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Aims

Methods
and results

Haem oxygenase-1 (HO-1) is a haem-degrading enzyme that generates carbon monoxide, bilirubin, and iron ions.
Through these compounds, HO-1 mitigates cellular injury by exerting antioxidant, anti-apoptotic, and anti-inflamma-
tory effects. Here, we examined the influence of HO-1 deficiency and transient hypoxia/ischaemia-induced HO-1
overexpression on post-injury hindlimb recovery.

Mice lacking functional HO-1 (HO-1 7/7) showed reduced reparative neovascularization in ischaemic skeletal
muscles, impaired blood flow (BF) recovery, and increased muscle cell death compared with their wild-type litter-
mates. Human microvascular endothelial cells (HMEC-1) transfected with plasmid vector (pHRE-HO-1) carrying
human HO-1 driven by three hypoxia response elements (HREs) and cultured in 0.5% oxygen demonstrated mark-
edly increased expression of HO-1. Such upregulated HO-1 levels were effective in conferring protection against
H,0O,-induced cell death and in promoting the proangiogenic phenotype of HMEC-1 cells. More importantly,
when delivered in vivo, pHRE-HO-1 significantly improved the post-ischaemic foot BF in mice subjected to
femoral artery ligation. These effects were associated with reduced levels of pro-inflammatory cytokines (IL-6 and
CXCL1) and lower numbers of transferase-mediated dUTP nick-end labelling-positive cells. Moreover, HO-1 deliv-
ered into mouse skeletal muscles seems to influence the regenerative potential of myocytes as it significantly changed
the expression of transcriptional (Pax7, MyoD, myogenin) and post-transcriptional (miR-146a, miR-206) regulators of
skeletal muscle regeneration.

Angiogenesis ® Gene therapy e HO-1 e MicroRNA e Satellite cells

1. Introduction

Interruption of blood supply results in ischaemic injury which can
rapidly damage any tissue. Critical limb ischaemia, usually caused by
atherosclerotic plaques blocking the blood vessels, is a common
and devastating manifestation of peripheral arterial disease. It is asso-
ciated with a very high morbidity and mortality risk." In many cases,

the use of bypass surgery or balloon angioplasty is limited, necessitat-
ing amputation. For these reasons, the development of new therapies
continues to be an area of substantial scientific and clinical interest.
Haem oxygenase-1 (HO-1) degrades haem to carbon monoxide
(CO), biliverdin/bilirubin, and ferrous iron. These products, either dir-
ectly or indirectly, exert anti-oxidative, anti-apoptotic, and anti-
inflammatory effects.” Proangiogenic properties of HO-1 appear to
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be mediated in large part by CO through the stimulation of soluble
guanylate cyclase in endothelial cells (ECs).> Moreover, our latest
data demonstrate that HO-1 may be an important regulator of myo-
genic regulatory factors (MRFs) and microRNAs (miRNAs) involved in
myoblast differentiation.* All of this makes HO-1 a promising candi-
date for gene therapy. Importantly, however, uncontrolled overex-
pression of HO-1 can cause serious detrimental side effects. The
release of high amounts of reactive iron under conditions of strongly
enhanced HO activity and a high supply of haem may potentially be
harmful to the cells.” Therefore, creating a beneficial threshold of
this protein by its controlled expression seems to be crucial for
obtaining the therapeutic effects. This objective can be achieved
with hypoxia-regulated gene carriers.

Such an approach involves the naturally occurring mechanism, an
interaction of hypoxia-inducible factor-1 (HIF-1) with hypoxia re-
sponse element (HRE) what results in upregulation of the transgene
in pathologic hypoxic/ischaemic conditions. HIF-1 is a basic helix—
loop—helix heterodimeric transcription factor that consists of
oxygen-sensitive subunit HIF-1a or, in tissues such as the heart,
lungs, kidney and endothelium, HIF-2a and oxygen insensitive, consti-
tutively expressed subunit HIF-1(. It initiates the expression of several
hypoxia responsive genes, like erythropoietin, vascular endothelial
growth factor, or mouse HO-1.° The main advantage of using
vectors containing HRE sequence is the induction of transgene ex-
pression only upon a drop in oxygen tension. Therefore, the produc-
tion of therapeutic agent is limited to the ischaemic region where its
presence might be beneficial. Additionally, when the tissue heals, it
becomes re-oxygenated and the transgene expression goes down.

Previously, hypoxia-regulated HO-1 gene transfer reduced cellular
damage during myocardial ischaemia—reperfusion (I/R) injury.”® More-
over, Tongers et al’ demonstrated a significantly blunted blood flow
(BF) recovery after femoral artery ligation (FAL) in mice treated with
the HO inhibitor tin protoporphyrin-IX. However, as the protopor-
phyrin inhibitors of HO activity may exert many unspecific effects,
the genetic models are required to prove the role of HO-1 in revascu-
larization. Hence, to the best of our knowledge, in this study we tested
for the first time the importance of HO-1 in post-ischaemic neovascu-
larization and BF recovery in HO-1-deficient mice. Moreover, we gen-
erated and successfully used a plasmid harbouring human HO-1 driven
by three HRE sequences. We demonstrated anti-apoptotic, anti-
inflammatory, and proangiogenic action of HO-1, revealing additionally
the new mechanisms of its beneficial effect on muscle regeneration.

2. Methods

Detailed procedures and protocols are provided in the Supplementary
material online.

2.1 Reagents

Cell culture reagents, MCDB 131, and foetal bovine serum (FBS) were
from PAA (Lodz, Poland). Oligo(dT) primers, dNTPs, MMLV reverse tran-
scriptase, and lactate dehydrogenase (LDH) assay were obtained from
Promega (Gdansk, Poland). NCode miRNA First-Strand cDNA Synthesis
Kit was from Invitrogen. Propidium iodide (Pl), mouse CXCL1-, mouse
IL-6-, and mouse TNFa-recognizing ELISA kits were procured from
R&D Systems (Warszawa, Poland). HMVEC-L Nucleofector Kit was
purchased from Lonza (Warszawa, Poland). Ketamine hydrochloride
(Bioketan) and xylazine hydrochloride (Sedazin) were from Biowet
(Pulawy, Poland). All other reagents and chemicals, unless otherwise
stated, were purchased from Sigma (Poznan, Poland).

