize polyQ bearing molecules

“ Corresponding author. Fax: +81 48 462 4796.
E-mail address: nukina@brain.riken.jp (N. Nukina).

0006-291X/3 - see front matter © 2006 Elsevier Inc. All rights reserved.
doi: 10.1016/j.bbrc.2006.02.141

[9,10]. These approaches targeted downstream of mutant
protein expression. In contrast, gene silencing by RNA
interference (RNAI) targets mRNA of mutant protein in a
sequence-specific manner and reduces mutant protein
expression [11]. Introduction of 21-nt short interfering
RNAs (siRNAs) into mammalian cells effectively inhibits
endogenous genes without a non-specific viral response.
Vector-based synthesis of siRNAs became available to use
in various cells and tissues [12-14]. Taking advantage of this
approach, gene silencing of mutant mRNA through RNAi
provides a direct approach in the treatment of
neurodegenerative diseases. Lentiviral vector-mediated
delivery of short hairpin siRNAs (shRNAs) targeting
SODI1 (superoxide dismutase 1) to the SOD1 mutant mouse
resulted in the delayed onset, improvement of behavioral
defects, and protection from neuronal degeneration in the
spinal cord [15]. shRNAs targeting ataxin-1 were also deliv-
ered to the cerebellum by recombinant adeno-associated
virus (rAAYV) to improve pathological abnormalities, reduc-
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ing the intranuclear inclusions and restoring the cerebellar
morphology [16]. In HD, many studies have suggested toxic
gain-of-function by mutant htt plays a role, thus a gene
silence strategy is likely a promising therapy for HD. More
recently, injection of vector-based shRNA against hunting-
tin improved motor disturbance and neuropathological
abnormalities [17,18]. Furthermore, introduction of synthe-
sized siRNA against htt delayed disease onset with the
improvement of motor disturbance, neuropathological
abnormalities, and longevity in the HD model mouse
[15,19]. However, these RNAI treatments were provided
at the early pre-symptomatic stage of neurodegenerative
~ disorder in each transgenic model.

Previously, a conditional model of HD using a tetracy-
cline-regulation system showed that mice expressing a
mutated htt fragment demonstrated neuronal inclusions
and progressive motor dysfunction [20]. In this model,
blocking expression in symptomatic mice led to the disap-
pearance of inclusions and amelioration of the behavioral
phenotype. Thus, reduction of htt expression by RNAI
may attenuate HD-associated symptom progression even
if treatment is carried out after the onset of symptoms. In
this study, taking advantage of truncated htt-EGFP trans-
genic mouse in which the aggregates are visualized by
EGFP fluorescence, we investigated the neuropathological
changes in HD model mice by suppression of transgene
with shRNAs delivered by rAAV.

Materials and methods

HD model mouse. The HD190QG transgenic mouse was used as a HD
model in this study. The HD190QG transgenic mouse harbors mutant
truncated N-terminal htt containing 190 CAG repeats fused with EGFP in
its genome. This animal shows progressive motor abnormality, and neu-
ropathology such as formation of aggregates in brain, and shorter viability
{21]. All the experiments with mice were approved by the Animal Exper-
iment Committee of the RIKEN Brain Science Institute.

Construction and production of rAAV. Ten candidate sequences for
short hairpin RNAs targeting EGFP mRNA were ligated into a pSilencer
A plasmid (Ambion, Inc., Austin, TX). Neuro2a cells were co-transfected
with each shRNA in pSilencer and EGFP expression vector pEGFP-NI1
(BD Biosciences Clontech, Palo Alto, CA). The effect of gene silencing was
evaluated by Western blot analysis using GFP antibody (Roche Molecular
Biochemicals, Indianapolis, IN) to choose an effective sequence of sShRNA
(shEGFP) and non-effective sequence as a control (shEGFPcontrol). The
shEGFP expression cassette containing U6 promoter was obtained by
PCR with primers containing a Hind III restriction site, forward primer:
5'-CCCAAGCTTGGGATCTTACCGCTGTTGAGA-3' and reverse
primer: 5-CCCAAGCTTGGGCCACACTTCAAGAACTC-3'. The
monomeric red fluorescence protein (mRFP) ¢cDNA was derived from
mRFP1 in pRSET}3 [22] and ligated into pcDNA3 (Invitrogen Corpora-
tion, Carlsbad, CA). The shEGFP expression cassette was ligated into a
proviral vector plasmid bearing inverted terminal repeats derived from
AAV2 or AAVS (pAAV-LacZ or pAAV5-RNL) to create pAAV2-shE-
GFP or pAAVS5-shEGFP. mRFP expression cassette driven by CMV
promoter was also inserted into the vector plasmid to visualize trans-
duction (Fig. 1A). rAAV-shEGFP and rAAV-shEGFPcontrol were pre-
pared according to three-plasmid transfection protocol described
previously [23,24]. The viral stock was titrated by dot-blot hybridization
with plasmid standards to make a stock of 1 x 10'® genome copies/pl.

In vitro assay of shRNA effect. HEK 293 cells was transfected with the
pEGFP-NI or plasmids expressing N-terminal htt exon 1 gene containing

16, 60, and 150 CAG repeats fused with EGFP (Nhtt16QG, Nhtt60QG,
and Nhtt150QG, respectively). Four hours after transfection, rAAV2-
shEGFP or shEGFPcontrol was added to the culture medium at 1 x 10°
genome copies/cell. The EGFP fluorescence intensity was analyzed by the
Cellomics™ Array Scan®VT" System (Beckman Coulter Inc., Fullerton,
CA) after 48 h of viral transduction. The relative level of GFP intensity
within the RFP-positive area transduced with rAAV-shEGFP or rAAV-
shEGFPcontrol was estimated.

