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Intramyocardial injection of genes encoding angiogenic factors
could provide a useful approach for the treatment of ischemic heart
disease. However, uncontrolled expression of angiogenic factors in
vivo may cause some unwanted side effects, such as hemangioma
formation, retinopathy, and arthritis. It may also induce occult
tumor growth and artherosclerotic plaque progression. Because
hypoxia-inducible factor 1 is up-regulated in a variety of hypoxic
conditions and it regulates gene expression by binding to a
cis-acting hypoxia-responsive element (HRE), we propose to use
HRE, found in the 3� end of the erythropoietin gene to control gene
expression in ischemic myocardium. A concatemer of nine copies of
the consensus sequence of HRE isolated from the erythropoietin
enhancer was used to mediate hypoxia induction. We constructed
two adeno-associated viral vectors in which LacZ and vascular
endothelial growth factor (VEGF) expressions were controlled by
this HRE concatemer and a minimal simian virus 40 promoter. Both
LacZ and VEGF expression were induced by hypoxia and�or anoxia
in several cell lines transduced with these vectors. The functions of
these vectors in ischemic myocardium were tested by injecting
them into normal and ischemic mouse myocardium created by
occlusion of the left anterior descending coronary artery. The
expression of LacZ gene was induced eight times and of VEGF 20
times in ischemic myocardium compared with normal myocardium
after the viral vector transduction. Hence, HRE is a good candidate
for the control of angiogenic factor gene expression in ischemic
myocardium.

Gene transfer of angiogenic factor genes to ischemic myo-
cardium may provide a useful approach for treatment of

coronary artery disease. We have shown that direct injection of
an AAV vector carrying the vascular endothelial growth factor
(VEGF) to ischemic myocardium can induce neovasculature
formation (1). A potential problem associated with prolonged
and high-level expression of VEGF is the formation of heman-
gioma that has been seen in the heart (2) and limb (3). Although
we did not see such a complication in our previous experiments
on mice, for clinical application it is important to safeguard
against this complication. Examples of inducible promoters that
have been used to control gene expression include the tetracy-
cline operons, RU 486, edyasone, and other inducible systems
(4–11). For the treatment of ischemic heart disease, an ideal
control seems to be for angiogenic factor expression to respond
to hypoxia.

Hypoxia-inducible factor-1 (HIF-1) is one of the key mam-
malian transcription factors that exhibit dramatic increases in
both protein stability and intrinsic transcriptional potency during
low-oxygen stress. It transactivates genes encoding several glu-
cose transporters and glycolytic enzymes, as well as genes that
increase tissue perfusion such as VEGF, inducible nitric oxide
synthase, and erythropoietin (Epo) (12). HIF-1 is a het-
erodimeric basic helix–loop–helix protein (13, 14) that is com-
posed of a labile �-subunit (HIF-1�) and a �-subunit. The
�-subunit is constitutively and stably expressed in tissues in
normal and hypoxic conditions. HIF-1� protein is rapidly de-

graded by ubiquitination and proteasomal digestion mediated by
a 200-aa oxygen-dependent degradation domain (15, 16). This
subunit is stabilized in hypoxic tissues and dimerizes with the
�-subunit to form the functional HIF-1 protein (17), which in
turn binds to hypoxic response elements (HRE) in the enhancers
of several genes to up-regulate gene expression.

HRE has been reported in the 5� or 3� f lanking regions of
VEGF (18, 19) and Epo (20) and several other genes. The core
consensus sequence is (A�G)CGT(G�C)C. HREs isolated from
Epo and VEGF genes have been used to regulate several genes,
such as suicide gene (21, 22) and apoptosis gene (23) expression
in hypoxic tumors to enhance tumor killing.

In this study, we investigated the feasibility of using the HRE
found in the Epo gene to control the expression of angiogenic
factors in ischemic myocardium. We showed that HIF-1� ex-
pression was increased in ischemic myocardium and that nine
copies of the Epo HRE could induce LacZ and VEGF expres-
sion under hypoxic and anoxic conditions in both cultured cells
in vitro and ischemic mouse myocardium in vivo.

