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Abstract

Adeno-associated virus (AAV) vectors have been utilized extensively in gene therapy and gene
function studies, as strong transgene expression is a prerequisite for positive outcomes. AAV8 was
reported as the most efficient AAV serotype for transduction of the liver, brain and muscle
compared with other serotypes. However, AAV8-mediated transduction of human hepatocytes is
rather poor with approximately 20-fold lower efficiency compared with that of mouse
hepatocytes. Therefore, we applied the woodchuck hepatitis virus post-transcriptional regulatory
element (WPRE) to enhance AAV8-mediated transgene expression driven by a combination
promoter (CAG promoter) with a CMV-IE enhancer and chicken beta-actin promoter for a more
efficient viral vector. Transgene expression from recombinant AAV8 (rAAV8) vectors harboring a
red fluorescent protein (RFP) reporter gene with or without WPRE were evaluated in vitro and in
vivo. The results demonstrated that WPRE improved AAV8-mediated RFP expression in different
cell lines with clear increases of transgene expression in the liver, brain or muscle of animals. The
findings of this study will help to substantially reduce the quantity of viral particles that must be
injected in order to reach a therapeutic level of transgene expression in gene therapy.
Consequently, such dose reductions may lessen the potential risks associated with high doses of
viral vectors.
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Introduction

Recombinant adeno-associated virus (rAAV)
vectors have been widely applied in gene therapy due
to their advantages demonstrated in preclinical and
clinical therapies, including the ability to infect
different tissues, long-term foreign gene expression
and lack of pathogenicity in animal models [1]. A

large number of evolutionarily diverse AAV
serotypes have been identified and applied
extensively in gene therapy [2, 3]. Although

recombinant adeno-associated virus vector serotype 2
(rAAV2) has been most widely used in human trials
as an early serotype isolated from humans, vectors of

other serotypes have been shown to be more effective
in gene delivery with lower immunogenicity in
humans and different tissue specificities [4-8]. AAVS
obtained from rhesus monkeys [9] mainly recognizes
laminins (LMs) on the cell surface for entering cells,
while AAV2 mainly recognizes heparan sulfate
proteoglycans (HSPGs). Among the tissues that are
susceptible to infection with AAVS are the liver, brain
and muscle [10-12], and this serotype was reported to
be the most efficient in transducing these three types
of tissues [13-15].

In gene therapies and gene function studies,
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enhanced transgene expression mediated by AAV
vectors offers a greater potential for better therapeutic
effects. Methods to improve transgene expression
from rAAV vectors include modifying the capsid of
rAAV vectors and using expression cassettes (e.g.,
introns, CMV enhancer, polyadenylation signals) [16].
The woodchuck hepatitis post-transcriptional
regulatory element (WPRE) is typically chosen for
optimizing gene expression mediated by AAV vectors
or other viral vectors as a powerful cis-acting RNA
element in the 3’ untranslated region (3’UTR). It
functions by modifying RNA polyadenylation and
exporting mRNA partly linked to the CRM-1
dependent nuclear export pathway [17, 18]. The
positive effect of insertion of the WPRE into the 3’
UTR has been widely confirmed in applications to
optimize gene expression in a series of vector contexts
[19].

In this study, we aimed to construct a more
effective TAAV8 vector by using WPRE combined
with the CAG promoter, which was previously shown
to drive more efficient transgene expression in some
cell lines compared with the cytomegalovirus
promoter (CMV) [20]. Based on analysis of its effects
both in vitro and in vivo, the WPRE was demonstrated
to provide a simple means to significantly enhance
AAV8-mediated gene expression under the control of
the CAG promoter in the liver, muscle and brain of
animal models.

Materials and Methods

Cell lines

Human emborynic kidney (HEK) 293T cells,
mouse myoblast C2C12 cells, human neuroblastoma
SH-SY5Y cells and human hepatocyte Chang liver
cells were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA). Chang liver
cells were cultured in RPMI 1640 medium. HEK 293T,
C2C12, and SH-SY5Y cells were cultured in DMEM
medium.