Virus injection into the mouse brain. Virus injection was performed by
using the following coordinates with respect to the bregma; 0.5 mm anterior,
2 mm lateral, 3 mm depth, 0.3 pl/min infusion rate, and 3 pl per site. An
equal amount of buffer was simultaneously injected into the contralateral
side of the brain. The viral injection was carried out at the age of 8 weeks or
12 weeks, and analysis was performed at the age of 24 weeks.

Detection of virus transduction and aggregates by fluorescent imager.
Mouse brains were perfused and fixed overnight with 4% paraformalde-
hyde. Serial-cut 40-micrometer sections were analyzed with a laser-scan-
ning imaging system (Molecular Imager FX; Bio-Rad Laboratories,
Hercules, CA) with an external laser (Bio-Rad Laboratories). Sections
were imaged using the 488-nm laser with the standard 530 bandpass
emission filter for detection of GFP fluorescence and 532-nm laser with the
standard 640 nm bandpass emission filter for detection of RFP fluores-
cence as described previously [21].

Immunohistochemisiry and aggregate count. Serial-cut 40-micrometer
free-floating sections were used for immunohistochemistry. Sections were
treated with anti-RFP antibody (Clontech) followed by AlexaFluor 568-
labeled anti-rabbit secondary antibody (Molecular Probes). Aggregates
were counted using images of immunohistochemistry with antibodies
against EGFP (Nacalai Tesque, Inc., Kyoto, Japan), htt (Chemicon
International, Inc., Temecula, CA), and ubiquitin (Dako, Glostrup,
Denmark) followed by detection using ABC Elite kit (Vector Laborato-
ries, Inc,, Burlingame, CA). The number of aggregates was calculated
using MacSCOPE (Mitani, Tokyo, Japan) after normalizing the contrast
and brightness of the digital images as described previously [10].

Filter trap assay. The striatum, cortex, and hippocampus were sampled
and homogenated in 5 volumes of IMAC buffer (20 mM Hepes, pH 74,
140 mM potassium acetate, | mM magnesium acetate, and 1 mM EGTA
with EDTA-free complete protease inhibitor cocktail tablets; Roche) with
seven strokes using the digital homogenizer (As One, Osaka, Japan) at
1000 rpm. Homogenate containing 10 pg of protein was diluted with
0.2 m! of 2% SDS and filtered through a 0.2 pum cellulose acetate mem-
brane (Advantec Toyo Roshi Kaisha Ltd., Tokyo Japan). Captured
insoluble protein was detected by incubation with antibodies against GFP
(Roche) and htt (Chemicon) followed by incubation with secondary
antibodies and fluorescence substrates. Insoluble protein was quantified
using LAS-1000plus/Image Gauge software (FUJIFILM, Tokyo, Japan).

In situ hybridization. For in situ hybridization, serial-cut 40-micrometer
sections and non-radioactive digoxigenin-labeled cRNA probe against
DARPP-32 (the dopamine- and cAMP-regulated phosphoprotein, Mr
32,000) were used as described previously (21].

Quantitative RT-PCR. Total RNA was extracted from the striatum
using TRIZOL® Reagent (Invitrogen). Contaminating genomic DNA was
removed with RQ1 RNase free DNase (Promega, Madison, WI) and 2 pg
of total RNA was used for RT-PCR using Superscript™III First-Strand
Synthesis System {Invitrogen). TagMan PCR was performed using the
TaqMan primer and probe sets as described [21]. Expression of GAPDH
was estimated in each sample using the same methods for normalization.

Statistical analysis. Statistical significance was determined by Student’s
1 test using StatView 5.0 (SAS Institute Inc., Cary, NC).

Results
Gene silencing by rAAV-shRNA

In vitro screening was used to identify the efficiency of
mRNA ablation of shRNAs directed to EGFP and
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Fig. 1. rAAV-shEGFP reduced GFP expression in vitro. (A) AAV-shEGFP viral vector construct. ITR, inverted terminal repeat. CMV and U§
promoters were used for RFP and shEGFP. (B) Fluorescence photomicrographs of HEK-293 cells transfected with EGFP, Nhtt16QG, Nhtt60QG, and
Nhttl S0QG expression vectors and transduced with rAAV-shEGFP or rAAV-shEGFPcontrol, respectively. The photograph was taken after 48 h after
viral transduction. Scale bar refers to all panels, 100 um. (C) The relative level of GFP fluorescence intensity of rAAV-shEGFP transduced cells was
compared to that of shEGFPcontrol transduced cells. The relative level of GFP fluorescence intensity of rAAV-shEGFPcontrol transduced cells (black
bars); rAAV-shEGFP transduced cells (white bars). Values are given as means £ SEM (n = 3). p <0.001.

EGFP-fused truncated htt-polyQ. EGFP-fused truncated
htt-190Q is identical to the pathogenic transgene present
in the HD190QG mouse [21]. The gene silencing function
of 10 candidate shRNA sequences targeting EGFP was
evaluated by the EGFP expression of co-transfected
Neuro2A cells with shRNA and EGFP (data not shown).
An shRNA targeting EGFP sequence 5'-GCAAGCTG
ACCCTGAAGTTCAT-3' (shEGFP) successfully reduced
EGFP and EGFP-fused truncated htt expression signifi-
cantly. Another shRNA targeting EGFP sequence 5'-GT
TCATCTGCACCACCGGCTT-3’ had no gene silencing
effect and was therefore used as a control (shEGFPcon-
trol). We next constructed an AAV-based vector
(Fig. 1A). To test whether rAAV-mediated delivery of
shEGFP could silence gene expression from EGFP or
EGFP-fused truncated htt-polyQ, HEK293 cells were first
transfected with EGFP or EGFP-fused truncated htt-pol-
yQ expression vectors (EGFP, Nhtt16QG, Nhtt60QG,
and Nhtt150QG, respectively), and subsequently trans-
duced with rAAV2-shEGFP or rAAV2-shEGFPcontrol.
shEGFP, but not shEGFPcontrol, significantly decreased
GFP fluorescence intensity (Fig. 1B). The GFP intensity
levels of sShEGFP compared to those of shEGFPcontrol
transduced cells were 0.43+0.014, 0.37 £0.033,
0.50 +0.032, and 0.58 +0.027 (mean + SEM, n=15), in
EGFP, Nhtt16QG, Nhtt60QG, and Nhtt150QG, respec-
tively (Fig. 1C).

