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Abstract
With current pharmacological treatments, preventing the remodeling of the left ventricle and the
progression to heart failure is a difficult task. Gene therapy is considered to provide a direct
treatment to the long-term complications of ischemic heart diseases. Although current gene
therapies that use single molecular targets seem potentially possible, they have not achieved a
success in the treatment of ischemic diseases. With an efficient polymeric gene carrier, PAM-
ABP, we designed a synergistically combined gene delivery strategy to enhance vascular
endothelial growth factor (VEGF) secretion and prolong anti-apoptotic effects. A hypoxia-
inducible plasmid expressing both hypoxia-inducible heme oxygenase-1 (HO-1) and the Src
homology domain-2 containing tyrosine phosphatase-1 microRNA (miSHP 1) and a hypoxia-
responsive VEGF plasmid were combined in this study. The positive feedback circuit between
HO-1 and VEGF, and the negative regulatory role of SHP-1 in angiogenesis enhance VEGF
secretion synergistically. The synergy in VEGF secretion as a consequence of the gene
combination and the prolonged HO-1 activity was confirmed in hypoxic cardiomyocytes and
cardiomyocyte apoptosis under hypoxia, and was decreased synergistically. These results suggest
that the synergistic combination of VEGF, HO-1, and miSHP-1 may be promising for the clinical
treatment of ischemic diseases.
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1. Introduction
Gene therapy is an attractive alternative to current pharmacological treatments for ischemic
diseases due to its direct effects in treating and reversing the pathophysiology underlying the
long-term complications of ischemic heart diseases 1, 2. Gene therapy can change the
function and fate of the cells in ischemic tissue 3. Plasmid DNA that contains promoters/
enhancers, stabilizing domains, and targeting sequences is able to regulate gene expression
in response to the intracellular environment, and minimizes unwanted side effects caused by
unrestricted protein synthesis. Small interfering RNA (siRNA) is capable of silencing its
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target mRNA, resulting in a decrease in protein production. Since both plasmid DNA and
siRNA are not able to penetrate cell membrane due to their high molecular weight and
negative charge, gene carriers are essential for successful gene therapy 4.

Novel biodegradable cationic polymers as non-viral gene carriers have been used to deliver
plasmid DNA or siRNA 5. Arginine-grafted bioreducible poly(disulfide amine) (ABP), a
recently developed cationic polymer for gene delivery, showed low cytotoxicity and good
transfection efficiency; however, a large amount of polymer is required for high
transfection 6. This is due, in part, to the low molecular weight and the low charge density of
ABP. Polymeric gene carriers with low molecular weight may be less stable, because the
weak electrostatic interaction between polymer and gene results in the formation of a loose
nano-structure. High molecular weight ABP therefore needs to be developed. To increase
the molecular weight and the charge density of ABP, we have developed PAM-ABP
composed of one poly(amido amine) (PAMAM) G0 dendrimer and four ABP molecules 7.
PAM-ABP reduces the minimum amount of polymer that is required to form a compact
polyplex and to increase gene transfection even at a low ratio of PAM-ABP to DNA. In
addition, the disulfide bond between ABP and PAMAM is cleaved in the cytoplasm,
facilitating DNA release and reducing cytotoxicity.

Sequentially combined gene therapy is a promising treatment for ischemic diseases because
the single gene therapies are effective for either preventing apoptosis of ischemic cells or
inducing angiogenesis. Gene therapy for ischemic diseases necessitates induction of
neovascularization and inhibition of apoptosis. In addition, successful ischemic disease gene
therapy via the above approaches needs sufficient genetic interventions based on precise
basic understanding of the mechanisms of heart failure. The genetic intervention includes: 1)
overexpression of a target molecule by introduction of plasmid DNA; 2) loss-of-function
approach by introduction of RNA interference (RNAi); and 3) correcting deleterious gene
mutations/deletions at the genome or primary mRNA level. Neovascularization and
inhibition of apoptosis are considered as good approaches for the sequentially combined
gene therapy for ischemic disease. In the early stage of myocardial infarct, reduced oxygen
supply and increased ROS occur in ischemic cardiomyocytes followed by apoptosis.
Protecting the cells from apoptosis is the first step and the second step is to reestablish
vasculature through angiogenesis that returns hypoxic condition back to normoxic state.

