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Abstract

Ischemic heart disease (IHD) is one of the leading causes of death worldwide. Unfortunately,
current pharmacological treatments for ischemic heart disease do not reliably prevent the
remodeling of the left ventricle and the progression to heart failure. Gene therapy offers a novel
means to directly treat the pathophysiology underlying the long-term complications of ischemic
heart disease. To date, gene therapies directed at single molecular targets have not been successful
in the treatment of ischemic heart disease. In this study, we describe a gene therapy combination
for inhibiting cardiomyocyte apoptosis under hypoxic conditions. This gene therapy combination
utilizes a hypoxia-inducible plasmid expressing both heme oxygenase-1 (HO-1) and the Src
homology domain-2 containing tyrosine phosphatase-1 microRNA (miSHP-1): pEpo-SV-miSHP-
HO-1. This novel gene therapy construct demonstrated an enhanced expression of HO-1,
production of miSHP-1, down-regulation of SHP-1, and inhibition of cardiomyocyte apoptosis
under hypoxic compared to normoxic conditions. These results suggest that pEpo-SV-miSHP-
HO-1 may be a promising gene therapy combination construct for the clinical treatment of
ischemic disease.
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1. Introduction

While current pharmacologic therapy for ischemic heart disease (IHD) can effectively treat
symptoms, it cannot prevent the complications of left ventricular remodeling and the
progression to heart failure [1]. Gene therapy, by inducing or inhibiting the production of
specific proteins, can change the function and fate of the cells in the target tissues. Gene
therapy, therefore, is an attractive alternative to current pharmacological therapies because it
can potentially reverse the pathophysiology associated with acute myocardial infarction
(M1) [2]. To be clinically efficacious, gene therapy for ischemic heart disease should
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activate and restore the molecular mechanisms responsible for reducing and reversing
cardiac injury [3].

To date, single gene therapy has failed to prevent the lethal arrhythmias, acute cardiogenic
shock, and chronic end-stage heart failure (HF) that are the potentially fatal complications of
ischemic heart disease [4]. A combinatorial gene therapy approach that targets specific
cardiac cells and signaling pathways may be clinically more efficacious. Two molecular
pathways that are central to the effective treatment of ischemic heart disease are: 1) the
inhibition of cardiomyocyte apoptosis and/or necrosis; and 2) the induction of
neovascularization. Addressing both pathways simultaneously requires the overexpression
of one target gene (knock-in) while at the same time inhibiting the expression of another
gene by RNA interference (RNAI) (knockdown). For the present study, we constructed a
hypoxia-inducible plasmid for the dual expression of heme oxygenase-1 (HO-1; knock-in,
anti-oxidation) and the Src homology domain-2 containing tyrosine phosphatase-1 (SHP-1)
microRNA (miSHP-1; knockdown, anti-apoptosis).

HO-1 and miSHP were chosen for their possible synergies in the treatment of ischemic heart
disease. In addition to the anti-oxidative and the anti-apoptotic effects of HO-1 and
miSHP-1, several studies have reported that the overexpression of HO-1 and the silencing of
SHP-1 accelerate angiogenesis in ischemic myocardium [5-7]. HO-1, a stress-inducible
anti-oxidant enzyme, exerts potent cardioprotective effects through its anti-inflammatory,
anti-apoptotic, and anti-oxidant activity in ischemic tissue [8]. HO-1 gene therapy may
protect the heart from ischemia/reperfusion injury by suppressing the early inflammatory
response and inhibiting cardiomyocyte apoptosis [9]. Non-specific expression of HO-1,
however, may induce unregulated proliferation of cells in normal tissues, which may induce
tumor growth.