" Expression and effect of shRNA in the mouse brain

rAAV5-shEGFP was injected into one side of the stria-
tum and the same amount of buffer was injected into the
other side of the striatum at 12 weeks old. The treated mice
were sacrificed at 24 weeks old and serial-cut 40-microme-
ter sections were observed with laser-scanning imaging
system. RFP fluorescence was expressed in the rAAVS-
shEGFPinjected region and could show the infected cells
(Fig. 2A). GFP fluorescence intensity was preferentially
detected in the striatum, whereas the signal was decreased
in the RFP-positive area. Further analysis at a higher mag-
nification revealed that GFP fluorescent aggregates were
absent in the RFP-positive neuronal cells up to three
months after transduction of shEGFP in the striatum
(Fig. 2B). In contrast, aggregates were abundantly
observed in the contralateral side of the striatum. RFP
expression was detected in the striatum as well as the cor-
tex, lateral globus pallidus, hippocampus, and substantia
nigra. However, reduction of GFP-positive aggregates
was preferentially observed in the striatum, cortex, and
hippocampus (data not shown).

Reduction of aggregate formation by shEGFP

Immunohistochemistry was performed using antibodies
against GFP, htt, and ubiquitin. GFP and hit antibodies
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Fig. 2. rAAV-shEGFP transduction in the mouse brain decreases EGFP-positive aggregates (direct observation of EGFP fluorescence). {A) A montage of
rostral-to-caudal coronal sections illustrates the extent of expression of RFP and EGFP in the brain. Three microliters of buffer was injected into striatum;
sham, and rAAV-shEGFP was simultaneously injected into the contralateral side; shEGFP. Dark areas show fluorescent signal. Scale bar is 1 mm and
refers to all panels. (B) EGFP fluorescence of the ShEGFP-transduced striatum in high magnification. EGFP fluorescence was directly observed, while
RFP was detected by anti-RFP because of the weak fluorescence after fixation. Scale bar is 20 ym and refers to all panels.

detect nuclear aggregates as well as cytoplasmic aggregates, age. Then, tremor, ataxia, and involuntary movements

and ubiquitin antibody detects large nuclear aggregates in
HDI90QG and R6/2 HD transgenic mice [10,21,25]
Reduction of aggregates is one of the indicators for the
improvement of pathology in the HD mouse model
[9,10,17,19]. In the HD190QG transgenic mouse, aggregate
formation was first observed in the striatum at 4 weeks of

were observed at 6 weeks [21]. The shRNA was delivered
to the striatum in 12 weeks old HD190QG mice to investi-
gate the RNAI effects on disease pathology. At 24 weeks,
mice brains were prepared for histological study. Immuno-
histochemistry was performed using antibodies against
GFP, htt, and ubiquitin (Fig. 3A). The number of aggre-
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Fig. 3. shEGFP decreased antibody-positive aggregates and ameliorated aggregation pathology. (A) Representative images show GFP-, htt-, and
ubiquitin-positive aggregates in the sham-injected or ShEGFP-transduced striatum. Scale bar is 20 um and refers to all panels. (B-D) Number of
aggregates in the striatum is shown. rAAV-shEGFP was injected into the striatum at 12 weeks old and analyzed at 24 weeks old. The bars indicate
aggregate number in the sham-injected striatum at 24 weeks old (1), ssEGFP-transduced striatum at 24 weeks old (2), non-treated 12 weeks old HD190QG
striatum, at the time point of sShRNA transduction (3), and non-treated 24 weeks old HD190QG, as non-treatment control (4). The graphs show the
number of GFP-positive aggregates (B) htt-positive aggregates (C), and ubiquitin- positive aggregates (D). Data are shown as average + SEM (Y axis
mdlcates the number of aggregates/mm°. Sham-injected, shEGFP-transduced, and 12 weeks old control striatum; n = 3, 24 weeks old control striatum;
n=4). "p<0.0001. (E) Quantitative analysis of filter trap assay indicates relative amount of insoluble protein in the treated stnatum The relative
fluorescence levels of sham-injected side (black) and shEGFP-transduced side (white) are shown as the average + SEM (n = 4). p <0.0001.
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gates in the shEGFP-transduced striatum was much
reduced than that in sham-injected striatum. The number
of GFP-positive aggregates in ShEGFP-transduced stria-
tum was decreased to 19.4% of GFP-positive aggregates
in sham injection striatum (Fig. 3B, bars 1 and 2). The
number of htt-positive aggregates in ShEGFP-transduced
striatum was reduced to 17.7% of sham injection
(Fig. 3C, bars 1 and 2), and the number of ubiquitin-posi-
tive aggregates in shEGFP-transduced striatum was
reduced to 34.1% of sham injection (Fig. 3D, bars 1 and 2).