2.2 Cell culture

Human microvascular endothelial cells (HMEC-1) were kindly provided by
Dr Francis Candal (Center for Disease Control and Prevention, Atlanta,
GA, USA) and cultured in the MCDB 131 medium containing 10%
heat-inactivated FBS, L-glutamine (2 mM), epidermal growth factor (10 ng/
mL) and hydrocortisone (1 wg/mL), penicillin (100 U/mL), and streptomycin
(10 pg/mL) at standard conditions: 37°C, 5% CO,, and humidified atmos-
phere. For induction of HIF-1, the cells were placed in hypoxic chamber
(Billups Rothenberg), flushed with a low-oxygen gas mixture (containing
0.5% Oy, 5% CO,, 94.5% N,) for 20 min. After flushing, gas ports were
tightly sealed and chambers were placed in the incubator at 37°C. For
evaluation of cell survival, HMEC-1 cells were stimulated with 500 uM
hydrogen peroxide (H,O,) in the presence of 2% FBS.

2.3 Plasmids

The following plasmids were used in this study: pCMV-EGFP and
pCMV-HO-1—in in vitro experiments; pHRE-minCMV (pHRE-empty)
and pHRE-minCMV-HO-1 (pHRE-HO-1)—in in vitro and in vivo experi-
ments. cDNA for human HO-1 was obtained from cDNA library of
human keratinocytes (HaCaT) and subcloned into two vectors either
downstream of the cytomegalovirus (CMV) constitutive promoter
(pCMV-HO-1) or downstream of three copies of HRE
(5'-GACGTG-3') and the minimal CMV promoter (pHRE-HO-1). This se-
quence enabled hypoxia-regulated gene expression.

2.4 Nucleofection of HMEC-1 cells

Cells were transfected under serum-free conditions with 2 pg of plasmid
DNA using the Nucleofector (Amaxa) and HMVEC-L Nucleofector Kit
according to vendor’s protocol. The transfection efficiency was deter-
mined 24 h later with Nikon Eclipse TS 1000 Fluorescence Microscope
by counting the cells expressing enhanced green fluorescent protein

(EGFP).

2.5 Western blotting

Protein extracts from transfected HMEC-1 cells and fragments of gastro-
cnemius muscles were prepared and analysed as previously described*
using antibodies and the conditions described in Supplementary material
online.

2.6 Analysis of cell death

Cell death after appropriate H,O, treatment was analysed with (i) LDH
assay in the conditioned media according to vendor’s protocol and (i)
red propidium iodide (PI) fluorescence.

2.7 Analysis of cell migration

Migratory properties of transfected HMEC-1 cells were analysed in (i)
scratch assay (cells were pre-treated with 5 mM hydroxyurea in order to
induce growth arrest) and (ii) Boyden chamber assay (transwell plates
with 8 wm pores coated with 20 pug/mL fibronectin mixed with 0.5%
gelatin in 1:1 ratio) according to the protocols described previously in
Grochot-Przeczek et al'® and Jazwa et al,"" respectively. After 12 h of
culture, scratches and transwell membranes were stained with haematoxy-
lin and eosin (H&E), photographed with Nikon Eclipse TS 1000 Microscope
at x 200 magnification, and analysed with the Image ] software.

2.8 Murine hindlimb ischaemia and gene
delivery

All animal procedures were in accordance with the Directive 2010/63/EU
of the European Parliament and carried out under a license from the
Ethical Committee of the Jagiellonian University. Twelve-week-old male
and female HO-1"'" and HO-1""* mice of C57BL/6 x FVB background
(courtesy of Dr Anupam Agarwal, Birmingham, USA) and 12-week-old
male C57/BL6 mice were used in the experiments. All animals were
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maintained under controlled environmental conditions (12 h light/dark
cycle at ~23°C), and provided with standard laboratory food and
water ad libitum. Unilateral FAL was performed by double ligation of
the superficial left femoral artery under either 2% isoflurane (Aerrane,
Baxter) gas anaesthesia (C57BL/6 xFVB mice) or mixture of ketamine
hydrochloride (90 mg/kg) and xylazine hydrochloride (20 mg/kg) injected
intraperitoneally (C57BL/6 mice). The limb withdrawal response to toe
pinch was monitored to ensure the adequacy of anaesthesia. About
10—15 min before vessel ligation, pHRE-empty or pHRE-HO-1 was deliv-
ered into the left gastrocnemius muscle of each C57BL/6 mouse by three
injections (total dose 10 pg in 30 pL). Control animals were left untreat-
ed. BF was measured in anaesthetized animals up to 30 min after the
surgery and then at day 7 and day 14 using Laser Doppler Perfusion
Imager (LDPI) System (PIM Il, Perimed). The ischaemic-to-non-ischaemic
foot BF ratio was calculated as an index of BF recovery. The readings of
individual measurements per mouse were averaged for each time point.
Animals were euthanized via an anaesthetic overdose (200 mg/kg of keta-
mine mixed with 40 mg/kg of xylazine delivered by intraperitoneal injec-
tion) at day 1 (to study the gene expression) and day 14 (to evaluate
the gene expression and vessel density) after surgery and gene transfer.