SHP-1, a key molecular mediator of apoptosis, negatively regulates anti-apoptotic signaling
pathways, including extracellular signal-regulated kinase (ERK1/2) and BCL-2. SHP-1
binding to death receptors such as TNFR-1 and FAS-R promotes apoptosis through the
regulation of de-phosphorylation in signal transduction pathways [10,11]. Decreased
cardiomyocyte apoptosis and increased cardio-protection through Akt activation by the
inhibition of the SHP-1 gene suggest that a therapeutic strategy designed to inhibit the
expression of SHP-1 by miRNA would be effective in IHD [12,13]. Although miSHP-1 can
reduce apoptosis and protect cells in ischemic tissue by inhibiting SHP-1 gene expression,
induction of elevated levels of RNAi may be toxic to cells due to the interference with
intrinsic cellular RNAI processes. Unlike siRNA, miRNA production can be regulated by
promoters/enhancers, which transcribe genes in response to specific intracellular
environments or signals, ensuring that RNAI activity occurs in specific tissues or cell
conditions [14]. We hypothesized that a hypoxia-inducible plasmid for the expression of
HO-1 and the production of miSHP-1 would minimize the side effects caused by
unrestricted gene expression and synergistically maximize the survival of cardiomyocytes
under hypoxic conditions.

2. Materials and methods

2.1. Materials

Branched poly(ethylenimine) (bPEI, Mw: 25 kDa), antioxidant assay kit, and 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma
Aldrich (St. Louis, MO). 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, Carlshad, CA). Tagman® gene
expression assays, Tagman® microRNA assays, and other required reagents for qRT-PCR
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were obtained from Applied Biosciences (Carlsbad, CA). Carboxy-DCFDA and RNA
isolation kits were purchased from Invitrogen (Camarillo, CA). SHP-1, SHP-2 and B-actin
antibodies were purchased from Cell Signaling Technology (Danvers, MA). The Amplified
Opti-4CN Substrate Kit was obtained from Bio-Rad (Hercules, CA). The LDH Cytotoxicity
Assay Kit Il was obtained from Abcam Inc. (Cambridge, MA).

2.2. Construction of pEpo-SV-miSHP-HO-1

The HO-1 cDNA was amplified by PCR using pSV-HO-1 as a template and inserted
downstream of the Epo enhancer and SV40 promoter of pEpo-SV, resulting in the
construction of pEpo-SVHO-1. The SHP-1 siRNA sequence (5'-
GGACAUUUCUUGUGCGUGA-3') was inserted into the miR-30 backbone. The sequence
of SHP-1 miRNA was as follows: 5’-
GCTCTAGAATTCCAGTGAGCGAGGACATTTCTTGTGCGTGAGTGAAGCCACAGA
TGTCACGCACAAGAAATGTCCCTGCCTACTGTCTAGAGC-3. The HinDIII
recognition site was inserted for cloning. As a control, luciferase miRNA was also
synthesized. The miRNA was inserted into the synthetic intron sequence in the
GeneSwitch™ vector (Invitrogen; Carlsbad, CA). The intron containing miRNA was
amplified by PCR and inserted into the pEpo-SV-HO-1 at the position of HinDIII, resulting
in the construction of pEpo-SV-miSHPHO-1.

2.3. HO-1 quantification and antioxidant activity

The HIC2 cells were maintained in DMEM containing 10% FBS and 1% antibiotics at 37
°C under 5% CO». At 80% confluence, the cells were seeded on 24-well plates at a density
of 2.0x10% cells/well. After 24 h of incubation, the culture media were replaced with plain
media containing pDNA/PEI polyplexes prepared by mixing 1 pg pDNA and 1 pg PEI.
After 4 h, the cells were washed with PBS and cultured with DMEM. The culture plates
were placed in a hypoxia chamber filled with mixed gas composed of 5% CO», 1% O, and
94% N,. After 2 days, the cells were lysed with 150 pl of lysis buffer containing a protease
inhibitor cocktail (Roche; Indianapolis, IN). The cells were harvested and centrifuged for 30
s at 13,000 rpm. The amount of HO-1 production, antioxidant activity, and total protein was
determined using a HO-1 ELISA kit (R&D Systems; Minneapolis, MN), antioxidant assay
kit, and BCA assay kit (Pierce, Rockford, IL), respectively, according to the manufacturers'
protocols.

