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Abstract

An increasing demand for polycistronic vectors that express multiple genes simultaneously has arisen in recent years to obtain an efficient
gene therapy. Armed with the knowledge that the expression of transgene in mammalian cells often requires tight control, we constructed
in this study a tetracycline-regulated double-gene adeno-associated virus (AAV) vector carrying green and red fluorescent protein genes and
e was induced
b ession of
t
©

K

A
d
T
a
t
F
t
a
[
i
k

c
c
g
m
t
h

(

fac-
rgic
NF
atal
rats
peu-
es
tor is

sys-
com-
e
kary-
an
than

cas-
vely
allow
uble
, tet-

0
d

xpressed it in PC12 cells. When detected by fluorescence microscope and fluorescence-activated cell sorting, gene expression
y 44–66-fold and could be reversibly controlled by doxycycline. This double-gene AAV vector may be useful for regulated expr

wo genes or a marker to monitor transgene expression.
2005 Elsevier Ireland Ltd. All rights reserved.
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deno-associated virus (AAV) vectors are excellent can-
idates as tools for gene therapy of neurological diseases.
hey are able to transduce dividing and non-dividing cells,
nd they provide long-term gene expression that is required

o treat chronic diseases such as Parkinson’s disease (PD).
urthermore, AAV vectors have a good safety profile since

hey elicit only low titer and transient neutralizing antibodies,
nd no inflammation is found when administered in the brain

15]. In addition, AAV is a defective virus that integrates
nto the human chromosome 19q13.3[17], yet produces no
nown pathology.

Traditionally, most vectors for gene therapy were mono-
istronic. An increasing demand for more complex poly-
istronic vectors has arisen in recent years to obtain complex
ene therapy effects[3]. For example, current gene therapy
odels for PD have focused on two treatment strategies:

he replacement of biosynthetic enzymes such as tyrosine
ydroxylase (TH) for dopamine synthesis and the addition of
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neurotrophic factors such as brain-derived neurotrophic
tor (BDNF) for protection and restoration of dopamine
neurons[10]. Co-transfected with a vector expressing BD
and a retroviral vector expressing TH, the normal neon
rat astrocytes were implanted into the striatum of PD
induced by 6-hydroxydopamine, and a synergistic thera
tic effect was obtained[16]. If these two therapeutic gen
are to be placed into a single vector, a double-gene vec
needed.

The tetracycline (tet)-regulatable system is an ideal
tem for tightly regulated gene expression mediated by re
binant AAV (rAAV). There is no known interaction with th
endogenous materials because the system is entirely pro
otic. And the small-molecule inducer-doxycycline (Dox,
analog of tetracycline) can be used at doses far lower
those used clinically as an antibiotic[4]. Since rAAV has a
cassette limit of approximately 5 kb, the tet responsive
sette shows great promise for use with rAAV, as it is relati
small compared with other regulated systems and may
for rAAV-mediated transfer of larger transgenes or do
transgenes within a single vector. Two types of systems
X.-m. Wang). off and tet-on, were used. The tet-off system is based upon
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the interaction between the tetracycline transactivator (tTA)
and the tetracycline-responsive element (TRE). The former
consists of the prokaryotic tetracycline repressor fused to the
activator domain of the herpes simplex virus VP16 protein.
The latter consists of seven copies of the prokaryotic tetracy-
cline operator site fused to a minimal cytomegalovirus pro-
moter[6]. In the presence of tetracycline, tTA loses its ability
to bind TRE and the expression is shut off.

In this study, we constructed a double-gene AAV vector
containing a bidirectional promoter for tet-off transgene ex-
pression. Using fluorescence microscope and fluorescence-
activated cell sorting (FACS) methods, we found that this
vector could function in PC12 cell line, suggesting that this
vector would be useful for double-gene gene transfer and
tet-off transgene expression.

First of all, we wanted to construct three vectors. The pBI-
EGFP plasmid (Clontech, USA) containing the bicistronic
promoter and the pBluescrip II KS(+) (Stratagene, USA)
were digested byPstI andEcoRV, and then ligated to gener-
ate an intermediate plasmid pKS-BI. The pKS-BI plasmid
and the pAV53 plasmid (a kind gift from Dr. Depei Liu)
[2] were digested byPstI and partially digested bySalI,
and then ligated to generate another intermediate plasmid
pAV-bi. The BamHI andHindIII sites were erased from the
pSNAV plasmid (AGTC Gene Technology, China) contain-
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ligated to generate an intermediate plasmid pSVbi-RFP.
Both pSVbi-RFP and pAV53-GFP plasmids were digested
by BglII and EcoRV and then ligated to create the reporter
plasmid pSVbi-RFP-GFP (Fig. 1B).