SiRNA is widely used for anti-apoptosis of cells under ischemia; however, this knockdown
approach takes long time to exert its activity compared to knock-in gene therapy (plasmid
DNA). The efficacy of siRNA-based anti-apoptotic gene therapy is limited because it is
inadequate to inhibit cardiomyocyte apoptosis in the early stage. Plasmid DNA that
expresses anti-apoptotic protein can compensate for the shortcomings of siRNA-mediated
approach. To combine knock-in and knockdown genes, we developed a hypoxia-inducible
plasmid that expresses dual genes of heme oxygenase-1 (HO-1; knock-in) and Src homology
domain 2 containing tyrosine phosphatase-1 microRNA (miSHP-1; knockdown), both of
which have anti-apoptotic effect. HO-1 is a stress inducible anti-inflammatory, anti-
apoptotic, anti oxidant enzyme that protects cardiomyocytes under ischemia 8. HO-1 can
prevent cardiac remodeling upon ischemia/reperfusion injury by suppressing the early
inflammation and inhibiting cardiomyocyte apoptosis 9. SHP-1 negatively regulates anti-
apoptotic signaling pathways, including extracellular signal-regulated kinase (ERK1/2) and
BCL-2. SHP-1 binding to TNFR-1, and FAS-R promotes de-phosphorylation in signal
transduction pathways resulting in apoptosis 10, 11. Inhibiting SHP-1 decreased
cardiomyocyte apoptosis and increased cardio-protection through Akt activation 12, 13. In
addition, both HO-1 and miSHP-1 can synergistically enhance the secretion of vascular
endothelial growth factor (VEGF). Several studies have reported that both HO-1
overexpression and SHP-1 silencing accelerate angiogenesis in ischemic areas 1416. In the
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present synergistically combined gene delivery, HO-1, miSHP-1, and VEGF are capable of
protecting cardiomyocytes, while VEGF induces angiogenesis.

A plasmid cocktail composed of the Dual plasmid and the VEGF plasmid was prepared at
different mixing ratios, and the gene expression was determined after transfecting the
cocktails to ischemic cardiomyocytes. The best condition to prepare the plasmid cocktail
was found and the condition showed synergistically increased HO-1 expression and VEGF
secretion. Finally, the current sequentially combined gene delivery showed a synergy in
anti-apoptotic effects.

2. Materials and Methods
2.1 Materials

All cell culture products including fetal bovine serum (FBS), Dulbecco's phosphate buffered
saline (DPBS), and Dulbecco's modified Eagle's medium (DMEM) were obtained from
Invitrogen (GibcoBRL, Carlsbad, CA). Furin inhibitor II was obtained from EMD chemicals
Inc. (Gibbstown, NJ). HumanVEGF ELISA kit was purchased from Thermo Scientific
(Rockford, IL). HumanHO-1 and ratVEGF ELISA development kits were obtained from R
& D Systems (Minneapolis, MN). RatHO-1 ELISA development kit, zinc (II)
protoporphyrin IX (ZnPP), and cobalt (III) protoporphyrin IX chloride (CoPP) were from
Enzo Life Sciences (Farmingdale, NY). Caspase-Glo® 3/7 Assay was from Promega
(Madison, WI).

2.2 Plasmid preparation
The pβ-SP-ODD-VEGF (SP: signal peptide; ODD: oxygen-dependent degradation domatin)
plasmid was prepared as described previously 17. In brief, the human VEGF (hVEGF)
cDNA was amplified by PCR using pSV-VEGF as a template, and the furin recognition site
was inserted at the upstream of the start codon of the VEGF cDNA. The ODD amplified by
PCR was inserted upstream of the furin-VEGF cDNA, resulting in construction of the pβ-
ODD-VEGF. Finally, the SP cDNA was inserted into pβ-ODD-VEGF, producing the pβ-SP-
ODD-VEGF. The plasmid expressing both human HO-1 (hHO-1) gene and rat SHP-1
miRNA was prepared according to the original paper published by our group 18. In brief, the
HO-1 cDNA amplified by PCR using pSV HO-1 was inserted downstream of the Epo
enhancer and SV40 promoter of pEpo-SV, resulting in the construction of pEpo-SV-HO-1.
The SHP-1 siRNA sequence (5’-GGACAUUUCUUGUGC-GUGA-3’) was inserted into the
miR-30 backbone (miSHP-1). As a negative control, luciferase miRNA (miLuci) was also
constructed. The miRNA was inserted into the synthetic intron sequence in the
GeneSwitchTM vector (Invitrogen; Carlsbad, CA). The intron containing miRNA was
amplified by PCR and inserted into the pEpo-SV-HO-1, resulting in the construction of
pEpo-SV-miSHP-1-HO-1.