2.4. Reactive oxygen species

Cells were prepared and transfected as described above. The culture media were replaced
with phenol red-free DMEM containing 5 pmol carboxy-DCFDA at the completion of
hypoxic exposure. After 30 min of incubation, the cells were washed with PBS and cultured
in DMEM without phenol red. After 2 h, fluorescence intensities were recorded at Ex=495
nm and Em=520 nm using a fluorescence reader. Levels of reactive oxygen species (ROS)
were calculated as the percent ROS present relative to normoxic conditions.

2.5. Cell viability and cytotoxicity

An MTT assay was performed to determine both the toxic effect of miRNA production and
the cell viability under hypoxic conditions. MTT was added to the cells 48 h after
transfection and the cell viability was calculated as a relative value. Cytotoxicity was
measured using an LDH cytotoxicity assay kit (Abcam, Cambridge, MA) according to the
manufacturer's instructions.
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2.6. SHP-1 immunoprecipitation and western blot

Cells were prepared and transfected as described above. For quantitative analysis of SHP-1
protein, the cells were lysed using IP lysis buffer (Pierce; Rockford, IL) containing the
protease inhibitor cocktail. The cells were harvested and centrifuged for 30 s at 13,000 rpm.
The activity of SHP-1 in the cell lysates was determined using the SHP-1
immunoprecipitation kit (R&D Systems; Minneapolis, MN). The SHP-1 activity was
calculated relative to the non-treated control group. For the western blot, the cell lysates
were electrophoresed and transferred to a PVDF membrane. The membrane was washed,
blocked, and incubated with the SHP-1, SHP-2 or B-actin primary antibody overnight at 4
°C. After washing three times, the membrane was incubated with HRP-conjugated
secondary antibody for 1 h at room temperature. The protein present was detected using the
Amplified Opti-4CN Substrate Kit.

2.7. SHP-1 microRNA production

Cells were seeded and transfected as described above. Total microRNA was isolated using a
mirVana™ miRNA isolation kit, and cDNA was prepared using a TagMan® microRNA
reverse transcription kit according to the manufacturer's protocol (Ambion). The production
of SHP-1 microRNA was calculated by the comparative Ct (AACt) method with an
endogenous control of 4.5S RNA. No-reverse-transcription controls were run to rule out
genomic DNA (gDNA) contamination. A standard reaction was performed using the
StepOnePlus™ Real-Time PCR System (Applied Biosystems) following the TagMan®
small RNA assay. The data was analyzed using DataAssist™ Software (Applied
Biosystems) for calculating the relative expression of SHP-1.

2.8. SHP-1 mRNA gRT-PCR

Cells were prepared and transfected as described above. Total RNA was isolated using the
PureLink™ RNA mini kit (Ambion), and cDNA was prepared using a high capacity RNA to
cDNA kit according to the manufacturer's instructions. The level of SHP-1 was determined
based on the comparative Ct (AACt) method to calculate the relative expression of SHP-1
to the B-actin control using the TagMan® gene expression assays (the primer sequence for
SHP-1: GGACATTTC TTGTGCGTGA, pre-developed rat actin control for TagMan®
assays). No-reverse-transcription controls were run to rule out gDNA contamination. Fast
reaction was performed using the StepOnePlus™ Real-Time PCR System (Applied
Biosystems) following the TagMan® gene expression assay protocol. The data was analyzed
using DataAssist™ Software (Applied Biosystems) to calculate the relative expression of
SHP-1.

2.9. Caspase activity

Cells were seeded and transfected as described above. The cells were lysed using IP lysis
buffer (Pierce; Rockford, IL) containing the protease inhibitor cocktail. The cells were
harvested and centrifuged for 30 s at 13,000 rpm, after which the cell lysates were collected.
The caspase activity in the cell lysates was measured by Caspase-Glo® 3/7 assay (Promega;
Madison, WI) according to the manufacturer's protocol. The caspase activities in the
miSHP-1 treatment groups under hypoxic or normoxic conditions were calculated as the
decrease in caspase activity compared to the miLuc treatment groups.