Furthermore, the number of aggregates in shEGFP-
transduced striatum was significantly less than the number
of aggregates formed in the striatum at the same age of
shEGFP-transduction (Figs. 3B-D, bars 2 and 3). In this
study, shEGFP-transduction was performed at 12 weeks
old. The number of aggregate in shEGFP-transduced stri-
atum at 24 weeks old was compared to that in 12 weeks old
transgenic mice. The number of GFP-positive aggregates in
shEGFP-transduced striatum was decreased to 26.8% of
GFP-positive aggregates in 12 weeks old transgenic mice
striatum (Fig. 3B, bars 2 and 3). The number of htt-positive
aggregates in shEGFP-transduced striatum was reduced to
41.1% of 12 weeks old transgenic mice striatum (Fig. 3C,

bars 2 and 3), and the number of ubiquitin-positive aggre- |

gates in shEGFP-transduced striatum was reduced to
42.9% of 12 weeks old transgenic mice striatum (Fig. 3D,
bars 2 and 3). These results suggest that ShEGFP was effec-
tive not only for inhibition of aggregation formation but
also for clearance of aggregates that already existed in
the nucleus and cytoplasm. The number of aggregates in
the sham injection site was similar to that in the 24 weeks
old transgenic mouse (Figs. 3B-D, bars 1 and 4). This
result certifies that the injection procedure did not affect
aggregation formation in the striatum. The number of
aggregates was also not affected by rAAV-shEGFPcontrol
transduction (data not shown).

We further investigated the effect of ShEGFP on the
accumulation of insoluble protein in the brain. In the
HD190QG mouse brain, insoluble proteins including intra-
and extra-nuclear aggregates increased in an age-dependent
manner [21]. Filter trap assays revealed that insoluble
protein accumulation was significantly suppressed in
the shEGFP-transduced region compared to that in the
sham-treated striatum, whereas it was not changed in the
cortex. The reduction was 73% in the striatum and 5% in
the cortex (Fig. 3E). Similar results were also obtained
using htt antibody (data not shown).

Restoration of DARPP-32 expression by shRNA

To investigate the effect of sShEGFP on striatal-specific
transcripts, we first performed in situ hybridization using
DARPP-32 probe, because DARPP-32 is known to be
down-regulated in HD mouse [21,26]. We found the ten-
dency of restored -expression of DARPP-32 (Fig. 4A).
Thus, we carried out the quantitative TagMan RT-PCR
analysis and confirmed that DARPP-32 and enkephalin

mRNA expression was higher in the shEGFP-transduced
striatum than the sham-injected side (Fig. 4B), suggesting
that those gene expressions were partially restored.

Discussion

In this study, we demonstrated that neuropathological
abnormalities associated with HD, such as insoluble pro-
tein accumulation and down-regulation of DARPP-32
expression, were successfully ameliorated by RNAI trans-
duction. Following shRNA transduction, the number of
neuronal aggregates in the striatum detected by ubiquitin
antibody was reduced to 34.1% of that in the sham-treated
striatum. Importantly, the number of aggregates in the
shEGFP-transduced striatum was less than that in the stri-
atum at the same time point of RNAIi transduction.

Various treatments have shown an improvement of HD-
associated abnormalities including pathological and behav-
ioral deficits in a mouse model of HD [9,10,27-30]. Most
treatments targeted downstream and possibly indirect effect
of disease allele of htt, resulting in the delayed disease pro-
gression. Silencing of mutant gene expression was demon-
strated using a conditional mouse mode! of HD [20].
Inhibition of mutant gene expression provides a direct
approach to treat neurodegenerative diseases caused by
toxic gain of function. RNAI is promising as a powerful
tool for targeting gene knockdown. The silencing effect of
synthesized siRNA injection was sustained more than 14
days in the newborn mouse brain to delay onset and pro-
long the life span of R6/2 [19]. In contrast, vector-based
RNAI stably persisted more than 2-5 months after trans-
duction, resulting in the improvement of motor dysfunc-
tion and neuropathological abnormalities [17,18]. AAVS
is efficient to transduce neuronal cells in the mouse brain
[17,31,32]), and shRNA expression by U6 promoter has
been reported in mouse striatum [17]. Here we showed a
drastic improvement of HD pathology in the mouse brain
by rAAVS-mediated delivery of shRNA even the transduc-
tion was performed after the pathology appeared.

RNAi-mediated strategy has been performed as a
pre-symptomatic treatment in the previous studies. We
investigated whether RNAI treatment is functional on the
pathology in the HD model after onset of disease. Gene
silencing effects were observed at 2 weeks after virus injec-
tion in the symptomatic brain (data not shown), and the
effect lasted for more than 3 months. Aggregate formation
was effectively inhibited by shRNA transduction and the
number of aggregates was decreased significantly com-
pared with that in animals at the age of transduction. This
result suggests that AAV-mediated delivery of shRNA
could realize stable acquired gene knockdown in the trans-
genic mouse, and aggregate pathology was ameliorated as
reported previously [20].

Expression of mutant htt leads to a decreased level of a
subset of striatal-specific mRNAs of the HD190QG, R6/2,
and R6/1 mouse [18,21,26]. DARPP-32, which is predom-
inantly expressed in striatum, was down-regulated by 50%
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Fig. 4. shRNA restored DARPP-32 and enkephalin expression. (A) In situ hybridization of DARPP-32 at 24 weeks old after rAAV-shEGFP injection into
the striatum at 9-week-old. Scale bar shows 1 mm. Higher magnification images of striatum are shown in inset, respectively, and scale bar is 20 um. (B)
" DARPP-32 and enkephalin mRNA expression in striatum was determined by TagMan RT-PCR analysis at 24 weeks after rAAV-shEGFP injection into the
striatum performed at 12 weeks old. The expression levels of mRNA were normalized by that of GAPDH. DARPP-32 showed a significant increase in the
shEGFP-injected side and enkephalin showed not significant but the tendency to restore. The values are given as means + SEM (n =3). p <0.05.

in the 8-week-old HD190QG mouse compared with wild-
type [21]. Here, we showed the restoration of DARPP-32
expression. Although the pathology was improved as
shown in this report, we could not observe apparent
improvement of the symptom or life span in this experi-
ment. This is partly due to the injection was performed
only in the one side to confirm the amelioration of the
pathology and due to the injection time point, which
restricted the full restoration of the function. Further study
to determine the critical time of viral transduction for the
functional recovery is necessary.

