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INTRODUCTION

Crit ical limb ischemia (CLI) affect s up to 2% of the pat ient s diagnosed with 

peripheral arter y disease (PAD), with some 1,000 new cases of CLI diagnosed 

per 1 million Europeans or North Americans ever y year [1]. Unfortunately, many 

pat ient s are ineligible for t reatment, which consist s of revascularizat ion either 

percutaneously or surgically, with the latter result ing in a 25% amputat ion rate. 

	 Therapeut ic angiogenesis represent s an alternat ive t reatment modality 

for these pat ient s. However, despite the numerous posit ive result s in animal 

studies, clinical t ria ls using a single angiogenic factor by either recombinant 

protein or gene-based formulat ions have resulted in either negat ive or 

conflict ing outcomes [2-5]. To increase the success of gene-based therapeut ic 

angiogenesis in the clinical situat ion, various gene t ransfer techniques have 

undergone intense invest igat ion in recent years. Nonvira l plasmid DNA is 

commonly used in clinical t ria ls due to safety concerns with v ira l vectors, 

but these convent ional plasmids also may provoke negat ive side effect s that 

affect the gene expression. For instance, the bacteria l backbone may lead to 

unwanted heterochromatin format ion that changes eukar yot ic gene expression 

or induces immune responses to CpG sequences [6-8]. To resolve these issues, 

an att ract ive gene t ransfer tool (nonvira l minicircle (MC) plasmid) was designed. 

MCs are supercoiled DNA molecules that are smaller compared to convent ional 

plasmids and lack a bacteria l origin of replicat ion or an ant ibiot ic resistance 

gene, features that great ly improve the t ransgene expression both in terms of 

expressed levels of gene expression as well as in the persistence of the gene 

expression [9, 10].

	 As indicated above, the result s of clinical t ria ls using a single 

angiogenic (grow th) factor were disappoint ing [11, 12].  This suggest s that the 

expression of a single angiogenic factor such as vascular endothelia l grow th 

factor (VEGF) alone may not be suff icient to improve neovascularizat ion [13]. 

Newer therapeut ic approaches designed to circumvent this problem ut ilize the 

upst ream t ranscript ional factor, hypox ia inducible factor-1 alpha (HIF-1-alpha). 

Factors expressed by the HIF pathway include vascular endothelia l grow th 

factor, f ibroblast grow th factor, insulin-like grow th factor, er ythropoiet in, 

and nit ric ox ide synthase, among others [14, 15]. However, the HIF-1-

alpha protein has a limited biological half-life as HIF-1-alpha is degraded in 

normoxic condit ions by oxygen-dependent prolyl hydroxylase-2 (PHD2) [16]. 

PHD2 mediates the interact ion of HIF-1-alpha with von Hippel-Lindau protein 

ABSTRACT

Aim: In this study, we target the hypox ia inducible factor-1 alpha (HIF-1-alpha) 

pathway by short hairpin RNA (shRNA) inter ference therapy target ing prolyl 

hydroxylase-2 (shPHD2). We use the minicircle (MC) vector technology as an 

alternat ive for convent ional nonvira l plasmid (PL) vectors in order to improve 

neovascularizat ion after unilateral hindlimb ischemia in a murine model.

Methods and Results: Gene expression and t ransfect ion eff iciency of MC and 

PL, both in v it ro and in v ivo, were assessed using bioluminescence imaging 

(BLI) and f irefly Luciferase (Luc) reporter gene. C57Bl6 mice underwent 

unilateral elect ro- coagulat ion of the femoral arter y and gast rocnemic muscle 

inject ion with MC-shPHD2, PL-shPHD2, or PBS as cont rol. Blood flow recover y 

(BFR) was monitored using Laser Doppler Per fusion Imaging (LDPI), and 

collaterals were v isualized by immunohistochemist r y and angiography. MC-Luc 

showed a 4.6-fold higher in v it ro BLI signal compared to PL-Luc. BLI signals in 