2.9 Histological analyses

Skeletal muscle sections were stained with H&E for overall morphology.
Microvessel density was evaluated in isolectin B4 (dilution 1:100, Vector
Laboratories) and CD31 (1:100, BD Biosciences) stained sections of 14
days post-ischaemic and intact mouse adductor skeletal muscles. Then, re-
spectively, streptavidin—fluorochrome-conjugated antibodies (Streptavi-
din Alexa Fluor 546) and rhodamine-conjugated anti-rat antibodies
(1:250, BD Biosciences) were used to visualize endothelial cells in the
muscle tissue. Apoptosis was determined in the gastrocnemius muscle
cryosections (6 wm) 1 day after gene transfer and/or FAL by transferase-
mediated dUTP nick-end labelling (TUNEL) staining (in situ cell death de-
tection kit Fluorescein, Roche, Indianapolis, IN, USA) according to
vendor’s protocol. Immunofluorescent staining against Pax-7 was per-
formed in the gastrocnemius muscle cryosections (6 um) 14 days after
FAL and HO-1 gene transfer with the use of mouse anti-Pax7 antibody
(1:200; DSHB, University of lowa) followed by secondary anti-mouse anti-
body Alexa Fluor 488 (1:250; Molecular Probes). The counting was per-
formed with the use of a fluorescent microscope (Nikon) at x400
magnification.

2.10 Total RNA isolation

At 1 and 14 days post-gene transfer and/or FAL, fragments of gastrocne-
mius muscles were snap-frozen in liquid nitrogen and stored at —80°C.
Total RNA including small RNA fraction was isolated as previously
described” by lysis in 1 mL of Qiazol Total RNA Isolation Reagent using
Tissue Lyzer (Qiagen).

2.11 RT-PCR evaluation of gene expression
and miRNA levels

RT—PCR was performed as previously described.* cDNA template was
synthesized using NCode miRNA First-Strand cDNA Synthesis Kit follow-
ing the manufacturer protocol. Quantitative PCR (qPCR) was performed
using StepOne Plus Real-Time PCR (Applied Biosystems) in a mixture
containing SYBR Green PCR Master Mix (SYBR Green qPCR Kit), 50 ng
of ¢cDNA and specific primers described in Supplementary Material
online. Relative quantification of gene expression was calculated based
on the comparative Cy (threshold cycle value) method (ACt = Cy gene
of interest— CT housekeeping gene)- COMPparison of gene expression in different
samples was performed based on the differences in ACt of individual
samples (AACy).

2.12 ELISA

The content of mouse CXCL1, IL-6, and TNFa in gastrocnemius muscle
homogenates was evaluated according to vendor’s protocol. After evaluation
of total protein content with Bicinchoninic Acid Protein Assay Kit, the amount
of mouse CXCL1, IL-6, and TNFa was expressed in pg/mg protein.

2.13 Statistical analysis

Results are expressed as mean + SEM unless otherwise stated. One-way
analysis of variance (ANOVA) followed by Bonferroni’s post hoc test or
unpaired Student’s t-test was used to evaluate the statistical significance
between investigated groups. P < 0.05 was considered statistically significant.

3. Results

3.1 BF recovery and neovascularization
after hindlimb ischaemia is impaired in
HO-1-deficient mice

Immediately after the surgery (day 0), LDPI analysis demonstrated similar
reductions of blood perfusion in HO-1"+ and HO-1""" mice (Figure 1A
and B). Two weeks after the surgery, BF in ischaemic hindlimbs of
HO-1"" animals had almost returned to normal (Figure 1A and B),
whereas it was significantly impaired in HO-1-deficient mice (Figure 1A
and B). The number of capillaries was markedly increased in the 14
days post-ischaemic hindlimb adductor muscles of HO-1""* animals
when compared with intact muscles from untreated controls (Figure 1C
and D). Conversely, abolished angiogenic response to hindlimb ischaemia
was observed in mice lacking HO-1 (Figure 1Cand D). Already 1 day post-
ischaemia, murine HO-1 mRNA levels detected in skeletal muscles of
HO-1" animals were upregulated more than four times and we still
detected some induction at day 14 (Figure 1E). Accordingly, HO-1"/~
mice submitted to the same treatment did not exhibit neither basal nor
ischaemia-induced HO-1 expression (Figure 1E). Moreover, in the 1 day
post-ischaemic skeletal muscle cross-sections of HO-1""" mice, we
detected significantly higher numbers of TUNEL-positive cells when
compared with HO-1"" animals indicating an increased cell death and
muscle damage in the absence of HO-1 (Figure 1F).

3.2 Beneficial effects of HO-1
overexpressed in normoxic endothelial cells

To evaluate whether activation of HO-1 in ischaemic conditions may
have any functional consequences, we overexpressed HO-1 in
HMEC-1 cells growing in vitro and compared their angiogenic proper-
ties and survival under stressful conditions with control cells expres-
sing EGFP. HMEC-1 cells were chosen because in human cells,
particularly endothelial, in contrary to rodent cells the expression
of HO-1 is not induced and sometimes even downregulated under
hypoxic conditions.'”"* HMEC-1 cells were transfected by nucleofec-
tion with plasmids encoding EGFP (pCMV-EGFP) and human HO-1
(PCMV-HO-1). The transfection efficiency varied between 50 and
70% (Supplementary material online, Figure S7A). Accordingly,
western blot analysis performed 24 h after nucleofection revealed a
potent overexpression of human HO-1 in cells transfected with
pCMV-HO-1 (Figure 2A). Then, HMEC-1 cells overexpressing HO-1
and EGFP were subjected to H,O,-induced damage mimicking reper-
fusion injury. Incubation of control pCMV-EGFP-transfected HMEC-1
cells with graded concentrations of H,O, for 24 h provoked a dose-
dependent decrease in the proportion of surviving cells (data not
shown). After 24 h of treatment with 500 pM H,O,, the level of
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limbs. Squares include the area of interest (the feet) in which average perfusion was computed by the software (1, ischaemic leg; 2, non-ischaemic leg).
Colour scale from blue to brown indicates progressive increases in BF. (C) Graph illustrates total capillary density in HO-1*"" (black bars) and
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detecting biotinylated isolectin B4 bound to endothelial cells. Magnification x200. (E) gPCR for endogenous mouse HO-1 (mHO-1) normalized to
EF2. (F) Bar graphs show the numbers of TUNEL-positive apoptotic cells in the gastrocnemius muscle 1 day after FAL. Insets show representative
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% 400. Values are means + SEM of 4—6 animals per group and per time point. *P < 0.05 vs. HO-1"'" at the appropriate time point. #P < 0.05 vs.