Materials and Methods
AAV Vector Construction and Production. We inserted nine copies
of the Epo HRE consensus sequence (CCGGGTAGCTGGCG-
TACGTGCTGCAG) (24, 25) to the p�gal-promoter plasmid
between SmaI and HindIII sites (CLONTECH) upstream of the
simian virus 40 (SV40) minimal promoter. We cloned the
expression cassette (nine copies of Epo HRE, SV40 minimal
promoter, LacZ gene, and SV40 polyadenylation signal) into an
AAV vector between two inverted terminal repeats to generate
the AAVH9LacZ vector (Fig. 1). AAVH9VEGF was generated
by replacing LacZ gene in AAVH9LacZ with human VEGF165
cDNA (Fig. 1). AAV vectors were prepared by using the
three-plasmid cotransfection system (26). AAV vector was co-
transfected with two helper plasmids (provided by Avigen,
Alameda, CA) to 293 cells by the calcium phosphate precipitate
method. One helper plasmid, pLadeno5, has the adenoviral VA,
E2A, and E4 regions that mediate AAV vector replication. The
other, pHLP19, has AAV rep and cap genes. Cell lysates were
produced by using three freeze-and-thaw cycles 3 days after the
transfection. AAV vector was purified by CsCl2 centrifugation.
Viral titers were determined by dot blot analysis of the DNA
content.

Cell Culture, Infection, Hypoxic, and Anoxic Treatments. HeLa, Hep
3B, and NIH 3T3 cells (American Type Culture Collection) were
maintained in DMEM supplemented with 10% FBS. To infect
cultured cells, AAV vectors were added to tissue culture dishes
and incubated with the cells for 24 h at 37°C with 5% CO2. The
infected cells were split into two groups 2 days afterward. One
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group was cultured under normoxic conditions (95% air, 5%
CO2), and the other under anoxic (95% N2 and 5% CO2) or
hypoxic (94% N2, 5% O2, and 1% CO2) conditions in serum-free
medium for 16 h.

Chemiluminescent �-Galactosidase Assay. �-Galactosidase activity
was measured by using the Luminescent �-galactosidase Re-
porter System 3 (CLONTECH) according to the manufacturer’s
instructions. Cells were harvested 3 days after infection. The
cells were washed with ice-cold PBS, and scraped off the plates
by using a rubber policeman. After washing in ice-cold PBS, the
cells were lysed in 100 mM potassium phosphate buffer (pH 7.8)
containing 1 mM DTT by three freeze-and-thaw cycles. The
protein concentration in each cell lysate was determined by
Bio-Rad DC Protein Assay System (Bio-Rad) and used to
normalize the LacZ activities for each sample. Fifty microliters
of lysate from each sample was added to the reaction buffer
mixture provided by the kit. Light emission was recorded by use
of a Luminometer. Nontransduced cells of each cell line were
treated and analyzed the same way as viral-vector-transduced
cells and used as negative controls.

ELISA for VEGF in Tissue Culture Supernatant. Cells were cultured in
a complete serum-free medium for 16 h before collecting the
supernatant. The amount of human VEGF in tissue culture
supernatant was quantified by using an ELISA kit for human
VEGF (Quantikine, R&D Systems). Samples were measured in
duplicates.

Ischemic Heart Model and Intramyocardial Injection of AAV Vectors.
CD1 mice (Charles River Breeding Laboratories) were anesthe-
tized with 15–16 �l of 2.5% Avertin per gram of body weight by
i.p. injection. After the respiration of the animal had been
controlled by a Small Animal Volume Controlled Ventilator
(Harvard Rodent Ventilator, model 683, South Natick, MA), a
thoracotomy incision was made in the fourth intercostal space.
A surgical retractor was put in the incision to expose the heart.
The anterior descending coronary artery was ligated perma-
nently with a 6-0 nonabsorbable surgical suture. 1 � 1011

genomes of viral vectors in 50 �l of Hepes saline (pH 7.4) were
injected directly to multiple sites of the myocardium on the left
ventricle wall around the ischemic region (pale area) as de-
scribed (1).

Histological Analysis. Hearts were fixed in 10% formalin and
embedded in paraffin, sectioned, and stained with hematoxylin
and eosin. Antibody against HIF-1� (Novus Biological, Little-
ton, CO) was used to stain the HIF-1� protein in ischemic
myocardium. The immunohistochemical staining was done by
the protocol of standard Elite Vectastain ABC Kit (Vector
Laboratories).

