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a b s t r a c t

Basic fibroblast growth factor (bFGF) is a known neuroprotectant against a number of brain injury
conditions such as cerebral ischemia. However, bFGF also regulates a plethora of brain developmental
processes and functions as a strong mitogen. Therefore, unregulated long-term expression of bFGF in
brain may potentially be tumorigenic, limiting its utility in brain therapy. Here, we report the successful
construction of an adenoviral vector (Ad-5HRE-bFGF) expressing bFGF under the regulation of five
hypoxia-responsive elements (5HRE) and a minimal cytomegalovirus promoter (CMVmp). Following
hypoxia treatment in a hypoxic chamber with less than 1% of oxygen, Ad-5HRE-bFGF induced a signifi-
cant and time-dependent expression of bFGF protein and the fluorescent tag, humanized GFP (hrGFP)
protein, in infected PC12 cells. In contrast, normoxia treatment evoked extremely low level of bFGF
and hrGFP expression, demonstrating that the 5HRE-CMVmp cassette was effective in regulating the
expression of bFGF gene in response to hypoxia. More importantly, bFGF expressed by the Ad-5HRE-bFGF
viral vector under the regulation of hypoxia was significantly neuroprotective against PC12 cell death
evoked by serum deprivation. Taken together, these studies demonstrated the feasibility to express bFGF
in a hypoxia-regulated fashion to provide neuroprotection. The Ad-5HRE-bFGF can be further developed
as an effective tool to provide neuroprotection against hypoxia-induced brain diseases, such as cerebral
ischemia.

Crown Copyright � 2009 Published by Elsevier Inc. All rights reserved.
Introduction recovery, confirming bFGF’s role in neuroprotection against ische-
bFGF as a survival-promoting neurotrophic factor for neurons
has been extensively demonstrated in the literature [1–3]. During
brain development, bFGF promotes brain patterning, neurite
branching, morphogenesis and limb development [4–6]. In
response to ischemic stroke in adult human brain, the expression
of endogenous bFGF is up-regulated significantly in the penumbra
region of the ischemic brain, suggesting bFGF plays a role in neuro-
protection against ischemic damage to neurons [7]. Indeed, admin-
istering bFGF during ischemic stroke in rodent models of stroke
reduced the cerebral infarct volume and enhanced brain function
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mic insult [1,8,9]. Based on its neuroprotective properties, bFGF
has been tested extensively in both pre-clinical and clinical set-
tings to achieve brain protection against stroke [2,9,10].

However, bFGF also promotes mitogenic proliferation, tumor
cell survival and contributes to angiogenesis during tumor devel-
opment [5,11–13]. In fact, inhibition of bFGF has been shown to
be beneficial in treating a number of cancers, such as prostate
cancer and renal cancer [5]. Therefore, unregulated, long-term
expression of bFGF as a brain therapy may produce many undesir-
able tumorigenic side effects, which can limit the clinical utility of
bFGF as a safe neuroprotectant.

To overcome this, we hypothesized that using a patho-physio-
logical specific inducer, such as hypoxia, to regulate bFGF expres-
sion in combination with a transient gene expression vector,
such as the replication defective adenoviral vector, may improve
bFGF’s clinical benefit by reducing bFGF’s tumorigenic side effects.
Hypoxia-inducible factor 1a (HIF-1a) is a transcription factor that
responds to hypoxia/ischemia to up-regulate the expression of
several hypoxia responsive genes, such as VEGF, erythropoietin,
ights reserved.
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and enolase, through binding to the hypoxia-responsive element.
Under normoxic conditions, hypoxia-inducible Factor 1a (HIF-1a)
protein is rapidly degraded by the ubiquitin–proteasome pathway.
Our previous studies have demonstrated the effectiveness of 5HRE
enhancer element to modulate gene expression under hypoxia
in vitro and in vivo using an adenoviral vector [14,15]. Others have
also shown that hypoxia-regulated expression of growth factors
such as VEGF can be beneficial against ischemic damage [16–18].
Replication-deficient recombinant adenovirus has low cytotoxicity,
an ability to produce large quantities of viral particles, and to
express genes in both dividing and non-dividing cells. More impor-
tantly, the adenoviral vector genome does not become incorpo-
rated into the host genome, and gene expression mediated by
adenovirus is transient. This type of gene therapy vector is, there-
fore, an ideal tool to express bFGF under the regulation of hypoxia
as therapeutics to the brain.
A

LITR 5HRE CMVmp bFG

LITR 5HRE CMVmp

Ad-5HRE-bFGF

Ad-5HRE-hrGFP

Non-infected Ad-5HRE

N
or

m
ox

ia
Af

te
r 2

4 
h 

hy
po

xi
a

B C

B’ C’