3. Results and discussion

3.1. Construction of HO-1 and miSHP-1 dual expression plasmids

The previously validated cDNA sequence [13], contained in the backbone of the primary
miR-30 mRNA and encoded the SHP-1 or luciferase (Luc) pre-miRNA, was cloned to
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express MRNA under the control of the hypoxia-inducible Epo enhancer. The miR-30 stem-
loop RNA precursor with the polymerase I1-dependent promoter generates miRNA under
the precise control of the promoter and produces up to 12 fold higher levels of mature
miRNASs than hairpin structures [15-17]. The precursor stem was substituted with the
SHP-1- or Luc-specific sequence to yield miRNA, which blocks the expression of
endogenous mMRNA. The four types of plasmids were constructed with or without the Epo
enhancer, SV40 promoter, and miR-30 mRNA for verification of the combinatorial activity
of HO-1 and miSHP-1 (Fig. 1). The pEPO-SV-miSHP-HO-1 and pSV-miSHP-HO-1 were
prepared to compare the levels of HO-1 expression and miSHP-1 production under hypoxic
and normoxic conditions. The pEPO-SV-miLuc-HO-1 and pSV-miLuc-HO-1 were
constructed to serve as negative controls.

3.2. HO-1 expression under hypoxic conditions

HO catalyzes the degradation of heme into carbon monoxide (CO), ferrous iron (Fe2+) and
biliverdin [18]. In addition to its role in heme catabolism and erythrocyte turnover, HO-1,
the inducible isoenzyme of HO, is a central molecular mediator in vascular biology
[8,19,20]. HO-1 plays a role in the anti-oxidative, anti-inflammatory, anti-apoptotic, and
pro-angiogenesis pathways [21]. The protective effects of HO-1 make it a promising
potential therapy for the treatment of a variety of cardiovascular diseases. Overexpression of
HO-1, however, may facilitate tumor growth through its cytoprotective and anti-apoptotic
activities [22]. The expression of HO-1, therefore, must to be regulated to inhibit the
apoptosis of hypoxic cells, while at the same time not inducing tumorigenesis. The
expression of HO-1 in hypoxic and normoxic HIC2 cells, i.e. rat cardiomyocytes, was
determined to confirm the Epo enhancer's regulation of gene expression in response to
hypoxia. PEI, one of the most powerful cationic polymers for transfection, was used to
maximize the transfection efficiency of the plasmids, with the ratio of PEI to DNA fixed at
1:1 (w/w) to minimize cytotoxicity. The polyplex of PEI/pDNA was used to transfect cells
incubated under normoxic conditions. 4 h after transfection, the cells were moved to a cell
culture chamber filled with mixed gas composed of 94% N, 5% CO», and 1% O,. The
HO-1 expression in the cell lysates was quantitatively determined. The HO-1 expression in
the hypoxic HIC2 cells increased ~3-fold in the pEpo-SV-miSHP-HO-1 and the pEpo-SV-
miLuc-HO-1 treatment groups compared to normoxic conditions, while there was no
difference in the HO-1 expression following transfection with the pSV-miSHP-HO-1 or the
pSV-miLuc-HO-1 plasmids (Fig. 2). The plasmids containing the Epo enhancer consistently
produced higher levels of HO-1 in response to hypoxia.

3.3. Bioactivity of HO-1

The enzymatic activity of HO reduces oxidative stress, the inflammatory response, and
apoptosis through the removal of heme and the generation of CO and Fe2+. The final
metabolites of heme stimulate a signaling pathway that protects cells against oxidative stress
[23]. In addition to the indirect effects of the metabolites, CO is involved in the anti-
inflammatory response, while Fe2+ helps to protect cells from oxidative stress [24]. Among
the isoforms of HO, HO-1 prevents or moderates a wide variety of diseases associated with
elevated levels of reactive oxygen-containing molecules. The anti-oxidative activity of HO-1
occurs indirectly through the interaction between bilirubin and NADPH oxidase [25].
Biliverdin, a metabolite of HO-1, is rapidly reduced to bilirubin. Bilirubin suppresses the
enzymatic activity of NADPH oxidase, a major source of ROS, thereby greatly reducing
oxidative tissue damage [26,27]. Hence, the levels of ROS in the cells and the anti-oxidant
activity present were determined following transfection of the plasmids.