Reverse Transcription (RT)-PCR Analysis. TRIzoL RNA isolation
system (GIBCO�BRL) was used to isolate RNA from hearts.

cDNA syntheses were performed by using SuperScript II reverse
transcriptase (GIBCO�BRL) with oligo(dT) (Roche Diagnos-
tics) as primer. Total RNA (1.5 �g) was used for each sample.
Five microliters of RT products were used for PCR amplification
with LacZ and VEGF gene-specific primers. The primer se-
quences were 5�-GGCGTAAGTGAAGCGACCCG-3� (sense)
and 5�-GCGTGCAGCAGTGGCGATGG-3� (antisense) for
LacZ, and 5�-GGCAGAAGGAGGAGGGACAGAATC-3�
(sense) and 5�-CATTTACACGTCTGCGGATCTTGT-3� (an-
tisense) for VEGF. Semiquantitative RT-PCR was conducted by
PCR amplification of 5 �l of RT product from each sample with
limited cycles. The PCR products were electrophoresed in 1.2%
agarose gel and transferred to N� Hybond nylon membrane
(Amersham Pharmacia Life Science). The amplified cDNA
fragments were detected by hybridizing with 32P-labeled LacZ or
VEGF probes and quantified by PhosphorImager analysis.
Mouse hypoxanthine phosphoribosyltransferase (HPRT) was
used as an internal control for both qualitative and semiquan-
titative PCR. The primer sequences for HPRT amplification
were 5�-AAGGACCTCTCGAAGTGTTGGATA-3� (sense)
and 5�-CATTTAAAAGGAACTGTTGACAACG-3� (anti-
sense).

Western Blot Analysis. After isolation of RNA by TRIzoL RNA
isolation system (GIBCO�BRL), protein was collected from the
same heart. The protein concentration was determined by the
Black 10B method (27). In brief, a 200-�l protein sample was
mixed with 600 �l of methanol, 200 �l of chloroform, and 500 �l
of H2O. The upper phase was removed carefully and discarded.
Methanol (800 �l) was added to the interphase and lower phase.
After centrifugation, the protein pellet was dried in a Speed
Vacuum for 5 min and dissolved in 25 �l of SDS-polyacrylamide
gel loading buffer (0.06 M Tris�HCl, pH 6.8�1% SDS�1%
2-mercaptoethanol�10% glycerol�0.025% bromophenol blue)
and boiled for 3 min. One microliter of sample was spotted on
Hybond-C membrane (Amersham Pharmacia Life Science).
One microliter of BSA solution in different concentrations
(0.1–5 mg�ml) was spotted on the same membrane as standard.
The membrane was dried at room temperature for 5 min, stained
with Black 10B solution (0.1% wt�vol in 45% methanol and 5%
acetic acid) for 10 min, washed in a solution containing 90%
methanol and 2% acetic acid, and air dried. The density of the
color of the protein dots was measured with alphaImager (Alpha
Innotech, San Leandro, CA).

Equal amounts of proteins were separated on a SDS-7%
polyacrylamide gel and transferred to a poly(vinylidene difluo-
ride) membrane (Amersham Pharmacia Life Science) by using
an electroblotting apparatus (Bio-Rad). The membrane was
stained for total protein by using Ponceau-S (Sigma) and blocked
with 5% skim milk powder, 0.1% Tween 20 in PBS, pH 7.4
overnight. Antibody against HIF-1� (Novus Biological) was used
to stain the HIF-1� protein. ECL� Western blotting detecting
reagent (Amersham Pharmacia Life Science) was used to detect
the signals. The signals were visualized by exposing the blot to
x-ray films.

Results
Detection of Increased Level of HIF-1� in Ischemic Myocardium. To
test the feasibility of using HRE to induce gene expression in
ischemic myocardium in vivo, we analyzed HIF-1� expression in
ischemic hearts. Proteins were isolated from normal and isch-
emic mouse hearts 2 weeks after the occlusion of the anterior
descending coronary artery. HIF-1� was detected by Western
blot analysis in the ischemic hearts at a much higher level than
the normal nonischemic hearts (Fig. 2). To define the site of
expression of HIF-1�, immunohistochemical staining with an
antibody against HIF-1� showed that HIF-1� was detectable in
the region perfused by the anterior descending coronary artery

Fig. 1. Structure of AAVH9LacZ and AAVH9VEGF. ITR, inverted terminal
repeat.
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2 days after its occlusion (Fig. 3). Thus, the expression of HIF-1�
in ischemic myocardium indicates that it would be feasible to use
HRE to control angiogenic factor expression in ischemic hearts.