v ivo were 4.3x105±3.3x105 (MC-Luc) versus 0.4x105±0.3x105 (PL-Luc) at day 28 

(p=0.016). Compared to PL-shPHD2 or PBS, MC-shPHD2 signif icant ly improved 

BFR, up to 50% from day 3 unt il day 14 after ischemia-induct ion. MC-shPHD2 

signif icant ly increased collateral density and capillar y density, as monitored 

by alpha-smooth muscle act in (α-SMA) expression and CD31+ expression, 

respect ively. Angiography data conf irmed the histological f indings. Signif icant 

downregulat ion of PHD2 mRNA levels by MC-shPHD2 was conf irmed by 

quant itat ive PCR (qPCR). Finally, Western blot analysis conf irmed signif icant 

higher levels of HIF-1-alpha protein by MC-shPHD2, compared to PL-shPHD2 and 

PBS.

Conclusions: This study provides init ia l ev idence of a new potent ia l therapeut ic 

approach for peripheral arter y disease (PAD). The combinat ion of HIF-1-alpha 

pathway target ing by shPHD2 with the robust nonvira l MC plasmid improved 

post-ischemic neovascularizat ion, making this approach a promising potent ia l 

t reatment opt ion for crit ica l limb ischemia. 
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gene (MC-Luc), using Lipofectamine 2000 (Inv it rogen, Carlsbad, CA, USA) 

according to the manufacturer’s protocol. C2C12 cells show rapid proliferat ion 

with a doubling t ime of approx imately 19 hr in v it ro [21]. In order to more 

closely resemble the in v ivo condit ions of slower proliferat ing cells, C2C12 

cells were exposed to 9000 Rad 3 hr before t ransfect ion, result ing in an 

opt imal proliferat ion pattern (Supplemental Figure 1). Proliferat ion of cells 

was quant if ied by using a 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltet razolium 

bromide (MTT) proliferat ion assay according to the manufacturer’s protocol. As 

a cont rol, non-irradiated mouse C2C12 myoblast cells were used.

Noninvasive bioluminescence imaging to assess the durat ion of reporter gene 

expression. To compare the durat ion of gene expression in v ivo, 25 μg of PL-

Luc or equimolar 12.5 μg of MC-Luc were injected into normal gast rocnemius 

muscles of C57Bl6 mice, with PL-Luc injected on the right side and MC-Luc 

injected on the left side. Due to the well-known divergent neovascularizat ion 

capacit ies of various mice st ra ins [22], the durat ion of gene expression in 

C57Bl6 mice in the present study was closely examined. The same mouse 

st ra in was used in the hindlimb ischemia experiments as described in the next 

paragraph. Bioluminescence imaging (BLI) was per formed with the Xenogen In 

Vivo Imaging System (Alameda, California) on days 1, 3, 5, and 7, and weekly 

thereafter unt il the endpoint on day 28, by an invest igator blinded to study 

condit ions (E.J.B.), as prev iously described [23, 24]. BLI signals were quant if ied 

in max imum photons per second per cent imeter squared per steradian (p/s/cm2/

sr). To compare the durat ion of gene expression in v it ro, irradiated C2C12 cells 

were imaged using BLI at 3, 24, and 48 hr after t ransfect ion.

Experimental animals 

Ten-week old C57Bl6 mice (Jackson laborator y) were used (10 mice per 

group). All animal experiments were per formed after approval of the relevant 

authorit ies at both Inst itutes (Stanford Animal Research Committee and the 

Leiden University Animal Research Committee).