E

E’

F

F’

Fig. 1. Construction of hypoxia-inducible bFGF expression vector and determination of hr
adenoviruses expressing bFGF (Ad-5HRE-bFGF) and hrGFP (Ad-5HRE-hrGFP). Five copie
cytomegalovirus minimal promoter (CMVmp). LITR and RITR are left-end and right-end
from the Encephalomyocarditis virus internal ribosome entry site; hrGFP was derived fr
sequence. PC12 were infected with Ad-5HRE-hrGFP (C, C0 , F, and F0) or Ad-5HRE-bFGF (D
18 h, cells were either cultured under normoxic condition (21% oxygen) or exposed to hyp
was observed under a fluorescent microscope and high resolution digital images were
hrGFP images, respectively, under the normoxia condition, when there were a few hrGF
hrGFP tag using these Ad vectors under hypoxia with the non-infected cells as a negati
In the present study, we generated a replication defective aden-
oviral vector expressing bFGF under the regulation of a 5HRE-
CMVmp cassette. Hypoxia-induced bFGF expression was con-
firmed and the protective effect of hypoxia-induced bFGF was
demonstrated in PC12 cells which were protected against serum
deprivation-induced death.

Materials and methods

Reagents and antibodies. All chemicals and reagents, unless stated
otherwise, were purchased from Sigma (Burlington, ON). Rabbit
polyclonal antibody against hrGFP was purchased from Stratagene
(La Jolla, CA). The antibody to glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was purchased from Chemicon (Temecula, CA).
Mouse monoclonal antibody to bFGF was purchased from Millipore
(Burlington, MT). Adeno-XTM rapid titer kit was purchased from Clon-
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GFP expression under hypoxia. (A) A schematic diagram of constructed recombinant
s of HRE (5HRE), derived from VEGF, were inserted in front of the minimal human
inverted terminal repeat, respectively, of serotype 5 adenoviral genome. IRES was

om R. reniformi, while PA sequence was from early simian virus 40 poly(A) signal
, D0 , G, and G0) at 25 MOI. After incubation with the indicated adenoviral vector for
oxic treatment in a hypoxic chamber (<1% oxygen) for 24 h. The expression of hrGFP

taken as shown in panels B–G0 . Panels B–D and B0–D0 show the phase contrast and
P positive cells (arrows). Panels E–G and E0–G0 show the effective expression of the
ve control (arrows indicate hrGFP positive cells). Scale bar = 50 lm.
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tech (Mountain View, CA). Rat pheochromocytoma PC12 cells were
obtained from American Type Cell Culture (ATCC).

Generation of recombinant adenoviral vectors. The recombinant
adenoviral vector with five HRE enhancers and a CMV minimal
promoter (CMVmp) controlling bFGF and humanized recombinant
GFP (hrGFP) gene expression was constructed as follows. The fire-
fly luciferase gene and SV40 poly(A) between the NcoI/SalI restric-
tion sites of the pGL3/5HRE-CMVmp-Luc vector (a gift from Dr.
Toru Shibata, Kyoto University, Japan) was replaced with the hu-
man bFGF full-length cDNA (Origene, Rockville, MD). The vector
was then digested with KpnI and SalI and the resulting fragment
containing the expression cassette of 5HRE-CMVmp-bFGF was
sub-cloned into the KpnI/SalI restriction sites of pShuttle transfer
vector from the AdEasy vector system (Qbiogene, Carlsbad, CA).
The PCR-amplified fragment of IRES-hrGFP-poly(A) containing
hrGFP cDNA from pShuttle-IRES-hrGFP-1 (Stratagene) was inserted
into the SalI site of the constructed pShuttle/5HRE-CMVmp-bFGF
vector. All plasmids were sequenced to confirm the authenticity
of the obtained recombinant constructs.

Replication defective recombinant adenovirus Ad-5HRE-bFGF
was generated from the constructed pShuttle vector using the
AdEasy vector system (Qbiogene) according to the manufacturer’s
instructions. The recombinant adenovirus Ad-5HRE-hrGFP
expressing only the reporter gene, hrGFP, under the regulation of
5HRE enhancer and CMVmp was used as a control and constructed
by replacing bFGF-IRES-hrGFP sequence with IRES-hrGFP frag-
ment. Both recombinant adenoviral particles were purified by
two-step cesium chloride density gradient ultracentrifugation pro-
cedure. The preparations were dialyzed in dialysis buffer (10 mM
Tris–Cl, pH 8.0, 2 mM MgCl2 and 4% sucrose) and aliquots of the
purified viruses were stored in 10% glycerol/dialysis buffer at
�80 �C until use. The titer of each viral stock was determined on
HEK293 cells by Adeno-XTM rapid titer kit (Clontech) according to
the manufacturer’s instructions. The plaque forming unit (pfu)
for Ad-5HRE-bFGF was at 3.9 � 1010 pfu/ml and the Ad-5HRE-
hrGFP had a concentration of 6 � 1010 pfu/ml.