untreated HO-1++,

LDH released by necrotic cells increased by about 50% and this H,O,
concentration was employed in all experiments investigating the pro-
survival effects of HO-1. The level of LDH released to the cell culture
media by pCMV-HO-1-transfected HMEC-1 cells treated with H,O,
was  significantly  lower  when  compared  with  the
pCMV-EGFP-transfected cells subjected to the same H,O; treatment
(Figure 2B). Similar effect has been observed when cell death was
assessed with Pl staining (Figure 2C). Moreover, overexpression of
HO-1 with pCMV-HO-1 vector markedly enhanced the migratory

potential of HMEC-1 cells evaluated in two different tests—scratch

assay (Figure 2D) and Boyden chamber assay (Figure 2E and Supple-
mentary material online, Figure S1B).

3.3 Beneficial effects of HO-1
overexpressed in hypoxic endothelial cells

Next, HMEC-1 cells were transfected by nucleofection with
pHRE-HO-1 or pHRE-empty vector. Western blot analysis revealed
of HO-1 in cells
pHRE-HO-1 and kept in hypoxia (Figure 3A, right panel) comparable

potent overexpression transfected  with
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Figure 2 Beneficial effects of constitutive HO-1 overexpression on H,O,-induced mortality and migratory properties of HMEC-1 cells. (A)
Western blot demonstrating the overexpression of HO-1in HMEC-1 cells transfected with pCMV-HO-1. HMEC-1 cells transfected with pCMV-EGFP
(black bars) or pCMV-HO-1 (white bars) were treated with 500 uM H,O, for 24 h. Mortality was determined using (B) LDH assay and (C) Pl staining
of cell nuclei. Migration of pCMV-EGFP- or pCMV-HO-1-transfected HMEC-1 cells was analysed in (D) scratch closure assay and (E) Boyden chamber
assay. Each bar represents mean + SD of representative experiment performed three times in duplicates. *P < 0.05 vs. pCMV-EGFP under appro-

priate treatment.

with the one obtained after pCMV-HO-1 transfection (Figure 2A). LDH
released to the cell culture media by pHRE-HO-1-transfected HMEC-1
cells treated with 500 wM H,O; in hypoxic conditions was mildly but
significantly lower when compared with the pHRE-empty vector-
transfected cells subjected to the same treatment (Figure 3B, right
panel). Moreover, pHRE-HO-1 transfection resulted in acceleration
of cell migration in hypoxic conditions (Figure 3C, right panel).

3.4 Administration of pHRE-HO-1
improves BF and reduces the incidence of
necrosis in ischaemic hindlimbs

On the basis of in vitro results, our next aim was to investigate whether
local overexpression of HO-1 will exert cytoprotective and proangio-
genic effects in vivo. Therefore, shortly before induction of unilateral
hindlimb ischaemia, we performed intramuscular injection of
pHRE-HO-1 construct encoding human HO-1 under the control of
three HRE sequences into the gastrocnemius muscle below the liga-
tion site. Control animals were injected with pHRE-empty vector.
The presence of human HO-1 mRNA in mouse gastrocnemius

muscle homogenates of pHRE-HO-1-injected animals was confirmed
by quantitative RT—PCR (Figure 4A) and at the protein level (Supple-
mentary material online, Figure S2A). Because available antibodies did
not allow to distinguish endogenous murine HO-1 from human HO-1,
the western blot analysis was done on samples collected from
HO-1""" mice subjected to FAL and pHRE-HO-1 gene transfer (Sup-
plementary material online, Figure S2A). In wild-type mice, hindlimb is-
chaemia induced endogenous HO-1 expression 1 day after the insult
(Figure 4A). However, transfer of pHRE-HO-1 resulted in much stron-
ger expression of HO-1 in ischaemic muscles (Figure 4A). Accordingly,
overexpression of HO-1 resulted in a much better recovery of BF in
ischaemic hindlimbs at day 14 after the surgery and HO-1 gene trans-
fer than in control animals treated with pHRE-empty (Figure 4B and
Supplementary material online, Figure S2B). Moreover, this effect
was associated with decreased number of necrotic toes (1.5 + 0.5
vs. 2.5+ 0.9 in pHRE-empty-treated mice). Neovascularization in
the adductor muscles 14 days after insult was significantly increased
in the hindlimbs of mice treated with pHRE-HO-1, but not in
pHRE-empty-injected mice, when compared with untreated animals

(Figure 4C).
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Figure 3 Beneficial effects of hypoxia-induced HO-1 overexpres-
sion on H,O,-mediated mortality and migratory properties of
HMEC-1 cells. HMEC-1 cells transfected with pHRE-empty (black
bars) or pHRE-HO-1 (white bars) were cultured either in normoxic
(21% O,) or hypoxic (0.5% O,) conditions. (A) Western blot dem-
onstrating the overexpression of HO-1 in HMEC-1 cells transfected
with pHRE-HO-1 and kept in hypoxia (right panel). (B) LDH
detected in the conditioned media from HMEC-1 cells treated
with 500 uM H,O, for 12 h. (C) Scratch closure assay was per-
formed on confluent monolayers of transfected HMEC-1 cells and
the scratch closure rate was determined by comparing the
denuded area immediately and 12 h later. Each bar represents
mean + SD of representative experiment performed three times
in duplicates. *P < 0.05 vs. pHRE-empty at 12 h in hypoxia.