Surgical procedure to induce hindlimb ischemia 

C57Bl6 mice possess a well-known fast recover y after hindlimb ischemia 

induct ion [25]. Mice injected with MC-shPHD2 were expected to have enhanced 

blood flow recover y as compared to cont rols. Double elect ro- coagulat ion of 

(pVHL) ubiquit in ligase complex, which leads to proteasomal degradat ion of 

HIF-1-alpha [17]. Inhibit ion of HIF-1-alpha degradat ion through short hairpin 

RNA (shRNA) knockdown of PHD2 has been shown to signif icant ly improve 

neovascularizat ion, which in turn improved cardiac funct ion in a mouse 

model of myocardia l infarct ion (MI) [18]. Moreover, inhibit ion of PHD by 

shRNA provides a promising pro-angiogenic therapeut ic approach, as in v ivo 

elect rot ransfer of plasmids with either shPHD2 or shPHD3 has been shown to 

signif icant ly improve post-ischemic neovascularizat ion in a mouse model of PAD 

[19].

	 In the present study, we combine the advantages of MC with the 

angiogenic effect s of the HIF-1-alpha pathway, through shRNA knockdown 

of PHD2 in a murine hindlimb ischemia model. We demonst rate that the 

combinat ion of these two st rong concepts offers a promising new avenue for 

improving post-ischemic neovascularizat ion in the future.

METHODS

Construction of MC plasmids and MC DNA 

The MC plasmids are const ructed and produced as described earlier [6, 18]. 

Briefly, for the product ion of MC, ubiquit in promoter-driv ing f irefly luciferase 

(Luc) is amplif ied with Luc forward and Luc reverse primers using pUbiquit in-

Luc as a template. The mouse PHD2 gene is cloned, as described earlier, with 

TGTGAGGAACTTGAGATCT as the short hairpin scramble (shScramble) ant isense 

sequence, and with the f ragment No 2 knockdown site inserted after H1 

promoter in the vector pSuper [18]. The minicircle DNA plasmid used here (a gift 

f rom Dr. Mark Kay, Stanford University) was produced as described prev iously 

[6, 20]. 

Cell culture and transfection 

Mouse C2C12 cells were cultured in DMEM containing 10% fetal bovine serum 

[18]. All cells were mainta ined in a 5% CO2 incubator. For t ransfect ion, cells 

were seeded with a density of 2x105 cells/well in 6-well flat-bottom microassay 

plates (Falcon Co., Franklin Lakes, NJ) 24 hr before t ransfect ion. At 70%-

80% confluence, cells were t ransfected with 4 μg of plasmids carr y ing the 

Luc reporter gene (PL-Luc) or equimolar 2 μg of MC carr y ing the Luc reporter 
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measured).

Quant itat ive polymerase chain react ion (qPCR). For real-t ime reverse 

t ranscriptase–polymerase chain react ion (RT–PCR), we used inventoried assay 

on demand primers set s (Applied Biosystems). Oligonucleot ides for PHD2 

(Applied Biosystems, EGLN1, Mm00459770_m1) were used to analyze PHD2 

mRNA levels, and mouse HPRT (Applied Biosystems, HPRT, Mm00446969_m1) 

was used to normalize sample amplif icat ion. Polymerase chain react ion was 

per formed on a 7500 Fast Real Time PCR System (Applied Biosystems). mRNA 

expression levels of PHD2 were corrected for expression of HPRT and displayed 

as relat ive expression values (delta Ct) and analyzed as prev iously described 

[28]. RNA ext ract ion was per formed as described in the supplementar y methods 

sect ion.

Protein extraction and Western blot analysis 

Protein f rom gast rocnemius muscle (n=14) was ext racted and analyzed 

as prev iously described [18, 29]. Cellular lysed homogenates in 

radioimmunoprecipitat ion assay buffer were isolated for protein concent rat ion 

determinat ion with a bicinchoninic acid assay (Thermo Scient if ic, Rockford, 

IL, USA). Equal amounts of protein were loaded per well (20μg of protein 

per well). Samples were ext racted with a sample buffer (Biorad, Hercules, 

CA, USA) containing 50 mM dithiothreitol as a reducing agent for 5 minutes 

at 95°C, resolved by polyacr ylamide gel elect rophoresis, and t ransferred to 

polyv inylidene fluoride membranes. The membranes were then blocked with 5% 

milk/ Tris-buffered saline-Tween (TBST) for 1 hr at room temperature, incubated 

with the appropriate primar y ant ibody at 4°C overnight, and washed with TBST. 