2.3 PAM-ABP synthesis
PAM-ABP was synthesized as previously detailed 19. In brief, ABP was first synthesized as
described previously 6. The mixture of SPDP and ABP was reacted for 1 hour, and then
dialyzed using a dialysis membrane (MWCO = 1 kDa, Spectrum Laboratories, Inc., Rancho
Dominguez, CA). PAMAM dissolved in phosphate buffered saline was reacted with Traut's
reagent to introduce sulfhydryl groups for 2 h. The PAMAM-SH was purified and
lyophilized. The ABP-SPDP was mixed with the PAMAM-SH, and the reaction was
terminated by dialysis when no release of pyridine-2-thione was observed under UV.
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2.4 Gel retardation
The pβ-SP-ODD-VEGF (referred to as VEGF) and the pEpo-SV-miSHP-1-HO-1 (referred
to as Dual) were mixed at different weight ratios from 1:9 to 9:1 (VEGF:Dual). Five
microgram of PAM-ABP was added to 1μg of pDNAs (PAM-ABP:DNA=5:1, w/w). This
weight ratio was used in all transfection experiments. After 20 minutes of incubation, the
samples including pDNA-only groups were run in 0.8% agarose gel at 100 V for 20 minutes.

2.5 Cell culture and transfection
H9C2 cells, rat cardiomyocytes, were cultured in DMEM containing 10% FBS and 1%
antibiotics at 37°C under 5% CO2. The cells were seeded on 24-well plates at a density of
2.0 × 104 cells/well. After 24 hours of incubation, the culture media was replaced with plain
media containing PAM-ABP/pDNA polyplexes prepared by mixing 1 μg pDNA and 5 μg
PAM-ABP. After 4 hours, the cells were washed with PBS and cultured with DMEM. The
culture plates were placed in a hypoxia chamber filled with 5% CO2, 94% N2, and 1% O2,
and this hypoxia condition was used for all subsequent experiments.

2.6 VEGF and HO-1 ELISA
Cells were cultured and transfected with polyplexes as described above. The cell culture
media was collected and centrifuged for 30 seconds at 13,000 rpm to remove impurities at
the time of interest after transfection for VEGF ELISA. At same time points, the cells were
washed with PBS and lysed with 150 μl of reporter lysis buffer for 20 minutes. To determine
HO-1 expression, the cells were harvested and centrifuged for 30 seconds at 13,000 rpm.
The amount of VEGF secretion and HO-1 expression were quantified and normalized as pg
VEGF or HO-1/mg total protein using ELISA kits and BCA protein assay kit (Promega;
Madison, WI) according to the manufacturer's protocol.

2.7 Caspase assay
Cells lysates were prepared as described above. Caspase-Glo 3/7-assay reagent was mixed
with the cell lysates at a ratio of 1:1, and then incubated for 40 minutes. The luminescence
of each sample in a 96-well plate was measured using a luminometer (Tecan; San Jose, CA).
The caspase activity was normalized as activity/mg total protein.

3. Results
3.1 DNA condensation

In order to confirm that PAM-ABP is capable of condensing the plasmid cocktail prepared
at different ratios of the Dual and the VEGF, gel retardation assay was performed as shown
in Fig. 1. The VEGF and the Dual plasmids mixed at ratios from 1:9 to 9:1 (VEGF:Dual)
were condensed by PAM-ABP, and then loaded into agarose gel. The VEGF only, the Dual
only, and the mixture of VEGF and Dual at 5:5 were electrophoresed without PAM-ABP.
PAM-ABP condensed the plasmid cocktails prepared at different conditions completely.