Preparation of rAAV8 vectors

Two rAAV8 vectors, AAV8-CAG-RFP and
AAV8-CAG-RFP-WPRE, were constructed for this
study. The WPRE element used in this study contains
nucleotides 1093-1685 (nucleotide numbering scheme
of GenBank accession no. J04514). Both constructs
contained expression cassettes flanked by AAV2
terminal repeats. Expression of red fluorescent
protein (RFP) was driven by the CAG promoter.
Details of the constructs are shown in Figure 1A.

The rAAVS8 vectors were prepared by using a
triple plasmid system, including a plasmid containing
the transgene, a plasmid expressing the rep protein
and cap protein of AAVS, and a plasmid (containing

Ela, Elb, E2a, VA and E4) acting as a helper for AAVS8
packaging. Plasmids were transfected into HEK 293T
cells with polyethylenimine (PEI) as the transfection
reagent. Cells and medium were harvested together
72 h post-transfection for purification. The method for
purification of rAAV8 vectors was reported
previously [21]. Purified rAAVS8 vectors were
obtained after three steps: chloroform treatment,
PEG8000/NaCl  precipitation and chloroform
extraction. Real-time quantitative PCR analysis was
used to determine the particle genome titer expressed
as viral genomes (vg).

Viral infection

HEK 293T cells, C2C12 cells, SH-SY5Y cells and
Chang liver cells were separately cultured in medium
with 10% fetal bovine serum (FBS) to 70-80%
confluency. The rAAVS8 vectors were added to the
culture after changing the medium to that containing
2% FBS. RFP expression was detected by fluorescence
microscopy after 3 or 4 days. Image-Pro Plus 6.0
software was wused to determine the mean
fluorescence intensity (MFI) from images, and the
relative MFI was calculated by the data measured. P
values were analyzed by t-test.

rAAV8-mediated gene transduction in vivo

In total 16 male Balb/c mice (20-23 g) and 6 male
Wistar rats (180-220 g) were used in this study. The
experimental protocol was approved by the
University Committee on the Use and Care of
Animals of Jilin University of China.

Rats were chosen to study the effect of WPRE in
the brain, as microinjections into the striatal regions
can be easily performed in this animal model. Rats
were placed in a stereotaxic apparatus after being
anesthetized with pentobarbital sodium and then
received rAAVS (3 x 10°vg viral vectors in 3 pL PBS)
in the right striatum (coordinates from the bregma:
AP + 0.6 mm, ML -0.2 mm, DV -5 mm) with a
Hamilton syringe (0.46 mm in diameter, blunt tip) at a
rate of 0.5 pL per min. The needle was left in place for
8 min and then slowly withdrawn in the subsequent 3
to 4 min.

rAAVS vectors were injected directly into the
muscle of mice at the dose of 1.5 x 10" vg in 50 pL
PBS. The livers of mice were exposed after being
anesthetized for the subsequent injection of rAAV
vectors at the dose of 1.5 x 10™ vg in 50 pL PBS.

Biophotonic imaging

Three weeks after administration of the
AAVSE-CAG-RFP or AAV8-CAG-RFP-WPRE vector,
animals were killed to isolate target organs, which
were placed in cold PBS immediately. Within 15 min,
images were obtained by using an In Vivo Imaging
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System Fx Pro (Kodak, USA). The excitation
wavelength (lambda Ex) was 530 nm, and the
emission wavelength (Em) was 600 nm for RFP
imaging.

Quantitative real-time PCR (qRT-PCR) for
detection of RFP mRNA

Parts of tissues with RFP were cut immediately
following bio-fluorescence imaging to extract total
RNA using an RNeasy kit (Qiagen, Valenca, CA,
USA). RFP mRNA was analyzed via qRT-PCR after
cDNA synthesis by using the PrimeScript 1st Strand
cDNA Synthesis Kit (Takara Biotechnology Co., Ltd,
Dalian,China). The relative mRNA level was
calculated, and P values were analyzed using T-test.