Anoxic Induction of LacZ Gene Expression in Cultured Cells. An AAV
vector, AAVH9LacZ, was constructed. Nine copies of HRE
isolated from Epo enhancer and a minimal SV40 promoter were
used to control the LacZ gene expression. The function of HRE
was tested in HeLa, Hep 3B, and NIH 3T3 cells, which were
known to express HIF-1 protein in hypoxic conditions. AAV-
LacZ in which CMV promoter was used to control gene expres-
sion was also used to infect the same cell lines as control. Cells
were infected with the AAV vectors at a multiplicity of infection
of 106 genomes per cell. Nontransduced cells of each cell line
were treated and analyzed in the same way as viral vector-
transduced cells and used as negative control for the baseline
light emission. The results demonstrated that the LacZ activities
were increased 10 times in NIH 3T3 cells, 28 times in HeLa cells,
and 30 times in Hep 3B cells after AAVH9LacZ transduction in
anoxic condition (95%N2 and 5%CO2) (Table 1). However, the
LacZ activities controlled by CMV promoter were not signifi-
cantly different for the AAV-LacZ-transduced cells under an-
oxic and normoxic conditions (Table 1). Therefore, the HRE of
Epo can induce the AAV delivered LacZ gene expression under
anoxic condition in cultured cells.

Hypoxic Induction of VEGF Expression in Hep 3B Cells. To test whether
Epo HRE can also induce AAV-delivered VEGF gene expres-
sion under hypoxic conditions, we constructed AAVH9VEGF

vector by replacing the LacZ gene in AAVH9LacZ with human
VEGF165 cDNA (Fig. 1). We infected Hep 3B cells with
AAVH9VEGF. AAV-VEGF, in which CMV promoter was used
to control the VEGF gene expression, was also used to infect the
same cell line as control. The transduced cells were split into two
groups 48 h after the infection. One group was cultured under
normoxic conditions, and the other under anoxic conditions
(95% N2 and 5% CO2) or hypoxic conditions (94% N2, 5%O2,
and 1% CO2) in serum-free medium for 16 h. Nontransduced
cells of each cell lines were also cultured and analyzed in the
same way as the transduced cells as control to correct for
endogenous VEGF gene expression. The number of cells in each
well was counted to normalize the VEGF protein level.
AAVH9VEGF-transduced Hep 3B cells expressed VEGF 119
times higher in hypoxic conditions, and 33 times higher in anoxic
conditions than that in normoxic conditions. AAV-VEGF trans-
duced Hep 3B cells also expressed 16.4 times higher VEGF in
hypoxic condition and 14 times higher VEGF in anoxic condi-
tions than that in normoxic conditions. The increased expression
of VEGF by AAV-VEGF-transduced Hep 3B cell in hypoxic and
anoxic conditions could be the result of induction of endogenous
VEGF gene expression under these conditions, because the
endogenous VEGF gene in Hep 3B cells has HRE in its
enhancer and could respond to hypoxia induction. However, the
induction levels were much higher with AAVH9VEGF-
transduced cells than AAV-VEGF-transduced cells (Table 2).
The lower expression of VEGF in anoxic conditions than in
hypoxic conditions could be the result of the intolerance of

Fig. 2. HIF-1� expression in ischemic myocardium by Western blot analysis.
Two animals were studied in each of the normal and ischemic groups. The
protein loaded for each sample is quantified by the Black 10B method.

Fig. 3. HIF-1� expression by ischemic myocardium. The arrows indicate ischemic myocardium [hematoxylin and eosin (H&E) stain, Left] that stains positively
for HIF-1� (Right). No HIF-1� stain was seen on other parts of the myocardium or in normal nonischemic heart (data not show).