3.2 Optimum mixing condition of the plasmid cocktail
The cocktails of two plasmids were transfected to H9C2 cells using PAM-ABP, and hHO-1
expression and hVEGF secretion were determined in a time-dependent manner. The plasmid
cocktails composed of a different amount of VEGF plasmid and the Dual plasmid were
prepared, and the same amount of the mixed plasmid was transfected. The cells transfected
with the VEGF only, expressed no hHO-1 (Fig. 2a), and the Dual-only treated cells showed
no secretion of hVEGF (Fig. 2b). Expression of hHO-1 in the Dual group was increased
over time and reached a peak at 48 hours. As the ratio of the Dual plasmid in the cocktail
decreased, the overall hHO-1 expression decreased at 24 hours post transfection.
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Interestingly, the level of hHO-1 increased up to the ratio 3:7 and 5:5 at 48 hours and 72
hours, respectively, and highest hHO-1 expression was observed at the ratio 5:5 at 72 hours
incubation. Secretion of hVEGF reduced with increasing portion of the Dual plasmid in the
cocktail at 24 hours post-transfection. Similar to hHO-1 expression, hVEGE secretion
increased up to the ratio 7:3 and 5:5 at 48 hours and 72 hours, respectively. Also, the peak
VEGF secretion was found at the ratio 5:5 72 hours after transfection.

It may be possible that the production of hHO-1 and hVEGF in the cells was already
saturated at 1 μg DNA transfected, suggesting that the increased gene expression when half
amount of DNA was used for transfection might be an artifact. To prove that the data shown
in Fig. 2 are not due to the saturation, we observed a correlation between the gene
expression and the amount of plasmid transfected. Fig. 3 shows that hHO-1 expression or
hVEGF secretion was in direct proportion to the amount of the Dual or the VEGF,
respectively. When half amount of the plasmid was transfected to the cells, the gene
expression also reduced by 50% as seen in Fig. 3a,b. This demonstrates that if the plasmid
cocktail mixed at 5:5 is transfected to the cells, the gene expression of each plasmid is
expected to be ~50%. Thus, the similar or the higher hHO-1 expression or hVEGF secretion
in the cells treated with the plasmid cocktail prepared at 5:5 is, in part, due to the positive
feedback between HO-1 and VEGF.

3.3 Confirmation of the positive feedback
According to our hypothesis, HO-1 plays a crucial role to improve VEGF secretion. In order
to verify whether the increased hVEGF secretion is due to HO-1 activity or not, we observed
hVEGF secretion in the presence or the absence of the HO-1 inhibitor or the HO-1 activator.
ZnPP, a HO-1 inhibitor,20 and CoPP, a HO-1 activator,21 are known to reduce and to
enhance, respectively, the activity of HO-1. The cells transfected with VEGF-only showed a
~30% decrease in hVEGF secretion in the presence of ZnPP, compared to that in the
absence of ZnPP, and the VEGF + Dual treated group exhibited ~40% less hVEGF secretion
when incubated with ZnPP (Fig. 4a). Incubation with CoPP led to an ~25% increase in
hVEGF secretion as shown in Fig. 4b. This confirms that HO-1 positively regulates VEGF
secretion.

The positive feedback between HO-1 and VEGF was further investigated by co-transfection
with an empty plasmid, pLuciferase (pLuci). No increase in hHO-1 expression, hVEGF
secretion, and luciferase expression was expected because both HO-1 and VEGF have no
effect on luciferase activity or vice versa. Fig. 5a shows that transfection of the Dual + pLuci
led to no enhancement of hHO-1 expression, while the VEGF + Dual treated group
demonstrated a very similar level of hHO-1 expression compared to the Dual-only group.
Also, hVEGF secretion was not improved when transfected with pLuci (Fig. 5b). This
reveals that there were no artifacts that increase hHO-1 expression and hVEGF secretion
when they were co-transfected. In addition, no difference in luciferase activity was observed
in all transfection groups, demonstrating that hHO-1 and hVEGF positively affect each other
rather than luciferase (Fig. 5c).

