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Abstract

Heparanase plays important roles in tumor angiogenesis. Our previous study demonstrated that 

hypoxic preconditioning (HPC) enhanced the angiogenic and therapeutic effects of mesenchymal 

stem cells (MSCs), effects that were paralleled by enhanced heparanase expression. This study 

was designed to elucidate the role of heparanase in the improved therapeutic properties of HPC-

MSCs and to explore underlying mechanisms using an ischemic rat hind limb model. MSCs 

transfected with heparanase (MSChpa) or empty vector (MSCnull) were delivered by intramuscular 

injections to ischemic hind limbs. Hind limbs that received MSChpa recovered blood flow more 

rapidly at 7 days and acquired higher capillary density at 14 days compared with MSCnull. 

Conditioned medium from MSChpa increased endothelial cell migration and promoted greater tube 

formation relative to that from the MSCnull groups. Vascular endothelial growth factor receptor 2 

(VEGFR2, Flk-1) and its downstream signaling pathway (p38MAPK/HSP27) were significantly 
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increased in human umbilical vein endothelial cells (HUVECs) after treatment with MSChpa 

conditioned medium. Each of these responses was decreased by cocultured with MSChpa-KD 

conditioned medium. MSChpa conditioned medium activated hypoxia-inducible factor-2α 
(HIF-2α) and increased in parallel the transcript level of Flk-1 as determined by chromatin 

immunoprecipitation-PCR and luciferase assays. Analyses of integrin expression revealed an 

important role for integrin β1 in the regulation of HIF-2α. All angiogenic effects of MSChpa 

conditioned medium were abolished by knockdown of integrin β1, HIF-2α, and Flk-1 in HUVECs 

with selective shRNAs. These findings identify heparanse as a key regulator of angiogenesis by 

MSCs. We propose a novel pathway wherein heparanse sequentially activates integrin β1, HIF-2α, 

Flk-1, and p38MAPK/HSP27 with corresponding enhancement of angiogenesis.
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Introduction

Occlusive vascular disease is a major cause of morbidity and mortality. Treatment 

possibilities for the two major cardiovascular consequences, myocardial infarction, and 

peripheral artery disease (PAD) are often limited to palliative interventions such as 

angioplasty and bypass surgery [1]. For clinical limb ischemia, the end-stage of PAD, 

amputation may be the only option for many patients. Therapeutic angiogenesis, by gene or 

cell therapy to stimulate collateral formation, has emerged as a novel approach for treating 

occlusive vascular diseases [2]. For cell therapy, bone marrow mesenchymal stem cells 

(MSCs) are considered a promising option because of their unique biological attributes 

including immunosuppression, self-renewal, and multipotent differentiation abilities [3]. 

Both animal studies and clinical trials have recently confirmed that MSC transplantation 

stimulates angiogenesis and blood flow recovery in ischemic muscle [4]. Autologous 

therapy with MSCs may be limited by the age and clinical condition of the donor that 

influence cell function [5]. Allogeneic MSC therapy may overcome this limitation, but still 

suffers from poor cell survival after transplantation that restricts the biological activities and 

therapy. New approaches and techniques are needed to further enhance the biological and 

therapeutic activities of allogeneic MSCs.

Heparanase (HPA), an endo-β-glucuronidase, has been shown to contribute to cell 

dissemination during tumor metastasis and activation of angiogenesis. It cleaves heparin 

sulfate side chains, causing extracellular matrix remodeling and release of heparan sulfate-

bound molecules including growth factors and inflammatory cytokines [6]. HPA enzyme has 

been shown to be associated with breakdown of the basement membrane and may facilitate 

inflammatory cell migration and invasion by exposing cell adhesion sites on the vascular 

endothelium [7]. HPA is also involved in regulating cell signaling and gene transcription [8, 

9]. For example, HPA induces endothelial cell migration via protein kinase B/Akt activation 

[10] and VEGF expression via Src signaling [11].
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Previously we found that hypoxic preconditioning (HPC) significantly enhanced the 

angiogenic potential of MSC therapy [12] and HPA expression was elevated in parallel 

(Supporting Information Fig. S1). However, it is unknown whether HPA has a role in the 

HPC enhanced therapeutic effects of MSCs. Therefore, in this study, we used gain and loss 

of HPA function in MSCs to investigate the potential therapeutic roles of HPA in a rat 

ischemic hind limb model. We found that HPA overexpression in MSCs conferred 

significantly augmented angiogenesis and cell invasion through a novel pathway that was 

mediated by integrin β1/hypoxia-inducible factor-2α (HIF-2α) and Flk-1.