In this study, we used shRNA against EGFP for
HD190QG mouse to suppress only the transgene. This
shEGFP is designed to modulate mutant htt expression
in our animal model but not applicable to the clinical inves-
tigation of human HD gene therapy. Although either
siRNA or shRNA against htt was produced and investigat-
ed previously [17-19], this siRNA sequence reduced not

only mutant htt but also wild-type htt simultaneously.
Since wild-type htt is essential to embryogenesis, the com-
plete loss of wild-type htt results in embryonic lethality and
reduction of wild-type htt leads to behavioral abnormali-
ties and neuronal loss [33] In fact, loss of wild-type htt
in YAC128 mice induced motor dysfunction and survival
was worse compared with YAC128 mice expressing wild-
type htt [33]. For these reasons, it is required to design a
siRNA sequence, which selectively silences mutant htt
but not wild-type htt. When a technology is developed to
solve this issue, RNAi-based therapy would be practical
for pre- and post-symptomatic treatment strategy for HD
therapy [15,24].

In summary, we showed that RNAi dramatically
improved HD-associated pathological abnormalities in a
mouse model of HD, although the treatment was carried
out after onset of symptom. Our data suggested that
reduction of mutant gene expression by RNAi would be
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promising to attenuate disease progression in post-symp-
tomatic neurodegenerative disorders.
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The transduction of cancer cells using recombinant adeno-associated virus (rAAV) occurs with low
efficiency, which limits its utility in cancer gene therapy. We have previously sought to enhance
rAAV-mediated transduction of cancer cells by applying DNA-damaging stresses. In this study, we
examined the effects of the histone deacetylase inhibitor FR901228 on tumor transduction mediated
by rAAV types 2 and 5. FR901228 treatment significantly improved the expression of the transgene
in four cancer cell lines. The cell surface levels of alpha v integrin, FGF-R1, and PDGF-R were
modestly enhanced by the presence of FR901228. These results suggest that the superior
transduction induced by the HDAC inhibitor was due to an enhancement of transgene expression
rather than increased viral entry. Furthermore, we characterized the association of the acetylated
histone H3 in the episomal AAV vector genome by using the chromatin immunoprecipitation assay.
The results suggest that the superior transduction may be related to the proposed histone-
associated chromatin form of the rAAV concatemer in transduced cells. In the analysis with
subcutaneous tumor models, strong enhancement of the transgene expression as well as
therapeutic effect was confirmed in vivo. The use of this HDAC inhibitor may enhance the utility
of rAAV-mediated transduction strategies for cancer gene therapy.
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eacetylase Inhibitor Enhances Recombinant

INTRODUCTION

Recombinant adeno-associated virus (tAAV) has been of
considerable interest to developers of clinical gene thera-
pies [1,2]. This is because, unlike adenoviruses, the
introduction of AAV vectors has not been associated with
significant inflammation either experimentally or clini-
cally [3]. Furthermore, diseases associated with AAV have
not been found in human or animal populations. How-
ever, the transduction of cancer cells using rAAV occurs
with very low efficiency, which limits its utility in gene
therapy. Consequently, we have sought to enhance rAAV-
mediated transduction of cancer cells by applying DNA-
damaging stresses such as y-rays or anticancer agents [4-6].

An alternative approach to improving the rAAV-
mediated transduction of tumor cells may be to enhance
transcription in the target cells. One technique to bring
about this event may be to apply a histone deacetylase

(HDAC) inhibitor, since HDAC inhibitors are known to
regulate the transcription of various genes. Significantly,
an HDAC inhibitor increases adenovirus-mediated trans-
duction of cancer cell lines because it enhances the levels
of the viral receptor on the cell surface [7]. On the other
hand, the effects of HDAC inhibitors on rAAV-mediated
transduction of tumor cells have not yet been fully
elucidated. Treatment with an HDAC inhibitor causes
gene expression from a silenced rAAV genome that has
been integrated into the host’s genome to recover [8].
However, TAAV exists mostly as an extrachromosomal
genome rather than as an integrated genome, and this
extrachromosomal form is the primary source of rAAV-
mediated gene expression [9]). Therefore, the HDAC
inhibitor-mediated recovery of expression from the
integrated and silenced genome does not reflect a typical
situation of rAAV-mediated transduction. Whereas no
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ATRTICLE,

clear mechanism has been determined for the effect on
the episomal vector-mediated expression, the histone
deacetylase inhibitor should also contribute to the
enhanced transcription before integration occurs.

Here we show that HDAC inhibitors markedly
enhance the transgene expression immediately after
rAAV-mediated transduction of tumor cells in vitro as
well as in vivo. Our data also suggest that the vector
genome in the cells is in the histone-associated chroma-
tin form, which is capable of superior transcription.

A

HDAC inhibitors may improve tumor cell transduction
by enhancing the acetylation of the histone-associated
chromatin of the rAAV genome.