Effect of miSHP-1 on hVEGF secretion was investigated because down-regulation of SHP-1
is known to enhance VEGF secretion. A Dual plasmid composed of hHO-1 and microRNA
for luciferase (miLuci) was used as a negative control. No difference in hHO-1 expression
was observed regardless of the HO-1 inhibitor as shown in Fig. 6a, while a slight decrease in
hVEGF secretion was seen in the VEGF + Dual (miLuci)-transfected group (-ZnPP, Fig.
6b). This reveals that down regulation of SHP-1 may enhance hVEGF secretion, but the
effect is not dramatic compared to the effect of HO-1. It is possible that the miSHP-1 could
further increase hVEGF secretion in the long term because gene down-regulation takes
longer time than gene expression. This means that the 48 hours incubation might be
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sufficient to silence SHP-1 mRNA, but not enough to lead to SHP-1 protein down
regulation. Also, the enhanced VEGF secretion controlled by SHP-1 is expected to occur
after SHP-1 is down regulated. With this experimental setting, it is hard to prove how further
SHP-1 down regulation by miSHP-1 up-regulates hVEGF secretion in the long-term.

3.4 Effects of the co-transfection on endogenous gene expression
Despite the genes used in this study being of human origins; they may influence endogenous
gene expression. The rat HO-1 (rHO-1) expression and the rat VEGF (rVEGF) secretion
were monitored under the same test conditions. The transfection of Dual plasmid led to an
increase in rVEGF secretion, and the VEGF + Dual treatment further enhanced rVEGF
secretion (Fig. 7a). The cells incubated with or without the HO-1 inhibitor or activator
proved that HO-1 positively regulates rVEGF secretion as seen Fig. 7a,b. Co-transfection
with the pLuci exhibited a similar pattern of rVEGF secretion as shown in hVEGF secretion
data (Fig. 7c) and the effect of miSHP-1 on rVEGF was found to be not significant (Fig. 7d).
Transfection of the VEGF + Dual slightly increased rHO-1 expression (Fig. 7e), and no
increase was observed in the VEGF + Dual (pLuci) treated group (Fig. 7f). Fig. 7g shows no
correlation between SHP-1 and rHO-1 expression. These results demonstrate that the overall
effect of the human gene transfection on the endogenous gene is moderate compared to their
counterpart human genes. This is likely due to the interaction between the human HO-1 and
VEGF being stronger than that between human protein and rat protein.

3.5 Anti-apoptotic effect
Anti-apoptotic effect of the Dual plasmid has been proved, and VEGF is also known to
reduce apoptosis of cells under ischemic condition. This suggests that HO-1, miSHP-1 and
VEGF can protect cells against apoptosis under hypoxia. Apoptosis of H9C2 cells, with or
without transfection under hypoxia, was determined by caspase 3/7 assay (Fig. 8). The
VEGF, the Dual, the VEGF + pLuci, and the Dual + pLuci treated cells demonstrated ~25%
decrease in the caspase 3/7 activity. The VEGF + Dual (miSHP-1) and the VEGF + Dual
(miLuci) transfection groups showed ~50% and ~40% decrease in apoptosis, respectively.
This reveals that combination of three genes reduced apoptosis synergistically.

4. Discussion
For a success in combined gene therapy, an approach containing both knock-in genes and
knockdown genes is promising due to their totally different mechanisms. The use of two
target genes, which have the same mechanism of expression, may reduce the therapeutic
efficacy. Cells have very complicated signaling pathways, and one protein is usually
involved in several cellular functions. This means that unexpected problems may happen if
two knock-in genes are used. On the other hand, induction of two RNAi machineries and
introduction of too much siRNA may lead to severe off-target effects. Hypoxia-responsive
plasmid that encodes miRNA can regulate miRNA production in response to hypoxia,
thereby RNAi processes occur mostly in hypoxic cells depending on degree of hypoxia 22.
The hypoxia-inducible plasmid producing miSHP-1 would therefore minimize the side
effects caused by unrestricted RNAi machineries. We believe that the ideal dual gene
expression system is the combination of knock-in and knockdown. Thus, the Dual plasmid
that expressed both HO-1 as a knock-in and miSHP-1 as a knockdown was used in the
present study.