Primar y ant ibodies used were HIF-1-alpha (1:200, NB100-479, Novus, Litt leton, 

CO, USA) and act in as cont rol (1:1000, SC 1615, Santa Cruz Biotech, Santa 

Cruz, CA, USA). The appropriate horseradish perox idase- conjugated secondar y 

ant ibody, diluted in 5% milk/ TBST, was applied for 1 hr at room temperature. 

After washing with TBST, immunoblot s were v isualized and quant if ied using the 

Super Signal West Dura Extended Durat ion Subst rate (Perbio Science), LabWorks 

4.6 software, and a luminescent image workstat ion (UVP), as prev iously 

described [30, 31]. Hif-1-alpha expression levels were corrected for expression of 

act in and displayed as relat ive expression values.

both the common femoral arter y and the popliteal arter y dista lly was per formed 

because it could provide a larger therapeut ic window [25]. This enables a 

better analysis of the enhancing effect s of MC-shPHD2 on arteriogenesis. 

Before surger y, mice were anesthet ized with an int raperitoneal inject ion of a 

combinat ion of midazolam (5 mg/ kg, Roche), medetomidine (0.5 mg/ kg, Orion), 

and fentanyl (0.05 mg/ kg, Janssen). A skin incision was made unilaterally f rom 

the left inguinal region to the knee. For a double coagulat ion model such as that 

used in this study, both the common femoral arter y and the popliteal arter y 

were dissected f rom the nerve and vein as described before [25]. An elect ro-

coagulat ion of the common femoral arter y was per formed and followed by an 

elect ro- coagulat ion of the popliteal arter y. After surger y, the skin was closed 

with 6-0 Ethilon sutures.

Laser Doppler perfusion imaging 

To compare the neovascularizat ion effect s with equimolar concent rat ions, 

25 μg of PL-shPHD2 and 12.5 μg of MC-shPHD2 were injected into the left 

gast rocnemius muscles of C57Bl6 mice (n=10/group) 24 hr after the induct ion 

of hindlimb ischemia. Addit ional mice (n=10) were injected with PBS (50 μl) 

as a cont rol. Measurements of paw per fusion were per formed of the mouse 

hindlimbs before, direct ly after, biweekly unt il day 14, and weekly unt il 4 weeks 

after the surgical procedure with Laser Doppler Per fusion Imaging (LDPI) (Moor 

Inst ruments). Per fusion was expressed as a rat io of the left (ischemic) to right 

(non-ischemic) paw, as prev iously described [26].

Histological analysis 

Addit ional animals were sacrif iced 10 days after ischemia induct ion followed 

by inject ion of MC-shPHD2, PL-shPHD2, or PBS, with their calf and adductor 

muscles removed and f ixed with 4% formaldehyde and paraff in-embedded. 

Seria l 5 µm cross-sect ions were generated. Sect ions were re-hydrated and 

endogenous perox idase act iv ity was blocked for 20 minutes in methanol 

containing 0.3% hydrogen perox ide. Capillaries and collaterals were v isualized 

using ant ibodies recognizing CD31 on endothelia l cells or α-smooth muscle act in 

(SMA) in smooth muscle cells, as prev iously described [26, 27]. Quant if icat ion 

of labeled t issue sect ions was per formed using ImageJ (9 sect ions per mouse 

were analyzed to obtain the mean per animal, and 5 animals per group were 
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less than 5% in all mice. Mice injected with MC-shPHD2 showed signif icant ly 

improved blood flow recover y, up to 50% from day 3 unt il day 14 after ischemia 

induct ion as compared to mice injected with PL-shPHD2 or PBS (Figure 3). 