Cell culture. PC12 cells were cultured using a previously described
method [15]. Briefly, PC12 cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA) supple-
mented with 10% heat-inactivated horse serum, 5% fetal bovine
serum (Wisent) and 50 lg/ml gentamycin in a humidified atmo-
sphere containing 5% CO2 at 37 �C. The medium was changed twice
weekly and cells were sub-cultured when they become confluent.

Adenoviral infection, hypoxia, and serum deprivation treatment.
PC12 cells were seeded on poly-L-Lysine coated cell culture dishes/
plates at a cell density of 1 � 105 cells/cm2. After plating for 24 h,
cells were infected with various concentrations of adenovirus at
multiplicity of infection (MOI) ranging from 10 to 100. Optimal con-
centrations were empirically determined and a 25 MOI concentra-
tion was used for all the subsequent experiments which resulted
in the infection of the majority of cells (about 90%, as assessed by
hrGFP expression after 24 h of hypoxia treatment). Followed by
18 h of incubation with the adenoviral vector, cells were then trans-
ferred into an anaerobic chamber (Thermo Fisher Scientific, Ottawa,
ON) for hypoxic treatment (with less than 1% O2, and 5% CO2 and bal-
anced N2). After hypoxia treatment for the indicated time, cells were
taken out from hypoxic chamber for further analysis. To subject cells
to serum deprivation treatment, culture medium containing full
strength medium was removed and replaced with serum-free med-
ium after carefully washing cells twice with PBS. Cells were collected
after 48 h serum deprivation treatment and further analyzed for pro-
tein expression and cell death assay.

Western blotting. The procedures for Western blotting were as
previously described [19]. Briefly, after treatment with hypoxia
for the indicated time, cells were rinsed twice with cold PBS and
collected using centrifugation. Cell pellets were lysed in 0.1 ml of
RIPA buffer. Cell lysates containing 10 lg of the total protein was
subjected to electrophoresis in a 15% SDS–PAGE gel, followed by
transferring onto a nitrocellulose membrane in transfer buffer.
The membrane was probed with a primary antibody at 4 �C over-
night. After washing with 0.1% Tween 20 in TBS, horseradish per-
oxidase conjugated secondary antibody was applied to the
membrane for 1 h at room temperature. Enhanced chemilumines-
cence detection of the target protein was performed using ECL Plus
western blotting detection system (GE Healthcare, Baie d’Urfe Que-
bec) and exposed using a X-ray film.

Cell viability assays. The viability of PC12 cells was assayed using
three methods: propidium iodide (PI) assay, nuclei counting, and
Hoechst 33258 staining. (a) PI Assay: PI at a final concentration
of 10 lg/ml was added to cells for 1 h at 37 �C. After the incubation,
cells were examined under a florescent microscope. Digital images
of a combination of phase contrast and PI were taken. The ratio of
PI positive cells versus the total number of cells from at least five
representative microscopic fields (200�) before serum deprivation
(phase contrast) was calculated by counting the number of cells
using an automated threshold method (Image J program located
at http://rsbweb.nih.gov/ij/). (b) Cell nuclei counting: the culture
medium (along with cellular debris) was removed by aspiration
and replaced with 150 ll of cell counting buffer containing 10%
zapoglobin, 0.5% Triton X-100, 2 mM MgCl2, and 15 mM NaCl in
5 mM phosphate buffer, pH 7.4. This treatment dissolved cell
membranes and cytoplasm and provided a uniform suspension of
single intact nuclei. Nuclei were re-suspended by pipetting up-
and-down 10 times using a P200 pipette set to 100 ll. Ten micro-
liters of the nuclei mixture were transferred to a hemacytometer
and only large and intact healthy nuclei were counted. Broken or
damaged nuclei were not included in the counts, and (c) Hoechst
33258 staining: The cells were fixed directly on the plate with 4%
fresh formaldehyde for 15 min. Cells were washed with PBS and
stained with 200 ll of Hoechst 33258 dye which was dissolved
in PBS to a final concentration of 5 lg/ml. After incubation for
10 min, cells were observed under a fluorescence microscopy
(Zeiss, Toronto, ON). Digital images of hrGFP and Hoechst were ta-
ken. All these experiments were independently repeated at least
three times. Statistical analysis was performed using ANOVA with
Tukey’s post hoc analysis for significant groups.
Results and discussion