HO-1, a stress-inducible antioxidant enzyme, protects hypoxic cells through anti-
inflammation, anti-apoptosis, and anti-oxidation 2326. HO-1 overexpression induced by
hypoxia is associated with the down-regulation of pro-apoptotic Bax, Bak, and caspase 3/7,
and up-regulation of the anti-apoptotic protein, Bcl-2 27. It was reported that HO-1 gene
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delivery inhibited cardiomyocyte apoptosis and early inflammatory responses caused by
ischemia/reperfusion damage, resulting in protecting the heart 9, 28. These studies
demonstrate the therapeutic potential of HO-1 gene therapy for ischemic diseases. SHP-1, a
key molecular mediator in apoptosis and reduction in Akt phosphorylation, binds to TNFR-1
and FAS-R. The binding of SHP-1 to the death receptors promotes apoptosis 29, 30,
suggesting that the inhibition of SHP-1 decreases apoptosis. Silencing of SHP-1 using
SHP-1 siRNA reduced cardiomyocyte apoptosis and protected cardiomyocytes under
hypoxia through Akt activation 12, 13. It was therefore demonstrated that a therapeutic
strategy designed to inhibit expression of SHP-1 by miRNA would be effective in ischemic
diseases 18.

The mechanism of VEGF gene therapy in ischemic tissues is not only inducing angiogenesis
but also protecting cells against apoptosis 31, 32. Although VEGF is over expressed in
response to hypoxia, the level of VEGF produced spontaneously is not enough to completely
restore myocardial function 33. This suggests that VEGF needs to be introduced
exogenously for sufficient angiogenesis. These three target genes, HO-1, miSHP-1, and
VEGF, have the possible synergy that is associated with their positive feedback in ischemic
cardiomyocytes. In addition to the anti-apoptotic effects of HO-1 and miSHP-1, many
studies have reported that either HO-1 over expression or SHP-1 silencing accelerates
angiogenesis through enhancing VEGF secretion in ischemic cells 1416. In contrast, it has
been well known that VEGF prolongs HO-1 activity; however, the exact underlying
mechanism in the HO-1 induction by VEGF is unclear 34.

Although the molecular mechanisms, such as the relative contributions of carbon monoxide
(CO), biliverdin, and bilirubin, underlying the enhanced VEGF secretion by HO-1 remain
unclear, it is envisioned that HO-1 and the angiogenic factors can activate a positive-
feedback circuit to amplify neovascularization in adult tissues 14, 35. The increased rVEGF
secretion could be through the following steps; 1) HO-1 over expression, 2) HIF-1 activation
(heterodimerization), and 3) HIF-1 mediated enhanced VEGF synthesis 36. The VEGF
plasmid used in this study contains no promoter that is sensitive to HIF-1. Thus, the
potential mechanism underlying the enhanced hVEGF secretion as a result of HO-1 over
expression is different from the rVEGF secretion. In the VEGF plasmid used here, VEGF
secretion is mainly regulated in the post-translational stage. The oxygen-dependent
degradation (ODD) domain stabilizes VEGF under hypoxia and degrades VEGF as oxygen
levels increases. Oxidative metabolism of heme by HO-1 requires three molecules of
molecular oxygen (O2) per heme molecule oxidized 8. This process maintains the oxygen at
quite a low level in the cells, possibly resulting in the increased hVEGF stability and
secretion.

SHP-1 plays a negative regulatory role in signal transduction by dephosphorylation of the
receptors, to which activated cytokines, growth factors, and antigen receptors bind 29, 37.
SHP-1 is involved in reducing angiogenesis through the inactivation of KDR/flk-1, a
substrate for SHP-1 38, 39. KDR/flk-1 inactivation by SHP-1 is involved in reducing
angiogenesis through inhibiting the binding of VEGF to KDR/flk-1 that triggers
dimerization and auto-phosphorylation of tyrosine residues—a key step in angiogenesis 40.
The suppression of SHP-1 by using miSHP-1 is expected to stimulate angiogenesis in
ischemic cardiomyocytes. The SHP-1 mechanism associated with angiogenesis explains
why SHP-1 down-regulation did not lead to a significant increase in VEGF secretion. Unlike
HO-1, SHP-1 controls angiogenesis indirectly without a direct interaction with VEGF;
hence, the effect of miSHP-1 on VEGF secretion was moderate as shown in Fig. 6.