Inject ion of PL-shPHD2 did not improve blood flow recover y signif icant ly as 

compared to PBS inject ion. 

Increase in collateral and capillary density in post-ischemic skeletal 
muscle after MC-shPHD2 injections. To study collateral arter y format ion 

at the t issue level, ischemic skeleta l muscles were harvested 10 days after 

hindlimb ischemia induct ion, and immunohistochemical sta ining was per formed. 

Mice injected with MC-shPHD2 showed a signif icant increase in collateral 

density, as measured by SMA expression, in the post-ischemic adductor muscle 

as compared to mice injected with PL-shPHD2 or PBS (3.5±0.5 vs. 1.9±0.2 

and 1.0±0.1 collaterals per mm2) (Figure 4A). Furthermore, collaterals were 

signif icant ly larger in mice injected with MC-shPHD2 as compared to mice 

injected with PL-shPHD2 or PBS (850.5±397.9 μm2 vs. 258.8±91.7 μm2 and 

196.2±33.6 μm2) (Figure 4B). In addit ion, inject ion of MC-shPHD2 signif icant ly 

increased the CD31+ capillar y density of the post-ischemic calf muscles of 

mice as compared to inject ion of PL-shPHD2 or PBS (40.3±4.9 vs. 18.1±5.2 and 

11.8±3.4 capillaries per mm2) (Figure 4D). To il lust rate collateral grow th in the 

post-ischemic hindlimb, angiographs were made 10 days after hindlimb ischemia 

induct ion. Collaterals were observed in the post-ischemic adductor muscles of 

a ll mice, indicat ing that C57Bl6 mice do have the capacity to form collaterals 

after hindlimb ischemia. Mice injected with MC-shPHD2 showed more typical 

corkscrew-like collateral arteries in the ischemic adductor muscle area as 

compared to mice injected with PL-shPHD2 or PBS. These angiographic-result s 

conf irm the result s of the SMA-sta ining (Figure 5).

Quantitative PCR analysis of PHD2 mRNA expression. Addit ional C57BL6 

mice were subjected to hindlimb ischemia followed by inject ion of MC-shPHD2, 

PL-shPHD2, or PBS, to assess PHD2 mRNA and HIF-1-alpha protein expression 

at 7 days after surger y. MC-shPHD2 inject ion signif icant ly decreased the 

mean PHD2 mRNA expression in gast rocnemius muscles, with delta Ct levels 

of 0.28±0.022, compared to PL-shPHD2 and PBS (0.35±0.016 and 0.36±0.026, 

respect ively; p<0.05) (Figure 6). 

Western blot analysis of HIF-1-alpha protein expression. Western blot 

Statistical analysis 

Result s are expressed as mean ± sem. Comparisons between means were 

per formed using an independent T-test. For repeated measures, 1-way repeated 

measures ANOVA with post-hoc Bonferroni-Holm’s correct ion was used. 

P-values <0.05 were considered stat ist ically signif icant. All calculat ions were 

per formed in SPSS 19.0.

RESULTS

Evaluation of minicircle vectors versus regular plasmid vectors in 
vitro. To assess the t ransfect ion eff iciency, MC-Luc and PL-Luc were used in 

equimolar amounts to t ransfect mouse C2C12 cells. Luc was evaluated by BLI. 

MC-Luc showed a higher Luc expression compared to PL-Luc, with a 4.6-fold 

higher BLI signal at 24 hr and a 4.4-fold higher BLI signal at 48 hr in irradiated 

C2C12 cells (Figure 1). As a cont rol, in non-irradiated cells MC-Luc showed 

2.5-fold higher Luc expression compared to PL-Luc at 24 hr after t ransfect ion 

(Supplemental Figure 2). 

Comparison of MC versus regular plasmids in vivo. Equimolar amounts 

of MC-Luc and PL-Luc were injected into the left or right mouse gast rocnemius 

muscles, respect ively, to determine expression levels in C57Bl6 mice in v ivo. 