RESULTS

Effects of FR901228 Treatment on the Transduction of
U251MG Cells with rAAV

To analyze whether an HDAC inhibitor can also improve
rAAV-mediated gene expression soon after the infection,
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FIG. 1. (A) Effects of FR901228 treatment on the transduction of U25TMG cells with rAAV. U251MG cells were infected with 1 x 10% genome copies/cell of
AAV2EGFP in the presence of various concentrations of FR901228. EGFP expression was observed 24 h after infection. (B) Detection of the histone acetylation in
U251MG cells caused by FR901228 treatment. Cells were incubated in the presence or absence of FR901228 for 24 h. The levels of acetylated histone H3 and
histone H3 were determined by Western blot analysis. Histone H3 serves as a loading control. (C) The percentage of EGFP-positive cells at various time points
after transduction with AAV2EGFP in the presence (FR+) or absence (FR—) of 1 ng/ml FR901228 was determined by FACS. Cells were infected with AAV2EGFP at
1 x 10® genome copies/cell. The data shown are the means and standard deviations of three independent experiments. (D) The kinetics of the effect on the
FR901228-assisted transduction of U25TMG cells. Cells were treated with FR901228 at various time points around the transduction with rAAV expressing
luciferase as indicated. Luciferase assay was performed on the luminometer 48 h after the transduction. '
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we transduced U-251MG human glioma cells with EGFP-
expressing rAAV (AAV2EGFP) in the presence of the
HDAC inhibitor FR901228. We found that FR901228
treatment improved the AAV2EGFP-mediated gene
expression in a dose-dependent manner early after the
infection (Fig. 1A). The fact that FR901228 also
enhanced the acetylation of the histones in the cells
was confirmed by Western blot analysis (Fig. 1B). To
assess when gene expression was maximal, we trans-
duced U251MG cells with AAV2EGFP in the presence or
absence of 1 ng/ml FR901228 and assessed EGFP
expression at various time points after transduction
(Fig. 1C). This revealed that the enhancement of gene
expression depended on the incubation period and
required 4 days before the expression reach a plateau.
To analyze the kinetics of the effect on the FR901228-
assisted transduction of U251MG cells, cells were treated
with FR901228 at various time points around the trans-

FIG. 2. (A) Percentage of EGFP-positive A

U251MG cells after transduction with 50

TABLE 1: Relative expression of FGF-R1 and PDGF-R in
U251MG cells treated with recombinant AAV alone (1 x 10*
genome copies/cell) or together with FR901228 (0.3 or 3
ng/ml) for 24 h as analyzed by quantitative PCR

zcorrectedACl (GAPDH - target)

FR901228 (ng/ml) FGF-R1 PDGF-Ra
0 1.00 1.00
0.3 1.28 1.77
3 1.60 230

The relative expression of the target mRNA was determined as the ratio of the expression in
U251MG cells treated with recombinant AAV and FR901228 to that in U251MG cells
treated with recombinant AAV alone. Data are means (n = §).

duction with luciferase-expressing rAAV type 2 (AAV2-
Luc) (Fig. 1D). As a result, the transduction efficiency
peaked when cells were treated with FR901228 at the
time of virus transduction.
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Effects on Receptor Expression and Viral Entry

To determine if FR901228 acted by enhancing the
entry of rAAV, we infected U25IMG cells with
AAV2EGFP in the presence of various concentrations
of FR901228 and then analyzed the EGFP and alpha v
integrin levels in the cells by fluorescence-activated cell
sorting (FACS). This analysis showed that 24 h after
AAV2EGFP infection with 1 ng/ml FR901228, 48% of
the U251MG cells were EGFP-positive, whereas at lower
concentrations of FR901228 only very few cells were
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EGFP-positive (Fig. 2A). However, this FR901228 con-
centration range (0.3-1 ng/ml) only modestly
enhanced the levels of AAV2 coreceptor, alpha v
integrin (Fig. 2B). In addition, when we estimated the
amount of the rAAV genome in the transduced cells by
real-time quantitative PCR analysis, we found that
FR901228 treatment did not significantly affect the
copy number of the rAAV (Fig. 2C). Furthermore, we
also estimated the effect of FR901228 on the expression
of coreceptors for the AAV. FR901228 moderately
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FIG. 3. (A, B) EGFP expression by AAVZEGFP and AAVSEGFP differs depending on the tumor cell being transduced. U251MG or 9L cells were infected with 1 x
10* genome copies/cell of AAV2EGFP (2) or AAVSEGFP (5) in the presence of vehicle (NC) or 1 ng/mi of various HDAC inhibitors, FR901228 (12), FR901464
(14), or TSA. The cells were analyzed by FACS 24 h after the infection. The data show the average percentages of EGFP-positive cells after three independent
transductions + SD. (C) Representative data of the enhanced transgene expression by HDAC inhibitors in various cell lines infected with AAV vectors. Twenty-four
hours after the AAV2EGFP or AAVSEGFP infection at 1 x 10% genome copies/cell with 1 ng/ml of the FR901228 or FR901464, cells were examined under the

fluorescence microscope.
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increased mRNA levels of fibroblast growth factor
receptor 1 (FGF-R1) and platelet-derived growth factor
receptor (PDGF-R), although the augmentation was not
enough to explain the drastic increase of the expres-
sion (Table 1).

Transduction of Tumor Cells with AAV Vectors
Derived from Distinct Serotypes

Type 2 and type 5 rAAV differed from each other in
the efficiency of their transduction of U251MG and
the 9L glioma cells. Although FR901228 and other
HDAC inhibitors (FR901464 or trichostatin A (TSA))
remarkably enhanced the transduction of both rAAVs
in general, AAV2EGFP-mediated transduction of
U251MG cells was more efficient than AAVSEGFP-
mediated transduction while AAVSEGFP-mediated
transduction of 9L cells was better than AAV2EGFP-
mediated transduction (Figs. 3A and 3B). FR901228
and FR901464 also had promoting effects on
AAV2EGFP- and AAVSEGFP-mediated transduction of
the head and neck cancer cell lines HEp-2 and NKO-1
(Fig. 3C).