The combined gene delivery demonstrated in this study is promising for ischemic diseases in
terms of not only synergistic efficacy, but also sequential activities in the order of preventing
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cardiomyocyte apoptosis and inducting angiogenesis. Anti-apoptotic genes typically protect
cells in ischemic tissues for up to 2 weeks, and neovascularization requires more than 1
week upon VEGF secretion 41. The present sequentially and synergistically combined gene
therapy provides double effects of cardiomyocyte protection in the early stage of ischemia
and vascular regeneration in the late stage. We described here, for the first time, the actual
synergistically combined sequential gene therapy that bases on consecutive activities of anti-
apoptosis and angiogenesis for the treatment of ischemic diseases. This is different from
sequential efficacy resulting from serial administration. Although this gene delivery strategy
needs to be examined in an animal model with ischemia/reperfusion injury, this study
provides a direction of future cardiovascular gene therapy.
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Figure 1.
DNA condensation using PAM-ABP. Gel retardation of the VEGF, the Dual, and the
mixture of VEGF and Dual using PAM-ABP. The V:D indicates the ratio between
VEGF:Dual. Five mixtures of VEGF and Dual were prepared at different ratios and
condensed by PAM-ABP.
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Figure 2.
Time- and ratio-dependent hHO-1 expression and hVEGF secretion. (a) HO-1 expression
and (b) VEGF secretion after transfection of the plasmid cocktail prepared at five different
ratios were determined at 24, 48, and 72 hours post-transfection using ELISA kits. The
mixture of the VEGF plasmid and the Dual plasmid was transfected to hypoxic H9C2 cells
using PAM-ABP. Data represent mean ± SD.
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Figure 3.
Correlation between the amount of plasmid transfected and the protein production. (a)
hHO-1 expression and (b) hVEGF secretion at 48 hours post-transfection. Different amounts
of the plasmids were transfected to H9C2 cells using PAM-ABP. Data represent mean ± SD.
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Figure 4.
Effects of HO-1 inhibitor and activator on hVEGF secretion. (a) hVEGF secretion with or
without HO-1 inhibitor. H9C2 cells were transfected with Dual-only, VEGF only, and the
cocktail of the Dual plasmid and the VEGF plasmid (VEGF+Dual mixed at 5:5 ratio) and
incubated in the presence or absence of ZnPP (10 μM). (b) hVEGF secretion with or without
HO-1 activator. H9C2 cells were transfected with VEGF-only and incubated in the presence
or absence of CoPP (10 μM). Secretion of hVEGF was measured 48 hours after transfection
using ELISA kit. Data represent mean ± SD (*p<0.05 and **p<0.01).
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Figure 5.
Effects of empty vector on hHO-1 expression and hVEGF secretion. (a) hHO-1 expression,
(b) VEGF secretion, and (c) luciferase expression after co-transfection with pLuci. The Dual
plasmid and the VEGF plasmid were mixed with the same amount of the luciferase plasmid.
The mixtures were transfected to H9C2 cells, and hHO-1 expression, hVEGF secretion, and
luciferase activity were determined. Data represent mean ± SD (*p<0.05 and **p<0.01).
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Figure 6.
Effect of miSHP-1 on hHO-1 expression and hVEGF secretion. (a) hHO-1 expression and
(b) VEGF secretion with or without miSHP-1 in the presence or absence of HO-1 inhibitor.
The dual vector containing miLuci was used as a negative control. After 48 hours of
transfection, hHO-1 and hVEGF level was determined using ELISA kit. Data represent
mean ± SD (*p<0.05 and **p<0.01).
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Figure 7.
Endogenous rVEGF secretion and rHO-1 expression. Secretion of rVEGF with or without
(a) HO-1 inhibitor and (b) HO-1 activator, (c) rVEGF secretion after co transfection with
pLuci, and (d) effect of miSHP-1 on rVEGF secretion. (e) rHO-1 expression in the presence
or the absence of HO-1 inhibitor, (f) rHO-1 expression transfected with pLuci, and (g) effect
of miSHP-1 on rHO-1 expression. Data represent mean ± SD (*p<0.05 and **p<0.01).
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Figure 8.
Caspase 3/7 activity. Antiapoptotic effects of the combined treatment of VEGF, HO-1, and
miSHP-1 were investigated by measuring caspase activity in H9C2 cells under hypoxia.
Data represent mean ± SD (*p<0.05)
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