3.5 Administration of pHRE-HO-1
diminishes inflammatory response and
apoptosis in ischaemic skeletal muscles
Hindlimb production  of
pro-inflammatory cytokines—murine functional homolog of human
IL-8 (CXCL1) and IL-6—already 1 day post-surgery (Figure 5A and
B, respectively). Importantly, injection of pHRE-HO-1 shortly before
FAL lowered the levels of both cytokines at day 1, although only
the inhibition of CXCL1 but not IL-6 (Figure 5A and B) nor TNFa
(data not shown) was statistically significant. Accordingly, the

ischaemia  significantly  increased

general morphology analysis of the H&E stained transverse sections
of the 1 day post-ischaemic gastrocnemius muscle (Supplementary
material online, Figure $3) revealed smaller inflammatory cell infiltrates

in  mice treated with PpHRE-HO-1 when compared with
pHRE-empty-injected individuals (Supplementary material online,
Figure S3C vs. B). Importantly, HO-1 gene decreased also the
number of apoptotic TUNEL-positive cells already at day 1 post-
surgery (Figure 5C and Supplementary material online, Figure S2C),
providing evidence that local, transient HO-1 overexpression

improves skeletal muscle cell survival under ischaemic conditions.

3.6 Overexpression of HO-1 in skeletal
muscles modulates levels of molecules
involved in skeletal muscle regeneration

Postnatal growth and regeneration of skeletal muscle mainly depend
on adult muscle stem cells, named satellite cells. Activation of satellite
cells is governed by MRFs which appear to be regulated by HO-1.*
Accordingly, we observed about four-fold upregulation of MyoD
mRNA (Figure 6A) and also an increase in this protein levels (Supple-
mentary material online, Figure S4A and B), and about two-fold upre-
gulation of myogenin mRNA (Figure 6B) 1 day after ischaemia in
gastrocnemius muscles of animals treated with pHRE-empty. Slightly
lower levels of MyoD mRNA (Figure 6A, middle bars) and protein
(Supplementary material online, Figure S4B, middle bars) were
detected in mice overexpressing HO-1 at day 1 after FAL and were
accompanied by significant upregulation of Pax7 protein when com-
pared with 1 day post-ischaemic pHRE-empty-treated individuals
(Supplementary material online, Figure S4A). We have also detected
a significant decrease in myogenin mRNA levels (Figure 6B, middle
bars) in mice overexpressing HO-1 at 1 day after ischaemia. In con-
trast, after BF reconstitution at day 14 resulting in deactivation of
human HO-1 expression from the pHRE-HO-1 construct, much
higher mRNA levels of myogenin were detected in muscles injected
with pHRE-HO-1 than treated with pHRE-empty vector (Figure 6B,
right bars). Of note, no effect of transient HO-1 overexpression on
other myocyte differentiation-related genes (Mef2c, myocardin, and
desmin) has been found (data not shown).

MRFs control also the generation of myomirs, a set of conserved
miRNAs specific for skeletal muscles."*"> Temporal upregulation of
myomirs negatively regulates the target genes, and is necessary for
proper muscle development.15 In the present study, we have
observed a significant increase in miR-206 (Figure 6C) in skeletal
muscles injected with pHRE-HO-1. Reversely, the expression of
miR-146a which may inhibit myoblast differentiation'® was downregu-
lated in pHRE-HO-1-transfected muscles (Figure 6D). In contrary, we
did not observe any significant differences between both groups of
animals in miR-1, miR-133a, and miR-133b levels (data not shown).
Additionally, we detected significantly lower levels of both Pax3
(Figure 6E) and Pax7 (Figure 6F, Supplementary material online,
Figure $4C) 14 days after the surgery in mice injected with
pHRE-HO-1 in comparison with pHRE-empty-treated controls.

Finally, the analysis of H&E-stained paraffin sections of 14 days post-
ischaemic  skeletal muscles revealed that, in contrast to
pHRE-empty-treated individuals, mice subjected to pHRE-HO-1 gene
transfer formed many centrally nucleated fibres arising from muscle
satellite cells (Supplementary material online, Figure S3E and F).

4. Discussion

The salient finding of the present study is that hypoxia-regulated over-
expression of HO-1 accelerates the recovery of the ischaemic limbs,
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the process potentially dependent on increased revascularization,
decreased inflammation, and improved muscle regeneration in
animals treated with HO-1 harbouring plasmid.

HO-1 is an inducible, cytoprotective enzyme that catabolizes haem
to free iron, CO, and biliverdin, which is converted to bilirubin.
Pharmacological inhibition of HO was previously shown to interfere
with the establishment of an SDF-1 gradient between the ischaemic
hindlimb and bone marrow, and the mobilization and recruitment
of putative EPCs defined as Sca-17/Kdr™ cells.” In the present
study, we have shown the diminished post-ischaemic reparative

neovascularization, increased muscle cell death, and impaired post-
ischaemic BF recovery in mice lacking the HO-1 gene.
It was previously shown that constitutive overexpression of HO-1

in mouse'’

or rat'® ischaemic limbs improves the post-ischaemic BF
and promotes tissue survival. Unfortunately, however, iron ions, al-
though being capable of inducing protective ferritin,'® can also accel-
erate tissue injury via production of potentially harmful-free hydroxyl
radicals.” Therefore, creating a beneficial threshold of HO-1 by its
controlled expression seems to be crucial for conferring the thera-

peutic effects, especially in terms of long-term protection.
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The concept of hypoxia-regulated HO-1 gene transfer was previ-
ously investigated as a suitable strategy for the treatment of cardiovas-
cular diseases by reducing cellular damage during I/R injury and
preserving heart function.”*® Here, we show that such strategy can
be effective also in the treatment of acute limb ischaemia and, import-
antly, indicate for the other mechanisms of HO-1 effect, namely
enhanced revascularization and improved muscle regeneration. In
the present study, we delivered pHRE-HO-1 and the control
pHRE-empty vector into skeletal muscles by local injections. We
have detected human HO-1 mRNA already 1 day after surgical induc-
tion of ischaemia in mice, whereas 2 weeks later the transgene ex-
pression disappeared upon restoration of circulation. Therefore,
incorporation of hypoxia responsive elements in our pHRE-HO-1
construct provided a useful on—off physiological switch, which ren-
dered relatively fast transcription of the therapeutic gene dependent
on the hypoxic stimulus triggered by ischaemia.