Table 1. Increased LacZ activity in AAVH9LacZ-transduced cells
under anoxic condition

Cells

Vectors�treatments

AAV9H9LacZ AAV-LacZ

Anoxic* Normoxic* Ratio† Anoxic* Normoxic* Ratio†

NIH3T3 2,434 249 10 4,951 3,566 1.4
HeLa 21,370 763 28 21,448 27,766 0.8
Hep 3B 132 4.4 30 480 476 1

*Values are relative light units (RLU) per microgram.
†Ratio: anoxic�normoxic.
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Hep3B cells to the anoxic treatment, because the cells seemed
unhealthy after the anoxic treatment.

Induction of LacZ and VEGF Expression by HRE in Ischemic Myocar-
dium. The function of the nine copies HRE in ischemic myo-
cardium in vivo was studied by injecting 1 � 1011 genomes of
AAVH9LacZ or AAVH9VEGF vectors to ischemic and normal
mouse hearts. AAV-LacZ, in which CMV promoter was used to
control LacZ gene expression, was injected to the same mouse
model and used as control. LacZ and VEGF gene expression was
analyzed by semiquantitative RT-PCR with the total RNA
isolated from these hearts 2 weeks and 2 months after the
injection, respectively. LacZ gene induction in AAVH9LacZ-
transduced ischemic hearts (Fig. 4) was eight times higher than
its induction in normal hearts (Fig. 5). The gene expression level
is about the same in AAV-LacZ-transduced normal and isch-
emic hearts (Fig. 4). VEGF gene expression was also 20 times
higher in ischemic heart than in normal heart after
AAVH9VEGF transduction (Figs. 5 and 6). These results indi-
cated that nine copies of Epo HRE could induce LacZ and
VEGF expression in ischemic myocardium in vivo.

Discussion
Despite angioplasty and bypass surgery, many patients have
areas of myocardial ischemia that cannot be revascularized
because of diffuse coronary artherosclerosis, occluded bypass
grafts, or excess risk of surgery. The discovery of growth factors
that stimulate blood vessel formation has opened up new ap-
proaches for the investigation of treatment of vascular insuffi-
ciencies (28–30). The growth factors that have been investigated
for new blood vessel formations are VEGFs (31–33), fibroblast
growth factors (34–36), and angiopoietins (37).

VEGF is a potent and highly specific mitogen for endothelial
cells and induces angiogenesis (38–44). It is also synthesized and
secreted by many differentiated cells in response to a variety of
stimuli including hypoxia (19, 45–55). VEGF has been admin-
istered to ischemic hearts by various routes to improve coronary

circulation. VEGF injected intravenously improved myocardial
blood flow but also produced hypotension as a side effect (56).
Alternatively, VEGF has been injected directly into the coronary
arteries (32). The effect was transient because most of the
angiogenic factors were not retained in the myocardium. The
results in pig experiments with recombinant VEGF protein were
revealing. Even a single intracoronary administration of VEGF
was effective in increasing coronary blood flow and resulted in
functional improvement despite the fact that only a small
fraction of protein was localized to the ischemic area (57).
However, brief exposure to rhVEGF165 in humans was insuffi-
cient to trigger and maintain a therapeutically meaningful
angiogenic response in clinical trials, especially in the context of
extensive atherosclerotic disease (30). Thus, long-lasting VEGF
stimulation is needed for treatment of patients. Intramyocardial
injection of the proteins has also been tried (36). Because the
protein is likely to have limited lifespan, this mode of adminis-
tration is not expected to have lasting effects. More prolonged
effect could be achieved by injecting DNA encoding the genes
for the angiogenic factors. Intramuscular injections of plasmid
encoding for VEGF have been effective in animal experiments

Table 2. Increased VEGF expression in AAVH9VEGF-transduced
Hep 3B cells under hypoxic and anoxic conditions*

AAVH9VEGF AAV-VEGF

Hypoxic Normoxic Ratio Hypoxic Normoxic Ratio

1,682 14.1 119 2,825 173 16.4
Anoxic Normoxic Ratio Anoxic Normoxic Ratio

620 19 33 1,507 107 14

*Values stated are in picograms per 105 cells for 24 h.

Fig. 4. Semiquantitative RT-PCR analysis for LacZ expression with 35 PCR cycles. Mouse HPRT (mHPRT) was used as internal control and amplified with 15 PCR
cycles. �, PCR with RT products; �, PCR with RNA without RT. The quantification was done by PhosphorImager analyses. The numbers indicate the individual
animals in each group.