Gene expression was followed by BLI f rom day 0 unt il day 28. MC-Luc inject ion 

showed a signif icant ly higher Luc act iv ity compared to PL-Luc f rom day 3 unt il 

the end point at day 28, with BLI of 6.9x103±1.7x103 versus 3.6x103±0.46x103 

p/s/cm2/sr at day 1 (p=ns); 3.2x105±2.4x105 versus 0.4x105±0.3.x105 p/s/cm2/sr 

at day 7 (p=0.002); 3.5x105±2.8x105 versus 0.5x105±0.3x105 p/s/cm2/sr at day 

21 (p=0.004); and 4.3x105±3.3x105 versus 0.4x105±0.3x105 p/s/cm2/sr at day 28 

(p=0.016) (Figure 2). 

Injection of MC encoding shPHD2 improves post-ischemic blood 
flow recovery. To examine whether MC-shPHD2 could improve post-ischemic 

neovascularizat ion in v ivo as compared to PL-shPHD2 or PBS, hindlimb 

ischemia was per formed in C57BL6 mice followed by inject ion of MC-shPHD2, 

PL-shPHD2, or PBS, respect ively. After double elect ro- coagulat ion of both 

the common femoral arter y and the popliteal arter y, blood flow decreased to 
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t ransfect ion eff iciencies. To assess t ransfect ion eff iciency in v it ro, MC-Luc and 

PL-Luc were used in equimolar amounts to t ransfect irradiated mouse C2C12 

cells. To correct for the rapid div ision of non-irradiated cells, we used irradiated 

cells that more closely resemble in v ivo situat ion of slower proliferat ing cells. 

The present study reported up to 4.6-fold higher gene expression, which was 

even higher than the t ransfect ion eff iciency shown in our cont rol experiment 

with non-irradiated cells.  Transfect ion eff iciency in v ivo was determined by the 

inject ion of MC-Luc and PL-Luc in the gast rocnemius muscles of C57Bl6 mice. 

Up to a 10-fold higher gene expression of MC-Luc during 28 days as compared 

to PL-Luc in the mouse hindlimb was reported in this study. This was in line 

with a recent report that compared gene expression of MC-Luc with PL-Luc 

in gast rocnemius muscles of FVB/N mice [6]. These result s conf irm the same 

benef icia l t ransfect ion eff iciency of MCs in two different mice st ra ins, which 

were found to have different neovascularizat ion react ions on hindlimb ischemia 

[37]. The mechanism of enhanced t ransgene expression of MCs is unclear, 

but may result f rom the eliminat ion of the unnecessar y plasmid sequences, 

in part icular CPG islands, which can lead to t ranscript ional gene silencing in 

v ivo.  In addit ion, the smaller size of MCs may confer better ext racellular and 

int racellular bioavailability and therefore improve gene deliver y propert ies [8].  

	 Prev ious studies on therapeut ic angiogenesis have demonst rated 

regression of neovessels as t ime progressed due to a drop in expression after 

gene t ransfer [38- 41]. By using minicircle as a vector, we and others have 

shown that gene expression levels are high up to 4 weeks after t ransfect ion [6]. 

Addit ionally, prev ious studies have shown that the therapeut ic window ranges 

f rom 1 to 3 weeks, with complete blood flow recover y in unt reated cont rol 

animals after these t ime point s [25]. Therefore, we used a single administ rat ion 

to analyze the effect on neovascularizat ion. No signif icant neovessel regression 

was seen in our study. MC-shPHD2 t reatment resulted in 100% blood flow 

recover y 3 weeks after ischemia induct ion.  A non-signif icant decrease in blood 

flow was seen at 28 days in this group. This might be expla ined by the relat ive 

decrease in HIF-1-alpha levels in the normoxic paws. This is in concordance with 

the prev iously ment ioned studies in which gene expression tends to vanish in 

the absence of an angiogenic st imulus. However, we believe that restoring the 

blood flow to the downst ream t issue, and thus resolv ing the ischemia in the 

affected areas, is a lso an important factor that may expla in the small decline in 