Reactive oxygen species (ROS) play an important role in the patho-
physiology of ischaemic disease.”®*' Sudden occlusion of the blood
vessel often leads to I/R injury. It refers to paradoxical damage of

the tissue caused when blood supply returns to the tissue after a
period of ischaemia. It has been shown that HO-1 overexpression
may have a sparing effect on the ischaemic myocardium by reducing
(I/R)-induced injury and preventing the sequence of events leading
to cell loss and subsequent ventricular dysfunction.”” In the present
study, we have observed markedly better survival of HO-1 overex-
pressing ECs exposed to the high doses of H,O,. However, we did
not observe any significant differences between analysed groups of
mice neither in tissue ROS levels detected by dichlorodihydro-
fluorescein nor in DNA oxidation evaluated by 8-hydroxy-2'-
deoxyguanosine fluorescent staining (data not shown). These may
suggest that, unlike the I/R model, in which the tissue undergoes
repeated brief ischaemic episodes, the acute ischaemia is associated
with a more extensive injury that is not completely dependent on
ROS generation. Widespread activity of HO-1 and its products may
hence provide better protection in such conditions.

In the present study, we have shown that HO-1 gene transfer was
able to lower the pro-inflammatory IL-6 production by post-ischaemic
murine skeletal muscles. Similar effects of HO-1 were previously
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observed in patients subjected to bypass surgery.”> The relationship
between HO-1 and IL-8 raises more controversy, because
HO-1-dependent® as well as HO-1-independent’** changes in
IL-8 production were noted. In the present study, we have evaluated
the levels of chemokine CXCL1, which is a murine functional homo-
logue of human IL-8. CXCL1 was significantly lower upon HO-1 gene
delivery. It has been shown that pro-inflammatory markers correlate
with peripheral arterial disease progression and risk of amputation.*®
Thus, the possibility of modulating the inflammatory response at the
site of injury with HO-1 may be beneficial.

[t has also been shown that HO-1 might provide an anti-
inflammatory action in vivo through the downmodulation of cell adhe-
sion molecules accompanied by inhibition of leucocyte infiltration”’
and via promotion of non-infllmmatory angiogenesis facilitating
tissue repair.”® Importantly, our study shows another, new mechanism
of improved tissue repair by intramuscular HO-1 gene transfer. Acti-
vation of HO-1 was previously reported to induce osteoblast,”” bone
marrow mesenchymal stem cell,*® and monocyte®’ differentiation,
whereas HO-1 haploinsufficiency led to disrupted erythroblast differ-
entiation.*” Satellite cells, the muscle progenitors, preserve the regen-
erative capacity of adult skeletal muscle. In response to muscle injury,
satellite cells become activated, proliferate, and fuse to either existing
muscle fibres or fuse together to form new muscle fibres.** Here, we
showed that MyoD, as reported elsewhere,** was strongly upregu-
lated shortly (1 day) after the surgery and its expression decreased
2 weeks later during the regeneration phase. Moreover, in the
present study, we have observed a slight decrease in MyoD and
more evident decrease in myogenin mMRNA levels 1 day after
pHRE-HO-1 delivery and hypoxia/ischaemia-mediated activation of
human HO-1 expression. On the contrary, when HO-1 expression
in pHRE-HO-1-transfected murine hindlimbs has been switched-off
at day 14, the level of myogenin was significantly increased in compari-
son with muscles treated with control pHRE-empty vector. Accord-
ingly, Pax7 protein levels were higher in mice overexpressing HO-1
at 1 day after FAL when compared with empty vector-treated indivi-
duals. We propose that in this way, HO-1 may be implicated in the
early phases of myogenic differentiation and participate in the gener-
ation of a pool of reserve cells which are closely related to satellite
cells responsible for adult muscle regeneration. Indeed, our recent
study indicates that stable, long-term expression of HO-1 may
inhibit differentiation of myoblasts while increasing their proliferation.”
Hence, regulated expression of HO-1 in ischaemic limbs may exert
better effect than constitutive one.

In the present study, we have also evaluated the levels of muscle-
specific miRNAs. It is known that their generation can be modulated
by MRFs,"> and as our recent data indicate also by HO-1.* We have
observed significant increase in miR-206, which promotes differenti-
ation,?® and decrease in miR-146a, known to inhibit myoblast differen-
tiation'® in skeletal muscles injected with pHRE-HO-1 when
compared with the control group 14 days post-treatment. Again,
switching-off the HO-1 expression after the period when it stimulates
myoblast proliferation may be beneficial and stimulate myoblast
differentiation.

Summing up, our study suggests that the effect of HO-1 on muscle
regeneration is multifactorial. First, it can be related to the known
cytoprotective action of HO-1, as reflected by decrease in apoptosis
of the muscle fibres in animals overexpressing HO-1 and attenuation
of inflammatory response in the injured tissue; second, the stimulation
of revascularization through the improvement of endothelial cell

viability, migration, and proliferation, resulting in increased formation
of capillaries; third, by the influence on myoblasts proliferation and dif-
ferentiation. It may be supposed that temporal expression of HO-1
initially promotes myoblasts proliferation, as suggested by increase
in Pax7 expression and decrease in MyoD and myogenin expression
at early phase of regeneration in muscle overexpressing HO-1.
Then switching off HO-1 expression may accelerate muscle differen-
tiation by downregulating the expression of Pax7 as well as miR-146a,
while stimulating the expression of differentiation drivers miR-206 and
myogenin.