Results

Generation and characterization of rAAVS8
vectors

Viral vectors were packaged in HEK 293T cells.
After purification, we harvested two rAAVS vectors.
The viral titers were detected by quantitative RT-PCR
with a pair of primers (F: AGACGCAGCCAC
AAAGATCC, R: CACTCTCATCTTCCGCAGGT)
amplifying part of the CAG promoter sequence. The
titers were 3 x 102 vg/mL for AAV8-CAG-RFP and
4.7 x 102 vg/mL for AAV8-CAG-RFP-WPRE. These
viral vectors were validated by PCR to contain the

A AAV8-CAG-RFP

RFP or RFP and WPRE gene segments as shown in
Figure 1B. The RFP gene expression was quantified by
RT-PCR in HEK 293T cells transduced with these two
viral vectors. The results showed that the RFP gene
expressed in AAVS8-RFP-transduced cells was 104
+1.6% of that in AAV8-RFP-WPRE-transduced cells,
although these values were not significantly different.
Thus, the two vectors were considered to have nearly
the same infection efficiency.

WPRE enhances RFP expression from rAAV8
vectors in several cell lines

To characterize the effect of the WPRE on CAG
promoter activity, we compared RFP expression in
HEK 293T cells, SH-SY5Y human neuroblastoma cells,
human hepatocyte Chang liver cells and mouse
myoblast C2C12 cells. Cells were cultured in 24-well
plates and incubated with viral vectors at 9 x 1010 vg
per well. RFP expression in C2C12 cells was observed
at 72 h post-transduction, while it was detected at 48 h
post-transduction in the other three cell types. The
expression of RFP was clearly improved by the
presence of the WPRE in each cell line tested (Figure
2A). The MFI in each image was measured with
Image-Pro Plus software, and the results showed that
the AAV8-CAG-WPRE vector produced a 2~3-fold
greater increase in RFP expression compared with
AAVS8-CAG-RFP (Figure 2B).

— ITR | CAG | RFP I BGH |

ITR

AAV8-CAG-RFP-WPRE

—{ TR _+{ CAG  RFP_{ WPRE | BGH |-{ ITR |-

B RFP

WPRE

1 2 neg. 1

2 neg.

Figure 1. (A) Schematic representation of viral vectors. ITR, inverted terminal repeat; CAG, combination promoter with CMV-IE enhancer and chicken beta-actin
promoter; RFP, red fluorescent protein; BGH, bovine growth hormone derived polyadenylation site; WPRE, Woodchuck hepatitis virus post-transcriptional regulatory element.
(B) Identification of AAV8 vectors purified by PCR. Gene elements of RFP and WPRE were amplified by PCR from purified viral templates. 1, AAV8-CAG-RFP vectors;

2, AAV8-CAG-RFP-WPRE vectors; neg, negative controls without template.
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Figure 2. Enhancement of RFP expression by WPRE in vitro. (A) HEK 293T, Chang liver, SH-SY5Y and C2C12 cells were transduced with the rAAV8 vectors at a dose
of 9 x 1010 vg per well of a 24-well plate. RFP expression was observed under a fluorescent microscope. (B) Relative MFI was calculated from the absolute MFl measured by the

Image-Pro Plus 6.0 software (p-values: ¥<0.05, *#<0.005, ***<0.001).

WPRE improves transgene expression in vivo

The effect of the addition of WPRE on the CAG
promoter in AAVS vectors was evaluated in the liver,
brain and muscle in animals. Two weeks after
administration of rAAVS8 vectors, animals were killed.
The brain of rats and the muscle or liver of mice were
separated to detect the expression of RFP. Differences
of RFP expression could be distinguished easily in all
tissue types (Figure 3).

To verify the effect of the WPRE further, RFP
mRNA expression levels in different tissues were
detected by qRT-PCR. At least three animals were
analyzed from the AAV8-CAG-RFP group or
AAV8-CAG-RFP-WPRE group. As shown in Figure 4,
WPRE showed an approximately 5-fold enhancement
of RFP mRNA expression in the mouse liver, while
the increase was ~4-fold in the rat brain and ~2 in the
mouse muscle compared with controls without
WPRE.