After digestion byEcoRI andBamHI, the pcDNA3.1(−)
plasmid (Invitrogene, USA) and the pUHD15.1 plasmid
(Clontech, USA) were then ligated to generate an interme-
diate plasmid pcDNA3.1(−)-tTA. The pcDNA3.1(−)-tTA
plasmid and the pcDNA3.1(+)/Hygro(+) plasmid (Gibco
BRL, USA) containing hygromycine resistance gene were
digested byNheI and BamHI, and then ligated to generate
the inducer plasmid pcDNA3.1/Hygro(+)-tTA (Fig. 1C).

The PC12 cell line was purchased from American
Type Culture Collection (Bethesda, USA). The cells were
maintained in a humidified 5% CO2 incubator in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen, USA)
supplemented with 10% horse serum and 5% fetal calf
serum (HyClone, USA) at the dishes (Nunclon, Denmark)
coated with Collagen type I (Sigma, USA). Cells were split
every 3 days using standard techniques.

PC12 cells were transfected with LipofectAMINE 2000
transfection reagent using the modified protocol as pre-
viously described[12]. Briefly, 1 day before transfec-
tion, 2–8× 105 cells in 2 ml of growth medium without
antibiotics were placed at a 35-mm dish. Then 1.0�g
p
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ng inverted terminal repeats (ITR) of AAV and neomyc
esistance expression cassettes, to create the interm
lasmid pSNAV̂BĤ. Both pSNAVB̂Ĥ and pAV-bi were di
ested byXhoI and partially digested bySalI to generate

et-off double-gene AAV vector (Fig. 1A).
Both pAV53 plasmid and the pcDNA2.1-GFP plasm

GIBCO, USA), which contains green fluorescent p
ein (GFP), were digested byPstI and partially digeste
y XbaI to generate an intermediate plasmid pAV
FP. We designed a couple of primers: 5′-CCGctcgag
TCGCCACCATGGTGCGC-3′, 5′-CCGctcgagAGATAC
TTGATGAGTTTGGA-3′, which had anXhoI site. With

hese primers we amplified red fluorescent protein (R
nd SV40 polyA from the pDsRed1-N1 plasmid (Clonte
SA) by PCR method. The fragment of PCR product

he plasmid pSVbi(+) were digested byXhoI and then

ig. 1. Schematic diagram of vectors used in this study. ITR, inverte
ignals; pBI, bidirectional tet-responsive promoter; MSC, multiple clon
arly cytomegalovirus promoter; tTA, tetracycline-controlled transac
esistance gene; Hygro®, hygromycin resistance gene.
e
cDNA3.1/Hygro(+)-tTA and 4.0�g pSVbi-RFP-GFP DNA
as added to 250�l serum-free DMEM in a polypropylen

ube. In a second tube, 10�l LipofectAMINE 2000 was adde
o 250�l serum-free DMEM and mixed. Contents of
ubes were combined within 5 min and incubated for 20
t room temperature. The entire 0.5 ml mixture was ad

o the cells. Twenty-four hours after transfection, the c
ere trypsinized and diluted in a ratio of 1:5 into comp
edium containing geneticin (500�g/ml) and hygromycin

250�g/ml). Neomycin–hygromycin resistant clones w
solated 2 weeks later[7].

Transfected PC12 cells were analyzed in a FACSta
lyzer/sorter (Becton Dickinson). Cells were sorted on
asis of GFP/RFP fluorescence 2 weeks after transfe
anamycin (100 mg/ml) was added 1 day before and
orting to avoid infection during FACS sorting. The sor

nal repeat; polyA, SV40 fragment containing the early and late polyaation
; GFP, green fluorescent protein gene; RFP, red fluorescent proteingene; pCMV

; BGH pA, bovine growth hormone polyadenylation signal; Neo®, neomycin
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cells were cultured as usual and split when confluent. Dox-
treated cells were reanalyzed in FACStar[1].

We cultured FACS-sorted PC12 cells with the density of
1× 105 ml−1. Cells in each group were treated with different
concentrations of Dox (0.0001–100.0 ng/ml) or without Dox
(the control) for the first 5 days. Then the cells were washed
twice with phosphate-buffered saline (PBS), detached with
trypsin, and given two additional washes with PBS while in
suspension. Cells were then plated onto new tissue culture
dishes and given an extra wash with PBS 10 h later and then
fed with fresh media[13]. After treatment of Dox, we used
fluorescence microscope and FACS to detect the fluorescence
intensity of RFP/GFP.

The live cells were detected under fluorescence micro-
scope (Leica, Germany) equipped with FITC/TRITC filters

coupled with a SPOT camera (Diagnostic Instruments, USA).
Images were obtained as tiff files with the SPOT Advanced
software (Diagnostic Instruments, USA). The fluorescence
intensity was quantified with the Metamorph software (Uni-
versal Imaging, USA). The fluorescence intensity of indi-
vidual cells was evaluated as the mean optical density after
conversion of the RGB signal into 0–255 gray levels, then the
quantitative assay was done. The background fluorescence,
measured in non-infected cultures, was subtracted from all
values.