In conclusion, our results demonstrate that HO-1 may play an im-
portant role in the protection of ischaemic tissue by decreasing in-
flammation and apoptosis, and promoting neovascularization.
Moreover, for the first time, we have shown that HO-1 may be an im-
portant new player in the muscular regeneration by promoting
renewal of the satellite cell compartment. The pHRE-HO-1 vector
provided a useful on—off physiological switch, which rendered rela-
tively fast transcription of the HO-1 gene in hypoxic/ischaemic condi-
tions and can be further investigated as a tool to provide
cytoprotection in ischaemic cardiovascular diseases.

Supplementary material

Supplementary material is available at Cardiovascular Research online.

Acknowledgements

We thank Dr Barbara Wegiel, Dr Malgorzata Gozdecka, and Ms Wer-
onika Sikora for help with creation of the constitutive and
hypoxia-regulated plasmid vectors. Dr Magdalena Kozakowska, Mr
Maciej Ciesla, Mr Marcin Krupka, Mr Witold Nowak, and Mr Krzysztof
Szade are acknowledged for designing the primers used in experi-
ments. Dr Jolanta Jura is acknowledged for access to Amaxa nucleo-
fector device. Ms Agnieszka Andrychowicz Rog, Ms Elzbieta Slizewska,
and Mr Janusz Drebot are acknowledged for technical assistance.

Conflict of interest: none declared.

Funding

This work was supported by grants Homing-Plus/2011-3/3 from the Foun-
dation for Polish Science and N301 314837 from the Ministry of Science
and Higher Education/National Science Centre. The construction and in
vitro testing of hypoxia regulated vectors was supported by the grant
POIG 01.01.02-00-109/99 ‘Innovative methods of stem cell applications in
medicine’. AJa. is the recipient of the Ministry of Science and Higher Edu-
cation Scholarship, ).S. is the recipient of the Ventures grant from the
Foundation for Polish Science. AJo. was a recipient of the Wellcome
Trust Senior Research Fellowship in Biomedical Science. The Faculty of
Biochemistry, Biophysics and Biotechnology of the Jagiellonian University
is also beneficiary of the structural funds from the European Union
(grant no. POIG.02.01.00-12-064/08; POIG.02.02.00-014/08; and
POIG.01.01.02-00-069/09). Supported by COST Action TD0901
HypoxiaNet.

References

1. Feiring AJ, Krahn M, Nelson L, Wesolowski A, Eastwood D, Szabo A. Preventing leg
amputations in critical limb ischemia with below-the-knee drug-eluting stents: the
PaRADISE (PReventing Amputations using Drug eluting StEnts) trial. | Am Coll
Cardiol 2010;55:1580—1589.

2. Maines MD. Heme oxygenase: function, multiplicity, regulatory mechanisms, and clin-
ical applications. FASEB | 1988;2:2557-2568.

$T0Z ‘LT J8QUWIBAON UO 158nB AQ WO} papeojumod


http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvs284/-/DC1

124

A. Jazwa et al.

3.

20.

Jozkowicz A, Huk |, Nigisch A, Weigel G, Dietrich W, Motterlini R et al. Heme oxy-
genase and angiogenic activity of endothelial cells: stimulation by carbon monoxide
and inhibition by tin protoporphyrin-IX. Antioxid Redox Signal 2003;5:155—162.

. Kozakowska M, Ciesla M, Stefanska A, Skrzypek K, Was H, Jazwa A et al. Heme

oxygenase-1 inhibits myoblast differentiation by targeting myomirs. Antioxid Redox
Signal 2012;16:113-127.

. Suttner DM, Dennery PA. Reversal of HO-1 related cytoprotection with increased

expression is due to reactive iron. FASEB | 1999;13:1800—-1809.

. Semenza GL. Hydroxylation of HIF-1: oxygen sensing at the molecular level. Physiology

(Bethesda) 2004;19:176-182.

. Pachori AS, Melo LG, Zhang L, Solomon SD, Dzau V). Chronic recurrent myocardial

ischemic injury is significantly attenuated by pre-emptive adeno-associated virus heme
oxygenase-1 gene delivery. | Am Coll Cardiol 2006;47:635—-643.

. Tang YL, Qian K, Zhang YC, Shen L, Phillips MI. A vigilant, hypoxia-regulated heme

oxygenase-1 gene vector in the heart limits cardiac injury after ischemia-reperfusion
in vivo. | Cardiovasc Pharmacol Ther 2005;10:251-263.

. Tongers J, Knapp JM, Korf M, Kempf T, Limbourg A, Limbourg FP et al. Haeme

oxygenase promotes progenitor cell mobilization, neovascularization, and functional
recovery after critical hindlimb ischaemia in mice. Cardiovasc Res 2008;78:294—300.

. Grochot-Przeczek A, Lach R, Mis |, Skrzypek K, Gozdecka M, Sroczynska P et al. Heme

oxygenase-1 accelerates cutaneous wound healing in mice. PLoS ONE 2009;4:e5803.

. Jazwa A, Kucharzewska P, Leja ], Zagorska A, Sierpniowska A, Stepniewski | et al.

Combined vascular endothelial growth factor-A and fibroblast growth factor 4
gene transfer improves wound healing in diabetic mice. Genet Vaccines Ther 2010;8:6.

. Kitamuro T, Takahashi K, Ogawa K, Udono-Fujimori R, Takeda K, Furuyama K et al.

Bach1 functions as a hypoxia-inducible repressor for the heme oxygenase-1 gene
in human cells. | Biol Chem 2003;278:9125-9133.

. Loboda A, Stachurska A, Florczyk U, Rudnicka D, Jazwa A, Wegrzyn ] et al. HIF-1 in-

duction attenuates Nrf2-dependent IL-8 expression in human endothelial cells. Anti-
oxid Redox Signal 2009;11:1501-1517.