The anti-oxidant activity in HIC2 cell lysates and the level of ROS in intact live HIC2 cells
after plasmid transfection were determined under hypoxic and normoxic conditions. The
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anti-oxidant activity relative to the control group was ~130% in the pEpo-SV-HO-1 group
and ~110% in the pSV-HO-1 group under hypoxic conditions. Under normoxic conditions,
the anti-oxidant activity relative to the control group was from ~110% to ~115% in the all
treatment groups (Fig. 3a). The relative levels of ROS were ~40% in the pEpo-SV-HO-1
group and ~60% in the pSV-HO-1 group under hypoxic conditions, and from ~55% to
~60% in all the treatment groups under normoxic conditions (Fig. 3b). The decrease in ROS
was a consequence of the increased anti-oxidant activity following HO-1 transfection. Both
biliverdin and bilirubin, metabolites of HO-1, play an important role in scavenging ROS in
cells. Bilirubin acts as a chain breaking anti-oxidant to reduce peroxyl radicals, while
biliverdin is capable of trapping peroxyl radicals [28]. Since HO-1 is involved in multiple
steps of both the anti-oxidative and anti-apoptosis pathways, its mechanism of action is hard
to precisely define. The known activities of HO-1 include: 1) a decrease in the level of heme
(pro-oxidant); 2) an increase in the level of bilirubin (anti-oxidant); 3) producing CO for
anti-oxidation and anti-apoptosis; and 4) an increase in the level of ferritin to remove and
detoxify free ferric ion [29].

3.4. SHP-1 down-regulation

The miRNAs, a class of 21 to 23 nucleotide long noncoding RNAS, provide crucial
biological functions by suppressing the translation of target mRNAs. First-generation
miRNAs use short hairpin RNA that includes precursor microRNA (pre-miRNA) and are
transcribed under the control of RNA polymerase 111 promoters [30]. Polyadenylation and
splicing may occur because ~22 nucleotide long mature miRNA is encoded in the arm of the
stem that contains an ~80 nucleotide long hairpin structure [14]. Drosha in the nucleus
cleaves the primary transcript for producing pre-miRNA, which is then processed into an
SiRNA duplex by Dicer in the cytoplasm [31]. The RNA-induced silencing complex (RISC)
then binds to the siRNA duplex. Attempts to develop expression-controllable vector-based
miRNA have often focused on the human mir-30 miRNA. The mir-30 expresses the primary
RNA transcript under the control of RNA polymerase Il. The gene-specific duplex for target
mMRNA silencing can be inserted in the stem of the primary miR-30 transcript without
influencing the normal miR-30 maturation and endogenous miRNA processing [17]. The
mir-30 precursor is essential to produce mature mir-30 miRNA, and the location of miRNAs
present within an ~70 nucleotide precursor RNA stem-loop is a common feature of mir-30
miRNAs [16,32]. We based the plasmids used in this study on mir-30 miRNA control of the
expression of miSHP-1 or miLuc under hypoxic conditions.