Fig. 5. Fold increase of LacZ and VEGF expression in ischemic hearts. Gray and
black bars represent gene expression levels in ischemic and normal hearts,
respectively. The expression levels of these two genes in normal hearts were
arbitrarily assigned as one. The relative fold increases of gene expression in
ischemic hearts versus in normal hearts were calculated according to the
PhosphorImager analyses of semiquantitative RT-PCR data.
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and in some patients with peripheral vascular disease (58–62).
Injection of plasmid-carrying angiogenic factors for treatment of
coronary artery disease is currently being tested (30, 31). The
therapeutic usefulness of this approach has been limited by the
low efficiency of cardiomyocyte transduction (0.1–1.0% of car-
diomyocytes in the area of injection) (63). Moreover, Schwarz et
al. (64) showed that injection of high doses of VEGF plasmid to
ischemic heart caused the complication of angioma formation.
This complication also occurred when VEGF was delivered by
implantation of retroviral-vector-transduced myoblasts to isch-
emic rat leg (3) and ischemic rat heart (2). Moreover, increased
systemic VEGF levels could cause some unwanted side effects
such as inducing inappropriate angiogenesis at sites of vascular
derangement or at sites where angiogenesis might have major
adverse consequences; for example, in the retina, the synovium,
and occult tumors (65). Hence, it is important to control VEGF
expression when gene transduction is used.

Although other regulation systems are available, the ideal
control system for expression of VEGF in ischemic heart is to let
the gene expression respond to hypoxia, because evidence shows
that different dosage and duration of VEGF stimulation may
yield different results. For example, VEGF stimulates angiogen-
esis and vascular permeability at low doses but stimulates only
angiogenesis at a high dose (66). Short-term administration of
VEGF could not stimulate myocardial angiogenesis in initial
clinical trials. In addition, transient VEGF expression after
adenoviral gene transfer in the heart only induces a short-lived
angiogenic response (67). Under inappropriate conditions,

VEGF will not induce angiogenesis or only induce nonfunctional
hypoperfused capillaries that will regress when VEGF levels
drop (67). In these cases, no relief of ischemia occurs. For
treatment of ischemic heart disease, the angiogenic therapy is
aimed at stimulating functional and sustainable new blood
vessels. VEGF expression should be turned off when the blood
supply to the myocardium is adequate. Therefore, the HRE is an
ideal regulatory system for controlling VEGF gene expression in
the myocardium.

In these studies, we demonstrated an increased level of
HIF-1� in ischemic myocardium as early as 2 days after coronary
artery occlusion, and the increase was still present 2 weeks later.
Thus, it is feasible to use the HIF-1�HRE system to control
VEGF gene expression in the ischemic heart. We chose to use
nine copies of Epo HRE in our studies because, in previous
experiments with brain tumor cell lines, nine copies of HRE
yielded the best induction of gene expression under hypoxic and
anoxic conditions (23). Adeno-associated viral vector was used
to deliver the transgenes because this vector can induce long-
lasting transgene expression when injected into skeletal muscle
(68–70), and we have shown that VEGF gene delivered by this
viral vector can induce neovasculature formation in ischemic
heart (1). Two AAV vectors were made, one carried the LacZ
gene and the other the VEGF gene. Up-regulated gene expres-
sion in hypoxic and anoxic conditions was detected in several cell
lines known to express HIF-1. The inductions were 10–30 times
for LacZ in different cell lines (Table 1) under anoxic condition,
and 119 and 33 times for VEGF in Hep3B cells in hypoxic and
anoxic conditions, respectively (Table 2). Induction of gene
expression was also observed in ischemic hearts that had been
transduced with these two vectors, although the induction level
is not as high as in in vitro experiment. We attribute this different
induction level to the variable O2 tension in different regions of
the ischemic heart; also some AAV vectors could have infected
cardiac myocytes outside of the ischemic region.

In conclusion, we have demonstrated that nine copies of Epo
HRE can induce LacZ and VEGF gene expression in cultured
cell lines in vitro and ischemic mouse myocardium in vivo. These
results indicate that HIF-1�HRE could provide a useful system
for controlling angiogenic factor expression in the treatment of
coronary artery disease. Its use can most likely be extended to
the treatment of arterial insufficiency in the limb.

We thank Dr. Ronghua Lu for help in presurgery care of the mice and
Dr. William Grossman for critical reading of the manuscript.
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