Construction of Ad-5HRE-bFGF and Ad-5HRE-hrGFP vectors

Our previous studies have shown that the 5HRE combination is
an optimal enhancer cassette to modulate CMVmp activity [15]. In
the present study, two replication deficient adenoviral vectors
were made containing the 5HRE-CMVmp cassette as shown in
Fig. 1A, i.e. Ad-5HRE-bFGF and Ad-5HRE-hrGFP. The two constructs
share all the components, except Ad-5HRE-hrGFP, which has no
bFGF, serving as a control vector. The structures of the plasmid
constructs are shown in Fig. 1A which included a 5HRE-CMVmp
cassette as an enhancer/promoter and hrGFP controlled by an IRES
element as a florescent tag. These plasmids were transfected into
HEK293 cells containing the E1 gene product to generate replica-
tion defective adenovirus using the method as described in the
Method section and previously by us [15]. Equal amount of each
adenovirus at 25 MOI was used to infect the cultured PC12 cells.

Verification of hypoxia-regulated gene expression by Ad-5HRE-bFGF
and Ad-5HRE-hrGFP vectors

Under normoxia condition, almost no hrGFP expression oc-
curred as shown in Fig. 1B–D and B0–D0. After 6 h hypoxia (<1%

http://rsbweb.nih.gov/ij/
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oxygen), a large number of GFP positive PC12 cells appeared in
the culture indicating hypoxia-regulated expression of hrGFP
and bFGF (Fig. 1E–G and E0–G0). To quantify the expression of
bFGF and hrGFP induced by hypoxia, Western blotting was per-
formed on the cell lysates derived from the infected PC12 cells.
The intensities of Western blot bands were measured using Image
J. The densities of bFGF and hrGFP were normalized against those
of GAPDH which were used as internal loading controls. As shown
in Fig. 2A, 6 h hypoxia treatment drastically induced the expres-
sion of hrGFP in PC12 cells infected with Ad-5HRE-hrGFP, while
both hrGFP and bFGF were induced in PC12 cells infected with
the Ad-5HRE-bFGF virus. In contrast, the expressions of bFGF
and hrGFP under normoxia were at extremely low levels almost
beyond detection shown using Western blotting (Fig. 2A). The
time-dependent induction of bFGF and its reporter gene hrGFP
using the Ad-5HRE-bFGF vector was determined as shown in
Fig. 2B. Expression of both hrGFP and bFGF appeared after 3 h hy-
poxia treatment while the levels of hrGFP and bFGF under nor-
moxia condition were extremely low and beyond detection
using Western blotting (Fig. 2B). After 6 h hypoxia, the expression
levels of bFGF and hrGFP were almost equally high and at a level
close to 30-fold higher than the normoxia-treated PC12 cells,
respectively. The expression of both hrGFP and bFGF after 24 h
hypoxia treatment was maintained at more than 30-fold than
those of the normoxia-treated PC12 cells (Fig. 2B–D). The expres-
sion levels of both hrGFP and bFGF were determined using Wes-
tern blotting with GAPDH as an internal control as shown in
Fig. 2C and D (**indicate statistical significance with p < 0.01,
n = 6). Collectively, these two experiments demonstrated that
the Ad-5HRE-bFGF and Ad-5HRE-hrGFP can mediate gene expres-
sion in response to hypoxia.
Fig. 2. Time-dependent, hypoxia-induced increase in bFGF expression by the Ad-
5HRE-bFGF viral vector in PC12 cells. (A) Cultured PC12 cells were infected with
either Ad-5HRE-bFGF or Ad-5HRE-hrGFP for 18 h before treatment with hypoxia
(<1% oxygen) for 6 h. Proteins were immediately collected as described in the
method section and 10 lg of the total proteins were subjected to Western blotting
analysis to determine the expression levels of bFGF and hrGFP (panel A). GAPDH
expression was determined using Western blotting to use as an internal loading
control. Non-infected PC12 cells treated with normoxia and 6 h hypoxia were also
used as controls (panel A). (B) After infection with 25 MOI of Ad-5HRE-bFGF for
18 h, PC12 cells were treated with hypoxia (<1% oxygen) for 1, 3, 6, 12, and 24 h as
indicated in panel (B). After hypoxia, cells were collected for Western blotting
analysis of the expression of bFGF and hrGFP. Hypoxia-induced bFGF and hrGFP
expression mediated by the Ad-5HRE-bFGF virus was quantified using densitom-
etry, aided by Image J software. The ratio of induction in bFGF and hrGFP was
normalized against those of GAPDH. The data was plotted as shown in panels (C)
and (D). At least three independent repeats were performed. Data in panels (C) and
(D) represent means ± SEM. **Indicate statistical significance using one-way
ANOVA followed by post hoc analysis using Tukey’s test (p < 0.01).
Expression of bFGF protects PC12 cells against serum-deprivation-
induced death