The anti-SHP-1 or -Luc miRNA sequence was placed in the mir-30 stem loop in the intron
region of the plasmid that regulates the gene expression by the Epo enhancer and the S\V40
promoter, one of the RNA polymerase Il-dependent promoters. The mature miSHP-1
production was first evaluated in HOC2 cells under hypoxic or normoxic conditions (Fig.
4a). The production of miSHP-1 increased in the pEpo-SV-miSHP-1-HO-1 group compared
to the pSV-miSHP-1-HO-1, the pEpo-SV-miLuc-HO-1 and the pSV-miLuc-HO-1 groups.
The presence of the Epo enhancer significantly increased the production of miSHP-1 in
hypoxic cells relative to normoxic cells, while there was no difference in miSHP-1
expression in the pSV-miSHP-HO-1 group between the hypoxic and normoxic states. These
results validate our hypothesis that the pEpo-SV-miSHP-1-HO-1 plasmid construct could
produce miRNA in response to hypoxia.

The down-regulation of SHP-1 mRNA as a consequence of miSHP-1 production was
evaluated under hypoxic and normoxic conditions (Fig. 4b). The level of SHP-1 mRNA in
the cells that were transfected with the pEpo-SV-miSHP-HO-1 plasmid was reduced by
~40% under hypoxic conditions and by ~20% under normoxic conditions, whereas the pSV-
miSHP-HO-1 decreased the SHP-1 mRNA production by ~20% under both hypoxic and
normoxic conditions. The silencing of SHP-1 mRNA led to reduction in the SHP-1 protein
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expression. The level of SHP-1 protein was determined by SHP-1 immunoprecipitation as
shown in Fig. 4c. The relative SHP-1 protein levels in the pEpo-SV-miSHP-HO-1 treatment
groups were reduced by ~45% under hypoxic conditions and ~25% under normoxic
conditions, while the pEpo-SV-miLuc-HO-1 plasmid decreased SHP-1 expression by only
~5% under both hypoxic and normoxic conditions. The constitutively expressed, non-
hypoxia responsive plasmid, pSV-miSHP-HO-1, decreased the expression of SHP-1 protein
by ~20%, which approximates the reduction in expression of SHP-1 seen with the pEpo-SV-
miSHP-HO-1 plasmid under normoxic conditions. This down-regulation of SHP-1 protein
expression was further confirmed by western blot (Fig. 4d). The analysis of cell viability
demonstrated that none of the plasmid constructs were associated with cytotoxicity (Fig. 4e).
In aggregate, these results indicate that it is possible to construct a miSHP-1 expression
vector that specifically produces miSHP-1 and inhibits SHP-1 mRNA, thereby suppressing
the expression of SHP-1 in response to hypoxia.

Further, these results demonstrate that miSHP-1 can be produced in hypoxic cells under the
control of a hypoxia-inducible promoter/enhancer by substituting the mir-30 stem loop with
an anti-SHP-1 miRNA sequence. The hypoxia-inducible miSHP-1 plasmid produced mature
miSHP-1 in response to hypoxia in the plasmid-transfected cells. This miSHP-1 induced the
specific degradation of SHP-1 mRNA, thereby suppressing the expression of SHP-1 protein.
Conventional RNAI based on synthetic dSRNAs have enjoyed only limited success in
mammalian systems. Our hypoxia-inducible plasmid-based miRNA offers several
advantages over synthetic sSiRNAs: (1) ease of transfection, (2) cost-effectiveness, (3)
controlled miRNA production, and (4) continuous miRNA expression [33]. We believe that
the technology described in the present study has the potential to lead to a paradigm change
in the application of synthetic RNAI gene therapy.

3.5. Anti-apoptotic effects

Over 100 human protein-tyrosine phosphatases (PTPs) have been reported to play crucial
roles in cell signaling transduction, cell physiology, and cellular pathology [10]. The
tyrosine-specific PTPs can be classified into the receptor-like PTPs (RPTPs) and the non-
receptor-like PTPs (NRPTPs), or cytosolic PTPs. A subfamily of the cytoplasmic PTPs that
contains an Src homology-2 N-terminal domain and a C-terminal protein-tyrosine
phosphatase domain is denoted as SHP. SHP-1 and SHP-2 are key mediators in cell
signaling and cell growth [34,35]. SHP-1 and SHP-2 play important roles in the response to
oxidative stress [36,37]. Expression of SHP-1 is increased following a myocardial
infarction, suggesting that SHP-1 may contribute to cellular damage [38]. Combining the
anti-oxidant activity of overexpression of HO-1 and the anti-apoptotic activity of anti-SHP-1
miRNA may prolong the survival rate of cardiomyocytes under ischemic conditions.