In the single tet-regulatable AAV vector (Fig. 1A), tran-
scription of both insert genes is initiated from a bidirectional
tet-responsive promoter. To determine if this vector could
function, we inserted the reporter genes RFP and GFP into the
multiple cloning sites of this vector and constructed a reporter

F
O
0

ig. 2. Dox-regulated expression of RFP and GFP by Fluorescence Microsc
n the fifth day, the cells were washed by PBS and then cultured in the abs
.1 ng/ml Dox. The fluorescence intensity ratio of RFP (B) and GFP (C) was
ope. From the first to the fifth day there was an addition of Dox into the medium.
ence of Dox. (A) This showed Dox-regulated expression of RFP and GFP under
calculated. Each value represents the mean± S.E.M. of three samples.
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plasmid pSVbi-RFP-GFP (Fig. 1B). The transcription of RFP
and GFP is driven by pBI, a bi-directional tet-responsive pro-
moter, upon it’s binding to tTA. Thus, we constructed an in-
ducer plasmid pcDNA3.1/Hygro(+)-tTA (Fig. 1C) containing
CMV promoter and tTA gene. The constitutive expression of
tTA could drive pBI to promote the transcription of RFP and
GFP.

We co-transfected PC12 cells with the pSVbi-RFP-
GFP plasmid harboring geneticin-resistance gene and
the pcDNA3.1-tTA plasmid harboring the hygromycin-
resistance gene, two weeks after geneticin–hygromycin
selection, RFP/GFP-positive cells were FACS-sorted and
further cultured in the absence of Dox. A stable clone, named
PC12-RFP-GFP, with high expression of RFP/GFP was ob-
tained and retained fluorescence for over 20 passages with no
decrease in intensity. In the presence of Dox, the fluorescence
intensity of RFP (Fig. 2B) and GFP (Fig. 2C) decreased
gradually. Three- and six-fold induction were obtained for
RFP under 0.1 and 10.0 ng/ml Dox, respectively, and 9- and

18-fold for GFP under 0.1 and 10.0 ng/ml Dox, respectively,
on the fifth day. After withdrawal of Dox, the fluorescence
intensity of RFP and GFP recovered gradually, and reached
the same level of the control 5 days later (Fig. 2A).

Fluorescence microscopic observation of transfected cells
cultured in the presence and in the absence of Dox revealed
an important regulation of transgene expression (Fig. 2B and
C). FACS can detect the percentage of positive cells and the
mean fluorescence. We used FACS to further confirm the
Dox-regulated expression of RFP/GFP. The expression of
RFP and GFP was down-regulated by Dox 96 h after ad-
dition of different concentrations of Dox (Fig. 3A). When
the percentage of RFP/GFP-positive cells was multiplied by
the mean fluorescence, a statistically significant factor of in-
duction was obtained in cells even for the group treated with
0.0001 ng/ml Dox. On the fifth day, 2-, 54- and 66-fold in-
duction of RFP (Fig. 3B) was obtained for 0.0001, 1.0 and
10.0 ng/ml group respectively, and 3-, 35- and 44-fold in-
duction of GFP (Fig. 3C) was obtained for 0.0001, 1.0 and
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ig. 3. Dox-regulated expression of RFP and GFP by FACS. From the firs
ox-regulated expression of RFP (lane 1) and GFP (lane 2) 96 h after addit
edium without Dox. The ration of arithmetic product of the mean fluorescen

alue represents the means± S.E.M. of three samples.
t to the fifth day there was a Dox addition into the medium. (A) This showed
ion Dox. On the fifth day, the cells were washed by PBS and then cultured in the
ce and percentage of positive cells was calculated for RFP (B) and GFP (C). Each
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10.0 ng/ml group, respectively. After withdrawal of Dox, the
fluorescence intensity of RFP and GFP recovered gradually.

It has been reported that AAV ITRs contain pro-
moter/enhancer elements[5,8] that can: (i) initiate transcrip-
tion of an mRNA of the insert genes and (ii) activate at dis-
tance the minimal CMV promoter contained in bidirectional
promoter pBI. In order to reduce the interference of the AAV
ITR on tet-dependent transcription, the two transcription cas-
settes were placed in opposite directions starting from the
middle of the vector and terminated by SV40 polyadenylation
sequences[9]. It remains to be determined whether enhancer
sequences potentially present in the ITR can activate TRE at
distance.

The vector has a relatively small size, allowing one to
incorporate inserts of up to 4.0 kb. For example, it allows one
to incorporate the tTA gene under the control of the ITR to
tighten regulation, while still accommodating inserts of up
to 2.0 kb bp[1]. Shorter polyA sites such as bovine growth
hormone polyA could be used to further enlarge the cloning
capacity.

The RFP/GFP reporter genes were used to monitor gene
expression because they allow quantitative measurement of
gene expression by simple methods such as FACS or quantita-
tive microscopy[11]. Induction up to two orders of magnitude
was obtained in PC12 cells after transfection, and the expres-
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