Materials and Methods

Cell Culture

Primary human umbilical vein endothelial cells (HUVECs) were a gift from Dr. Yi Wang 

(Zhejiang University, Zhejiang, China). HUVECs, at passages between 4 and 8, were 

cultured in gelatin-coated flasks in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, 

Grand Island, NY) supplemented with 20% Fatal bovine serum (FBS, Corning, Brisbane, 

Australia), 50 U/ml heparin (Shanghai No. 1 Biochemical Pharmaceutical Co, Shanghai, 

China), and 100 U/ml penicillin (Zhongguo Pharmaceutical (shijiazhuang) Co, shijiazhuang, 

China) plus 100 mg/ml streptomycin (Northern China Pharmaceutical Co, shijiazhuang, 

China) (pen/strep). MSCs were harvested from femurs and tibias of male Sprague-Dawley 

(SD) rats as described previously [13] and cultured with DMEM/20% FBS and pen/strep to 

passages 3–8. The immunophenotype of MSCs from rats was assessed by flow cytometry 

using specific cell surface antigens. The cells expressed the MSCs markers CD29, CD44, 

CD73, CD90, and CD105 and were negative for the markers CD31, CD34, and CD45 [14].

Animal and Experimental Protocol

Male SD rats (250 g) were purchased from Zhejiang Experimental Animal Center. Animals 

were fed a standard laboratory diet with free access to food and water, kept in a controlled 

room temperature (22°C ± 1°C), humidity (65%–70%), and a 12:12 hours light/dark cycle. 

All procedures were approved by the Animal Ethic Review Committee of Zhejiang 

University and are in compliance with NIH Publication No. 85-23 (revised 1996). Surgical 

procedure to induce limb ischemia was exactly as previously described [15]. After operation, 

rats were divided into the following groups: Control group (CON, phosphate buffer saline, 

PBS treatment), MSC group (MSC, MSC treatment), and HPA overexpression MSC group 

(MSChpa, MSChpa treatment).

Cell Preparation and Transplantation

MSCs were transduced with Lenti-Null, or Lenti-HPA as described by the manufacturer 

(Genechem Company, Shanghai, China). Immediately after femoral artery ligation, 2 × 105 

cells (50 μl in PBS) were injected into the quadriceps femoris muscle of the rat right hind 

limb. PBS injection was also used as negative control.

Laser-Doppler Imaging

Blood flow was measured using laser Doppler imaging (LDI) (MLDI 5063, Moor 

Instruments, Ltd., Devon, U.K.) as described [16]. LDI measurements were performed 
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before occlusion, immediately after, then at 3, 7, and 14 days post-surgery. The right-to-left 

(R/L) ratio (operated vs. nonoperated leg) was calculated for each animal (n ≥ 7 for each 

group).

Condition Medium Collection

MSCs were seeded at a density of 1 × 105 cells in six-well plates, cultured for 24 hours, and 

the medium replaced with 2 ml of DMEM plus 10% FBS for additional 48 hours, 

conditioned medium was centrifuged (2,500 rpm for 3 minutes) to remove cell debris and 

used for experiments.

Migration Assay

HUVEC migration was performed in a Transwell chemotaxis 24-well chamber (Corning 

Glassworks, Corning, NY, USA) as described previously [17]. In brief, 2 × 104 cells/well 

were plated in the upper chamber of in DMEM with 1% FBS. The lower chamber was filled 

with MSC-conditioned medium or control medium as above or with recombinant human 

active heparanase (100 mg/ml, R&D Systems, Minneapolis, MN, USA). After 6 hours at 

37°C, nonmigrating cells were removed from the filter by washing three times with PBS and 

gentle scraping. Migrated cells present on the lower aspect of the filter were fixed with 10% 

formaldehyde for 30 minutes and stained with 0.1% crystal violet for 20 minutes. Five fields 

were counted for each well (original magnification, ×200). Migrated cells were quantified by 

Image-Pro Plus 6.0 (Media Cybernetics, Bethesda, MD, USA).

Tube Formation of HUVECs

A Matrigel tube-formation assay was performed to assess in vitro angiogenesis [18]. 

HUVECs plated at 2 × 104 cells/well were incubated with conditioned medium or 

recombinant heparanase (100 mg/ml) in 96-well plates precoated with growth factor-reduced 

Matrigel (BD, San Jose, CA, USA). After 4–6 hours, five fields were counted for each well 

(original magnification, ×100). The mean tube length was quantified by Image-Pro Plus 6.0.

Immunohistochemical Staining

Tissues were rapidly excised and fixed in neutral buffered formalin, embedded in paraffin, 

and 5 μm sections were stained with H&E. Immunohistochemistry was performed to 

determine capillaries and small arteries using primary antibodies as follows: rabbit anti-

CD31 (Chemicon, Temecula, CA, USA) and α-smooth muscle actin (α-SMA, Epitomics; 

Burlingame, CA, USA), then incubated with respective secondary antibodies and nuclei 

were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Vector Laboratories, 

Burlingame, CA, USA). The number of positive staining of each section was counted in five 

different fields (original magnification, ×400).