The anti-apoptotic activities of the plasmids were evaluated by measuring caspase activity, a
key step in hypoxia-induced apoptosis (Fig. 5a). Caspase activity following transfection of
plasmids containing miSHP-1 was calculated as a decrease in caspase activity relative to that
of miLuc. The decrease in caspase activity with pEpo-SV-miSHP-HO-1 was ~95,000 RLU/
mg protein under hypoxic conditions and ~60,000 RLU/mg protein under normoxic
conditions, while the decrease in caspase activity with pSV-miSHP-HO-1 was ~20,000
RLU/mg protein under both hypoxic and normoxic conditions. The decrease in caspase
activity associated with pEpo-SV-miSHP-HO-1 suggests that this plasmid may have a role
to play in inhibiting ischemia-induced apoptosis. The anti-apoptotic activity of miSHP-1
derives from its negative regulatory role in signal transduction pathways by
dephosphorylation of the SHP-1 receptor and by inhibiting the binding of TNFR1 and Fas-R
[13,38]. Fas, an important mediator in the setting of acute myocardial ischemia and
infarction, induces apoptosis in cardiomyocytes through the stimulation of Fas-R under
hypoxic conditions. Our results suggest that the decrease in apoptosis of the hypoxic cells
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was likely due to the inhibition of Fas binding to Fas-R as a result of silencing the
expression of SHP-1. Silencing of SHP-1 mRNA also induces phosphorylation of Akt,
which reduces the apoptosis of cardiomyocytes under ischemic conditions.

In addition to the determination of caspase activity, the release of LDH as a marker of cell
death was measured under the same conditions (Fig. 5b). The percentages of the cell
population releasing LDH under hypoxic conditions were ~30% in the control group, ~28%
in the pSV-miLuc-HO-1 group, ~25% in the pEpo-SV-miLuc-HO-1 group, ~20% in the
pSV-miSHP-HO-1 group, and ~8% in the pEpo-SV-miSHP-HO-1 group. The difference
between the pEpo-SV-miSHP-HO-1 group and the pEpo-SV-miLuc-HO-1 group is likely
due to the synergistic effects of the down-regulation of SHP-1 and the overexpression of
HO-1. It has been reported that both HO-1 overexpression and SHP-1 down-regulation
accelerate angiogenesis in ischemic tissues, in addition to the anti-oxidative and the anti-
apoptotic activity of HO-1 and miSHP-1 [5-7]. HO-1 and angiogenic factors, including
vascular endothelial growth factor (VEGF), activate a positive-feedback cycle to enhance
neovascularization in adult tissues. HO-1 expression and its activity in human endothelial
cells are prolonged by VEGF, and the angiogenesis induced by VEGF decreases when HO-1
is inhibited [39]. Thus, we assume that HO-1 plays at least two roles in ischemic tissues: 1)
as an anti-inflammatory agent that inhibits leukocyte infiltration; and 2) promoting VEGF-
mediated angiogenesis to facilitate tissue repair. Similar to HO-1, miSHP-1 is also involved
in VEGF-induced angiogenesis. The phosphorylated KDR/flk-1, a substrate for SHP-1, is
induced by binding of VEGF to KDR/flk-1, resulting in conformational changes in the
receptor and dimerization [40]. The interaction between SHP-1 and the activated VEGF
initiates negative regulatory activity in the signal transduction pathways by
dephosphorylation of the receptors or their substrates [41,42]. SHP-1 is also associated with
the inhibition of endothelial cell proliferation mediated by TNF-alpha and the reduction in
angiogenesis by the inactivation of KDR/flk-1 [43]. KDR/flk-1 inactivation by SHP-1
reduces VEGF-induced angiogenesis, suggesting that miSHP-1 may accelerate angiogenesis
by silencing SHP-1. We conclude that the synergistic effect of pEpo-SV-miSHP-HO-1
resulting in improved cardiomyocyte survival under hypoxic conditions is due not only of its
anti-oxidative and anti-apoptotic activities, but also of enhanced angiogenesis.