To prove that hypoxia-induced bFGF was neuroprotective,
PC12 cells were subjected to serum deprivation after infection
with Ad-5HRE-bFGF or Ad-5HRE-hrGFP for 18 h followed by 6 h
hypoxia (<1% oxygen). At this time, cells appeared healthy under
the phase contrast microscope (Fig. 3A–C). Cells were then sub-
jected to serum deprivation treatment by replacing the culture
medium to DMEM containing 0% serum. After 48 h of serum
deprivation, cells were stained with PI or Hoechst 33258 and
examined under a phase contrast microscope. Serum deprivation
caused a significant increase in cell death as shown in Fig. 3A0–C0.
PC12 cells, either non-infected or infected with Ad-5HRE-hrGFP,
were mostly detached from the culture dish and exhibited a
shrunken morphology under the phase contrast microscope
(Fig. 3A0 and B0). These cells were in fact dead and showed PI po-
sitive staining (Fig. 3A0 0 and B0 0). In contrast, most Ad-5HRE-bFGF
infected cells remained healthy with normal cellular morphology
(Fig. 3C0) and significantly fewer PI positive cells (Fig. 3C0 0, F and
G; p < 0.01, n = 6 in both F and G). Co-localization of Hoechst
33258 with hrGFP expression, as shown in Fig. 3D–E, demon-
strated that bFGF expressing cells were indeed having normal nu-
clei, confirming protection against serum deprivation, while Ad-
5HRE-hrGFP infected cells showed condensed nuclei, indicating
no protection.

Cellular viability following serum deprivation was quantified
using both PI assay and a viable nuclei counting method as de-
scribed in the Method section. Ad-5HRE-bFGF infected PC12 cells
were significantly protected against serum deprivation-induced
death compared with the non-treated and Ad-5HRE-hrGFP in-
fected PC12 cells as determined using both methods (Fig. 3F and
G, respectively; p < 0.01, n = 6).
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Fig. 3. Protection of PC12 cells against serum deprivation by Ad-5HRE-bFGF. PC12 cells were infected with 25 MOI of Ad-5HRE-hrGFP or Ad-5HRE-bFGF viral particles for 18 h
followed by 6 h of hypoxia (<1% oxygen) (panels A–C). After the hypoxia treatment, the culture medium containing 15% serum was replaced with serum-free DMEM after
washing the cells twice with PBS. Following 48 h of serum deprivation treatment, cells were examined under a phase contrast microscope (panels A0–C0 0 0). Cells were also
stained with PI (10 lg/ml) for 60 min and examined under a florescence microscope (red colored cells) (panels A0 0–C0 0). Images in panels A, B, C, A0 0 0 , B0 0 0 , and C0 0 0 were the
combined images of phase contrast and PI staining. Cell nuclei were stained with Hoechst 33258 and the co-localization of hrGFP fluorescence with Hoechst 33258 was
determined under a florescence microscope (panels D–E0 0; arrows indicate nuclei). Cell viability was determined 48 h after serum deprivation using PI assay as shown in
panels F and the nuclei counting method as shown in panel G. The percentage of cell death under serum starvation treatment was calculated by normalization against cells
infected with the same viral vector before serum deprivation treatment. Data was analyzed using Prism 5.0 and plotted as shown. **Indicates significant difference using
Student’ t-test (p < 0.01). Scale bars = 50 lm.
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Conclusions

Gene therapy is a promising approach for treatment of cerebral
vascular diseases such as stroke [20]. Numerous pre-clinical stud-
ies have demonstrated that gene transfer of bFGF using adenoviral
vector reduces infarct size and improves neurological deficit [9,10].
However, several challenges remain as to using bFGF-based gene
therapy to treat stroke, for example, how to ameliorate the poten-
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tial tumorigenic effect caused by the sustained expression of bFGF
in the brain. These challenges require further investigation to in-
crease target specificity and improve the safety and efficacy of
the expression system and vector design is central to all of these.
In the present study, we demonstrated the successful construction
of an adenoviral vector which enabled bFGF expression regulated
by hypoxia, a patho-physiological stimulus, and showed that hy-
poxia-induced bFGF expression was neuroprotective. Future stud-
ies will be designed to investigate the effect of using this vector in
ischemic brains.
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