per fusion. After format ion of suff icient new collaterals and consequent ly repair 

of the blood flow to the ischemic t issue, part of the newly formed collaterals 

analysis of HIF-1-alpha protein expression in the gast rocnemius muscles at day 7 

after surger y showed a signif icant ly increased mean relat ive HIF-1-alpha protein 

level in the MC-shPHD2-t reated group of 1.0±0.058, compared to PL-shPHD2 

t reatment (0.80±0.058) and PBS t reatment (0.67±0.12) (p<0.05 for both) (Figure 

7).

DISCUSSION

To our knowledge, this is the f irst study that combines the advantages of 

st imulat ing the angiogenic potent ia l of the HIF-1-alpha pathway by shRNA 

inter ference of PHD2 with the nonvira l minicircle vector technology. Our 

result s indicate that MC-shPHD2 improves post-ischemic neovascularizat ion in 

a hindlimb ischemia mouse model, making this approach an att ract ive potent ia l 

t reatment opt ion for crit ica l limb ischemia. 

	 Funct ional revascularizat ion capacity of MC-shPHD2 was studied by 

repeated blood flow per fusion measurements after hindlimb ischemia induct ion 

in mice t reated with MC-shPHD2, PL-shPHD2, or PBS. Mice t reated with 

MC-shPHD2 showed signif icant ly improved blood flow recover y up to 50% 

as compared to t reatment with PL-shPHD2 or PBS. A signif icant increase in 

collateral and capillar y density in the post-ischemic skeleta l muscles of mice 

t reated with MC-shPHD2 conf irmed it s benef icia l effect s on neovascularizat ion. 

These result s demonst rate the potent ia l of MC-shPHD2 as a valuable target for 

therapeut ic neovascularizat ion. 

	 Therapeut ic neovascularizat ion is a promising st rategy for t reatment of 

ischemic vascular disease that uses angiogenic grow th factors or genes encoding 

these proteins to st imulate neovascularizat ion. Single recombinant grow th 

factors such as f ibroblast grow th factor (FGF) [32] and vascular endothelia l 

grow th factor (VEGF) [33] have been studied in preclinical studies, but their use 

seemed to be rest ricted by the limited half-life. For instance, phase I clinical 

t ria ls achieved promising result s using plasmid DNA encoding human grow th 

factors in pat ient s with PAD [12, 34, 35], but phase I I I clinical t ria ls have fa iled 

to demonst rate unambiguous success that a single grow th factor could benef it 

pat ient s with CLI [36]. Newer approaches based on upregulat ion of an upst ream 

t ranscript ional factor as HIF-1-alpha may provide better a lternat ives. 

	 Addit ionally, the inconsistent benef it s of gene therapy using a single 

grow th factor might a lso be att ributable to the lack of ideal vectors and limited 
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progressive disease, t riggering the collateral format ion and neovascularizat ion 

might be ver y benef icia l in restoring the blood flow to the ischemic limbs [49, 

50]. MC-shPHD2 would therefore be an interest ing alternat ive t reatment st rategy 

for therapeut ic angiogenesis in the future.

	 In conclusion, the present study provides encouraging init ia l ev idence 

for a new potent ia l therapeut ic approach for t riggering the collateral format ion 

and neovascularizat ion in PAD. Using a nonvira l minicircle vector carr y ing 

shPHD2, HIF-1-alpha is upregulated through PHD2 knockdown, result ing in an 

improved post-ischemic neovascularizat ion in a hindlimb ischemia mouse model. 
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SUPPLEMENTAL METHODS