4. Conclusion

The hypoxia-inducible plasmid for the dual expression of HO-1 and miSHP-1 demonstrated
higher levels of HO-1 expression and mature miSHP-1 production in hypoxic cells
compared to normoxic cells. The expression of HO-1 increased total anti-oxidant activity,
resulting in a decrease in the level of ROS in cardiomyocytes. The hypoxia-responsive
production of miSHP-1 down-regulated SHP-1 mRNA and reduced the production of the
SHP-1 protein. The synergistic efficacy of HO-1 and miSHP-1 significantly decreased the
apoptosis of cardiomyocytes under hypoxic conditions. This gene expression plasmid
combination, pEpo-SV-miSHP-HO-1, is a promising construct for the protection of hypoxic
cells. This gene expression plasmid combines the anti-oxidative effects of HO-1 and the
anti-apoptotic activity of miSHP-1. In addition, both gene constructs accelerate VEGF-
induced angiogenesis. The combination of these knock-in and knockdown genes in one
plasmid enhances the expression of HO-1, produces mature miSHP-1, down-regulates
SHP-1 mRNA, and reduces the production of SHP-1 protein in hypoxic cells compared to
normoxic cells. Examinations of the efficacy of pEpo-SV-miSHP-HO-1 in vivo are
warranted to determine its efficacy for the treatment of clinical ischemia.
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Fig. 1.

Schematic diagrams of the plasmid constructions. Hypoxia-inducible plasmids were
constructed for the expression of HO-1 and the production of (a) miSHP-1 or (b) miLuc.
Non-inducible plasmids (c, d) were constructed to serve as negative controls.
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Fig. 2.

HO-1 expression under hypoxic and normoxic conditions. The HIC2 cells were incubated
under hypoxic or normoxic conditions for 48 h following transfection. The level of HO-1
was quantitatively determined in the cell lysates using an ELISA kit, and the total protein
was quantified by BCA assay (data presented as mean+SD, n=4 triplicate, *p<0.01).
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Fig. 3.

Effects of HO-1 expression as determined by the measurement of anti-oxidant activity and
levels of ROS. (a) Total anti-oxidant activity in the cells following transfection with one of
four different plasmid constructs expressing HO-1 was determined under hypoxic and
normoxic conditions and compared. (b) The levels of ROS were detected under the same
experimental conditions as the anti-oxidant activity assay (data presented as the mean+SD,
n=4 triplicate, *p<0.01). The anti-oxidant activity and ROS level were calculated as relative
values to the non-transfected control. The raw values of non-transfected controls were
1.73+0.04 under hypoxia and 1.96+0.06 under normoxia (anti-oxidant activity/mg total
protein) and ~1,210,000+23,000 under hypoxia and ~1,360,000+£26,000 under normoxia
(fluorescence intensity of ROS/viable cells; data presented as the mean=SD, n=4 triplicate).
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Fig. 4.

SHP-1 down-regulation in hypoxic and normoxic cells. Expression profile of: (a) Mature
miSHP-1, (b) SHP-1 mRNA, (c) SHP-1 protein expression, (d) SHP-1 and SHP-2 western

blot, and (e) cell viability (data presented as the mean+SD, n=

4 triplicate, *p<0.01). The

production of miSHP-1, level of SHP-1 mRNA, and SHP-1 protein expression were

calculated as relative values to the non-transfected control.
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Fig. 5.

Anti-apoptotic activity of the dual plasmid. (a) Decrease in Caspase-3/7 activity (n=4
triplicate, *p<0.01) and (b) LDH release (*p<0.05, one-way ANOVA) following plasmid
transfection (data presented as the mean+SD, n=4 triplicate).
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