. Rao PK, Kumar RM, Farkhondeh M, Baskerville S, Lodish HF. Myogenic factors that

regulate expression of muscle-specific microRNAs. Proc Natl Acad Sci USA 2006;
103:8721-8726.

. Williams AH, Liu N, van Rooij E, Olson EN. MicroRNA control of muscle develop-

ment and disease. Curr Opin Cell Biol 2009;21:461—-469.

. Kuang W, Tan J, Duan Y, Duan J, Wang W, Jin F et al. Cyclic stretch induced miR-146a

upregulation delays C2C12 myogenic differentiation through inhibition of Numb.
Biochem Biophys Res Commun 2009;378:259—-263.

. Bhang SH, Kim JH, Yang HS, La WG, Lee TJ, Sun AY et al. Combined delivery of heme

oxygenase-1 gene and fibroblast growth factor-2 protein for therapeutic angiogenesis.
Biomaterials 2009;30:6247—6256.

. Suzuki M, Iso-o N, Takeshita S, Tsukamoto K, Mori |, Sato T et al. Facilitated angio-

genesis induced by heme oxygenase-1 gene transfer in a rat model of hindlimb ische-
mia. Biochem Biophys Res Commun 2003;302:138—143.

. Gozzelino R, Jeney V, Soares MP. Mechanisms of cell protection by heme

oxygenase-1. Annu Rev Pharmacol Toxicol 2010;50:323—354.

Pachori AS, Melo LG, Hart ML, Noiseux N, Zhang L, Morello F et al
Hypoxia-regulated therapeutic gene as a preemptive treatment strategy against ische-
mia/reperfusion tissue injury. Proc Natl Acad Sci USA 2004;101:12282-12287.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Becker LB. New concepts in reactive oxygen species and cardiovascular reperfusion
physiology. Cardiovasc Res 2004;61:461—-470.

Wang G, Hamid T, Keith RJ, Zhou G, Partridge CR, Xiang X et al. Cardioprotective
and antiapoptotic effects of heme oxygenase-1 in the failing heart. Circulation 2010;
121:1912-1925.

Li P, Elrayess MA, Gomma AH, Palmen ], Hawe E, Fox KM et al. The microsatellite
polymorphism of heme oxygenase-1 is associated with baseline plasma IL-6 level
but not with restenosis after coronary in-stenting. Chin Med | (Engl) 2005;118:
1525-1532.

Pae HO, Oh GS, Choi BM, Kim YM, Chung HT. A molecular cascade showing nitric
oxide-heme oxygenase-1-vascular endothelial growth factor-interleukin-8 sequence
in human endothelial cells. Endocrinology 2005;146:2229-2238.

Loboda A, Jazwa A, Wegiel B, Jozkowicz A, Dulak J. Heme oxygenase-1-dependent
and -independent regulation of angiogenic genes expression: effect of cobalt proto-
porphyrin and cobalt chloride on VEGF and IL-8 synthesis in human microvascular
endothelial cells. Cell Mol Biol (Noisy-le-grand) 2005;51:347—355.

Engstrom G, Site-Flondell D, Lindblad B, Janzon L, Lindgarde F. Risk of treatment of
peripheral arterial disease is related to inflammation-sensitive plasma proteins: a pro-
spective cohort study. | Vasc Surg 2004;40:1101—-1105.

Soares MP, Seldon MP, Gregoire IP, Vassilevskaia T, Berberat PO, Yu ] et al. Heme
oxygenase-1 modulates the expression of adhesion molecules associated with endo-
thelial cell activation. J Immunol 2004;172:3553-3563.

Bussolati B, Ahmed A, Pemberton H, Landis RC, Di Carlo F, Haskard DO et al. Bifunc-
tional role for VEGF-induced heme oxygenase-1 in vivo: induction of angiogenesis and
inhibition of leukocytic infiltration. Blood 2004;103:761—766.

Barbagallo |, Vanella A, Peterson S), Kim DH, Tibullo D, Giallongo C et al. Overex-
pression of heme oxygenase-1 increases human osteoblast stem cell differentiation.
J Bone Miner Metab 2010;28:276—288.

Vanella L, Kim DH, Asprinio D, Peterson S|, Barbagallo I, Vanella A et al. HO-1 ex-
pression increases mesenchymal stem cell-derived osteoblasts but decreases adipo-
cyte lineage. Bone 2010;46:236—-243.

Lang D, Reuter S, Buzescu T, August C, Heidenreich S. Heme-induced heme
oxygenase-1 (HO-1) in human monocytes inhibits apoptosis despite caspase-3
up-regulation. Int Immunol 2005;17:155—-165.

Cao YA, Kusy S, Luong R, Wong R|, Stevenson DK, Contag CH. Heme oxygenase-1
deletion affects stress erythropoiesis. PLoS ONE 2011;6:e20634.

Hawke TJ, Garry D). Myogenic satellite cells: physiology to molecular biology. | Appl
Physiol 2001;91:534—-551.

Paoni NF, Peale F, Wang F, Errett-Baroncini C, Steinmetz H, Toy K et al. Time course
of skeletal muscle repair and gene expression following acute hind limb ischemia in
mice. Physiol Genomics 2002;11:263—-272.

Liu N, Williams AH, Kim Y, McAnally ], Bezprozvannaya S, Sutherland LB et al. An
intragenic MEF2-dependent enhancer directs muscle-specific expression of micro-
RNAs 1 and 133. Proc Natl Acad Sci USA 2007;104:20844—-20849.

Greco S, De Simone M, Colussi C, Zaccagnini G, Fasanaro P, Pescatori M et al.
Common micro-RNA signature in skeletal muscle damage and regeneration
induced by Duchenne muscular dystrophy and acute ischemia. FASEB | 2009;23:
3335-3346.

$T0Z ‘LT J8QUWIBAON UO 158nB AQ WO} papeojumod