Angiography. Post mortem angiography of both hindlimbs was per formed 

using Microf il cont rast agent (Flow tech, Carver, MA, USA) according to the 

manufacturer’s protocol. After thoracotomy, cont rast fluid was injected into the 

left vent ricle of the mouse heart. Five minutes before cont rast inject ion, mice 

were int ravenously injected with papaverine (50 mg/ml) for vasodilatat ion. The 

skin of both hindlimbs was removed and X-rays were made. RNA ext ract ion. To 

conf irm that MC-shPHD2 could decrease PHD2 mRNA levels and could increase 

HIF-1-alpha protein levels in v ivo as compared to PL-shPHD2 or PBS, addit ional 

C57BL6 mice were subjected to hindlimb ischemia followed by inject ion of 

MC-shPHD2, PL-shPHD2, or PBS. Gast rocnemius muscles (n=27) were harvested 

7 days after surger y for further analysis. Total RNA was ext racted with Trizol 

reagent according to the manufacturer’s inst ruct ions (Inv it rogen). RNA was 

reverse-t ranscribed into cDNA using the High Capacity RNA to cDNA kit 

(Applied Biosystems, Foster City, CA, USA) to assess the mRNA expression 

levels of PHD2. 

will become redundant and will disappear, a process called pruning, whereas 

other collaterals will fully mature [42, 43]. For future larger animal studies that 

require a longer therapeut ic window, repeated t ransfect ion using minicircle 

vectors is feasible with robust t ransgene act iv it ies, with lower host cellular and 

humoral immune responses as seen with repeated inject ions of v ira l vectors [6].

In this study, we selected PHD2 as the target gene by downregulat ion of 

the mouse PHD2 gene by MC-mediated shRNA inter ference, which leads 

to act ivat ion of downst ream angiogenic genes and proteins. In line with 

our result s, a recent report showed that downregulat ion of PHD2 by shRNA 

enhanced neoangiogenesis in a mouse model of myocardia l infarct ion [18]. 

A different study evaluated the effect s of shPHD1, shPHD2, and shPHD3 on 

neovascularizat ion in a mouse hindlimb ischemia model [19]. Elect roporat ion 

of plasmid vectors was used and silencing of PHDs t riggered post-ischemic 

neovascularizat ion, with shPHD2 and shPHD3 having the most robust effect s. In 

the current study, we chose PHD2 as a target because it is the most abundant 

isoform [44]. Both in v ivo report s have provided a better understanding of PHD2 

downregulat ion with shRNA in human subject s. Important ly, recent ev idence 

suggest s that downregulat ion of PHD2 promotes tumor grow th [45]. 	

	 In this study, Bordoli et a l. showed that PHD2 funct ions as a tumor 

suppressor in xenografted tumors derived f rom breast carcinoma. In this 

respect, as PHD inhibitors have been developed for the t reatment of PAD, there 

are concerns over possible side effect s of these inhibitors in tumor progression. 

More encouragingly, others have shown that genet ic inact ivat ion of PHD2 

increased the deliver y of chemotherapeut ics to the tumor and thereby their 

ant i-tumor and ant i-metastat ic effect [46]. This study also showed that PHD2 

haplodef iciency prevented ox idat ive damage, organ fa ilure, and t issue loss. In 

addit ion, a randomized, double-blind, placebo-cont rolled study using adenovira l 

HIF-1-alpha showed no evidence of promotion of tumor grow th [47].

	 Finally, a recent randomized study studied the effect of adenovira l 

administ rat ion of HIF-1-alpha in a group of 289 pat ient s with claudicat ion 

[48]. No signif icant differences in claudicat ion onset t ime, ankle-brachial 

index, or quality-of-life measurements between the placebo and HIF-1-alpha 

groups were found. Possible explanat ions for the negat ive result s include the 

limited biological act iv ity of HIF-1-alpha in pat ient s with claudicat ion and the 

possible limited eff icacy of gene t ransfer with an adenovirus vector, due to 

immunological responses. Hence, shPHD2 t reatment in combinat ion with the 

minicircle vector might circumvent these issues. Although PAD is a chronic 
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