Chromatin Modification with FR901228

We characterized chromatin composition of the
episomal AAV vector genome by using the chromatin
immunoprecipitation (ChIP) assay. ChIP is a techni-
que to test for the presence of certain DNA-binding

proteins that might modulate chromatin structure
and/or transcriptional characteristics of the specific
region of DNA with which they are associated. We
made use of polyclonal antibodies generated against
histone H3 as well as acetylated histone H3, which
have been linked to chromatin modification and
regulation of transcription. The primers for the
CMV promoter region in the AAV vector genome
gave a higher level of PCR product when used on
templates from FR901228-treated cells compared to
those from cells without FR901228 treatment. Higher
levels of acetylated histone H3 were found on the
CMV promoter region of the AAV vector versus the
GAPDH promoter region of the cellular DNA (Table
2A). In contrast, enrichment of acetylated histone
H3-associated DNA was not significant on plasmid
vector genome irrespective of the presence of the ITR
(Table 2B).

FR901228-Assisted Enhancement of

Tumor Transduction in Vivo

In the analysis using optical bioluminescence imaging of
the subcutaneous tumors, we confirmed drastic
enhancement of the luciferase gene expression in vivo
(Fig. 4A). The signal intensity in animals treated with
FR901228 (n = 5, [1.5 + 0.9] x 10° photons/s/cm?/st)
was 37.4-fold higher than in control animals (n = 3,
[4.0 + 2.4] x 10* photons/s/cm?/sr). A subcutaneous

TABLE 2: PCR amplification of immunoprecipitated DNA

(A) Chromatin composition of episomal AAV vector genome was characterized by using the chromatin immunoprecipitation assay

Ab of interest FR901228
Rabbit 1gG

Rabbit igG
Anti-histone H3
Anti-histone H3
Anti-acety! histone H3
Anti-acety! histone H3

+ 1+ 0+

2correctedACt {GAPDHprom - CMVprom)

<0.001
<0.001
1.0+ 1.8
73+ 14
1.0+ 04

< 0.0001
220 + 0.8]

(B) Cells were transfected with a plasmid harboring the EGFP expression cassette under the CMV promoter (pEGFP) or a plasmid carrying
an identical EGFP expression cassette flanked by ITR regions (pITR-EGFP)

Plasmid Ab of interest
Rabbit 1gG
Rabbit 1gG

Anti-acetyl histone H3

Anti-acetyl histone H3
Rabbit gG
Rabbit 1gG

Anti-acetyl histone H3

Anti-acetyl histone H3

pEGFP

pITR-EGFP

2correctedACt (GAPDHprom — CMVprom)

FR901228

<0.001
<0.001
1.0
1.3
<0.001
<0.001
1.0
+ 1.2

I+ 1+ 1+

U251MG cells were transduced with AAV vector at 1 x 10* genome copies/cell in the presence or absence of 1 ng/mi FR901228. Twenty-four hours after the transduction, chromatin
proteins of interest were cross-linked to DNA by formaldehyde. Shared DNA was immunoprecipitated with histone H3 antibody or acetylated histone H3 antibody to enrich for the CMV
promoter region or GAPDH promoter region. Relative differences in the levels of immunoprecipitated DNA, which are reflective of the levels of the chromatin protein of interest occupying a
particular island, between different promoter regions and cell treatment with FR901228 were quantified by quantitative PCR.
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FIG. 4. (A) FR901228-assisted enhancement
of tumor transduction in vivo. U251MG cells
were mixed with PBS (FR901228—, n = 3) or
transduced with a recombinant AAV2 express-
ing luciferase (AAV2Luc) at 1 x 10* genome
copies/cell for 1 h (FR901228+, n = 5), and
then 3 x 10° of the transduced cells in 100 pl
PBS were inoculated subcutaneously into the
BALB/c mice along with the intraperitoneal
injection of FR901228 at 1 mg/kg. Twenty-
four hours after administration of the
FR901228, optical bioluminescence imaging
was performed using the CCD camera. (B) The
effects of FR901228 on the rAAV-mediated
transduction for 9L tumor elimination in vivo.
Cells were transduced with AAV5STK at 1 x 10*
genome copies/cell for 1 h, and then 3 x 10°
of the transduced cells in 100 pl PBS contain-
ing 25% (v/v) basement membrane matrix
were inoculated subcutaneously into the
BALB/c mice. The tumor-bearing animals
received intraperitoneal injection of
FR901228 at 3 mg/kg (group 1, n = 6; group
3, n=10) or PBS (group 2, n = 6). The animals
were also exposed to ganciclovir (GCV) at 100
mg/kg per day (groups 2 and 3) or PBS (group
1) for 14 consecutive days by intraperitoneal
placement of the miniosmotic pumps.
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FR901228 -

TK/PBS + FR901228 (n=6)

1000 -

100

Tumor volume (mm®)

TK/GCV (n=6)

TK/GCV + FR901228 (n=10)

10 T T T T i

Days

tumor model with athymic nude mice demonstrated
that the combination of AAV-mediated transduction for
HSV-tk/GCV therapy and FR901228 treatment (n = 10)
resulted in statistically significant reduction of tumor
growth relative to HSV-tk/GCV therapy without
FR901228 treatment (unpaired t test, P < 0.05, n = 6;
Fig. 4B). When the tumor-bearing animals were treated

with GCV and FR901228, 8 of 10 tumors were elimi-
nated at 4 weeks after transduction.

DiscusSION

HDAC inhibitors significantly improved the expression
of the transgene in cancer cells. The enhancement of the
coreceptor level was modest and copy number of the
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rAAV in the transduced cells was also modestly affected
by the FR901228 treatment. Furthermore, association of
the acetylated histone H3 in the episomal AAV vector
genome was demonstrated by using the chromatin
immunoprecipitation assay. In the analysis with the
subcutaneous tumor models, strong enhancement of
the transgene expression as well as therapeutic effect
was confirmed in vivo.