Discussion

High efficiency of transgene expression is a
fundamental requirement in gene therapy and gene
function research. Many methods have been
evaluated to achieve a higher level of transgene

product in target cells. WPRE, which is able to
improve gene expression at a post-transcriptional
level, has been used to successfully enhance transgene
expression in the optimization of viral vectors, such as
adenovirus, lentiviral and AAV vectors [22-24].
Although WPRE has been applied in AAV
vectors, these studies were mostly based on AAV2
[25, 26]. AAV8 may have a greater potential for use in
applications in which the target is the liver, brain or
muscle, as it was reported to have a stronger ability to
infect these and other tissues compared with other
AAYV serotypes [13-15]. rAAVS8 has been used to treat
hemophilia based on its hepatotropism and achieved
a more successful therapeutic effect compared with
rAAV2 [27]. rAAVS vectors were also applied in gene
therapy for Duchenne's muscular dystrophy (DMD),
and the mice that received treatment gained
improved muscle strength as determined by
behavioral and histopathological evaluations [28].
Meanwhile, rAAV8 vectors also have been utilized
extensively in the nervous system targeting primarily
neurons [29]. Despite the effectiveness of rAAVE8
vectors in many animal models, their transduction
levels of human hepatocytes were found to be rather
poor with approximately 20 times lower efficiency
compared with that of mouse hepatocytes [30, 31].
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This difference indicates that further optimization of
rAAVS vectors would be valuable. In this study, we
designed a rAAVS8 vector with the additional WPRE
under the control of the CAG promoter to achieve
stronger transgene expression.

WPRE-mediated enhancement of transgene
expression was reported to be promoter and cell
specific [32]. The effect of WPRE on retroviral vectors
was different when combined with the heterologous
mouse mammary tumor virus (MMTV) promoter or
whey acidic protein (WAP) promoter. When we tested
the effect of WPRE on the CAG promoter in the AAV8
vector in different cell lines or tissues, the results
revealed a positive enhancement in all four cell lines
(Figure 2). Ramezani et al. tested WPRE in
combination with a series of promoters in lentiviral
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vectors, and this element showed a limited effect in
enhancing transgene expression under the control of
the CAG promoter in 293T cells [33]. By contrast,
WPRE served to increase AAV8 transduction in 293T
cells as well as other cell types in the present study. As
shown in Figures 3 and 4, WPRE clearly enhanced
transgene expression at both the protein and mRNA
levels. Since most published reports on the
enhancement of transgene expression by WPRE have
been limited to in vitro experiments or certain tissues
in animals, the demonstration of WPRE-mediated
enhancement in various tissues infected by AAVS in
this study may widen the range of applications of
AAVS vectors containing this element in gene therapy
or gene function research [22, 24, 34].
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Figure 3. Biophotonic imaging of RFP in different tissues. AAV8-CAG-RFP [WPRE(-)] and AAV8-RFP-WPRE vectors [WPRE(+)] were injected directly into the liver or
muscle of mice, while they were administered in the striatum of the brain in rats. Expression of RFP in tissues injected with saline, standard viruses or viruses containing VWPRE

is shown. Tissues receiving saline were used as negative controls.
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Figure 4. Real-time RT-PCR analysis of RFP mRNA levels in tissues transduced with viral vectors. Relative increases in RFP mRNA levels of AAV8-CAG-RFP and

AAV8-CAG-RFP-WPRE vectors are shown (p-values: ¥<0.05, *¥¥<0.005, **¥<0.001).

http://www.medsci.org



Int. J. Med. Sci. 2016, Vol. 13

291

In summary, WPRE was shown here to increase
the transgene expression from AAVS8 vectors under
the control of the CAG promoter in vitro and in vivo.
The design of a more effective TAAVS8 vector with
WPRE will substantially reduce the quantity of viral
particles that must be injected in order to reach a
therapeutic level of transgene expression.
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