Treatment with an HDAC inhibitor is known to cause
the recovery of the gene expression of a rAAV vector
genome that has been integrated and silenced after long-
term selection [8]. However, TAAV occurs mostly as
extrachromosomal genomes rather than as integrated
genomes, and these extrachromosomal forms are the
primary source of tAAV-mediated gene expression early
after transduction [9]. There has been no direct inves-
tigation of the effects of HDAC inhibitors on the rAAV-
mediated transient gene expression. We examined
whether the HDAC inhibitor could contribute to the
enhanced transcription before integration occurs.

FR901228 treatment significantly improved the tran-
sient expression of the transgene in four cancer cell lines.
The FR901228 treatment improved the rAAV-mediated
gene transfer in a dose-dependent manner, and the
highest enhancement was observed in the U251MG cells
with AAV2EGFP. In the U251MG cells, the cell surface
levels of alpha v integrin, FGF-R1, and PDGEF-R were only
modestly enhanced by theé presence of FR901228. These
observations contrast with a previous report that sug-
gested that FR901228 enhanced adenovirus transduction
by increasing CAR and v integrin RNA levels, thereby

"enhancing viral entry [7]. However, their study did not
demonstrate that these increased RNA levels were
associated with increased protein levels or kinetics. In
our study, a kinetic analysis of the effect on the
FR901228-assisted AAV-mediated transduction of
U251IMG cells showed that the transduction efficiency
peaked when cells were treated with FR901228 at the
time of transduction. This is in sharp contrast to the case
of the effect of FR901228 on the enhanced adenovirus-
mediated transduction. Since enhanced viral entry into
the cell is a primary function of FR901228 regarding
improved adenovirus transduction, transduction effi-
ciency of the adenovirus was preferentially enhanced
when the cells were pretreated with FR901228 before
transduction [10].

Interestingly, we observed that type 2 and type S TAAV
differed from each other in the efficiency of their trans-
duction of the U251MG and 9L cells. The differences in the
transduction efficiency of the AAV vectors derived from
distinct serotypes may be due to the fact that each AAV
serotype recognizes a different receptor and that different
cell types may express different levels of these receptors.
Type 2 AAV uses the cell surface heparan sulfate proteo-
glycan (HSPG) as a receptor [11]. However, cell surface
expression of HSPG alone is insufficient for type 2 AAV

infection and FGF-R1 is also required as a coreceptor for
successful viral entry into the host cell [12]. Type 5 AAV
transduction requires 2,3-linked sialic acid [13] as well as
PDGE-R [14] for efficient binding and transduction. These
observations indicate that optimized expression of a
transgene borne by rAAV will require the careful selection
of the appropriate vector serotype with respect to the
target cell.

Our data also suggest that the use of FR901228 in
combination with AAV vector infection may improve viral
entry into the cells, but also requires additional mecha-
nisms to benefit the target cells for the efficient trans-
duction. Association of the acetylated histone H3 in the
episomal AAV vector genome was characterized by using
the chromatin immunoprecipitation assay. Characteriza-
tion of the chromatin modification in the rAAV genome
with FR901228 suggested that improved expression of the
transgene depends on the chromatin state of the AAV
genome in the infected cells rather than viral entry. These
results suggest that the superior transduction induced by
HDAC inhibitor treatment is actually due to an enhance-
ment of transgene expression associated with chromatin
modification rather than to increased viral entry. Thus,
epigenetic regulatory mechanisms may be involved in the
HDAC inhibitor-mediated improvement of the transduc-
tion of cancer cells with rAAV. The rAAV concatemer may
need to be present in a histone-associated chromatin form
in the cells before efficient transgene expression can occur.

Our study suggests that the improved rAAV-mediated
transduction induced by HDAC inhibitor was due to an
enhancement of transgene expression rather than
increased viral entry. This phenomenon may be related
to the proposed histone-associated chromatin form of the
rAAV concatemer in transduced cells. The depsipeptide
fermentation product FR901228 is currently being tested
in clinical trials as an anti-cancer drug. Therefore, to
utilize such a compound to assist rAAV-mediated cancer
gene therapy is theoretically and practically reasonable.
The use of HDAC inhibitors may enhance the utility of
rAAV-mediated transduction strategies for future clinical
investigation.

MATERIALS AND METHODS

Recombinant AAV production. The EGFP expression cassette driven by
the CMV promoter was ligated into pAAVLacZ [15] and pAAV5-RNL [16)
to form the proviral plasmids pAAVZEGFP and pAAVSEGFP. rAAV types 2
and S that express the EGFP gene (AAV2EGFP and AAVSEGFP) were
generated using the proviral plasmids. The luciferase expression cassette
driven by the CMV promoter in pLNCL [17] was cloned into pAAVLacZ to
create pAAV2Luc. A rAAV type 2 that expresses the luciferase gene
(AAVZLuc) was generated using pAAVZ2Luc. Likewise, the HSV-tk cDNA
contained in the pAVS6TK [18] was subcloned into pAAVS-RNL to create
PAAVSTK. A 1AAV type S that expresses the HSV-tk gene driven by the
CMYV promoter (AAVSTK) was generated using pAAVSTK. Transfection of
293 cells with the proviral plasmid, AAV helper plasmid pAAV2H [15] or
PAAVSH [16], and adenoviral helper plasmid pAdeno was performed
according to the previously described protocol {19] associated with an

744

MOLECULAR THERAPY Vol. 13, No. 4, April 2006
Copyright © The American Society of Gene Therapy