Chromatin Immunoprecipitation-PCR

Chromatin immunoprecipitation (ChIP) assays were performed as described previously [19]. 

Briefly, HUVECs (5 × 107 cells) were incubated with recombinant HPA (100 mg/ml) and 

cross-linked with 1% formaldehyde for 10 minutes at 37°C. Cross-linking was stopped by 

the addition of 0.125 M glycine. The cells were washed three times with ice-cold PBS and 
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kept on ice for 10 minutes in 25 mM HEPES (pH 7.8), 1.5 mM MgCl2, 10 mM KCl, 0.1% 

Nonidet P40, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and protease 

inhibitor mixture (Roche, Base, Switzerland). Nuclei were collected and sonicated on ice to 

shear DNA to an average length of 200 bp. After sonication, the chromatin solution (500 μg) 

was incubated with ChIP grade antibodies against HIF-2α (Abcam, Cambridge, MA, USA) 

or rabbit normal IgG (Abcam, Cambridge, MA, USA) at 4°C overnight. Antibody-bound 

complexes were obtained, and DNA fragments extricated from these complexes were 

purified using a QIAquick PCR purification kit (Qiagen, Duesseldorf, Germany). The 

purified ChIPed DNA samples were analyzed by conventional PCR using specific forward 

and reverse FLK1 promoter primers (Supporting Information Table S1).

Luciferase Reporter Assay

Plasmids containing KDR and the pCDNA3.0-HIF-2α promoter and control plasmid 

pCDNA3.0 were constructed by Genechem Company and Shanghai Newgene Biosciences 

Company. 293T cells were maintained in DMEM with 10% FBS. Roche X-tremeGENE HP 

DNA Transfection Reagent was used for transfection. 1.2× 105 293T cells per well in 96-

well plates were transfected with a mixture including 1 μg plasmid, 100 μl of serum-free 

DMEM, and 6 μl of Roche X-tremeGENE HP DNA Transfection Reagent. The Dual-Glo 

Luciferase Assay (Promega, Madison, WI, USA) was performed at 48 hours after 

transfection and luminescence was measured using SpectraMax M5 (Molecular Devices, 

Sunnyvale, CA, USA). Data are presented as the means SD of triplicate well measurements 

for one representative experiment.

Western Blotting

Cells were rinsed with cold PBS, lysed in 2.5× SDS gel loading buffer (30 mM Tris-HCl 

[pH 6.8], 1% SDS, 0.05% bromophenol blue, 12.5% glycerol, and 2.5% mercaptoethanol) 

and then boiled for 30 minutes. Equal amounts of cell lysates were resolved on 10% or 12% 

SDS polyacrylamide gels, and the proteins electro-transferred to polyvinylidene fluoride 

(PVDF) membranes (Millipore, Boston, MA, USA). The blots were incubated with the 

indicated primary antibodies, HPA (1:1,000, Cell Signaling Technology, Danvers, MA, 

USA), HIF-2α (1:200, Abcam, Cambridge, MA, USA), Flk-1 (1:200, Santa cruz 

biotechnology, Dallas, Texas, USA), P-p38 (1:1,000, Cell Signaling Technology, Danvers, 

MA, USA), p38 (1:1,000, Cell Signaling Technology, Danvers, MA, USA), P-hsp27 

(1:1,000, Cell Signaling Technology, Danvers, MA, USA), hsp27 (1:1,000, R&D Systems, 

Minneapolis, MN, USA), Ang1 (1:1,000, Abcam, Cambridge, MA, USA), Tie2 (1:1,000, 

Abcam, Cambridge, MA, USA), P-NF-KBp105 (1:500, Signalway Antibody, College Park, 

Maryland, USA), NF-KBp105 (1:1,000, Cell Signaling Technology, Danvers, MA, USA), P-

NF-KBp50 (1:500, Signalway Antibody, College Park, Maryland, USA), NF-KBp50 

(1:1,000, Cell Signaling Technology, Danvers, MA, USA), P-NF-KBp65 (1:1,000, Abcam, 

Cambridge, MA, USA), NF-KBp65 (1:1,000, Abcam, Cambridge, MA, USA), HIF-1α 
(1:500, Signalway Antibody, College Park, Maryland, USA), Flt-1 (1:500, Proteintech, 

Chicago, IL, USA), VEGF (1:1,000, Abcam, Cambridge, MA, USA), P-ERK (1:1,000, Cell 

Signaling Technology, Danvers, MA, USA), ERK (1:1,000, Cell Signaling Technology, 

Danvers, MA, USA), P-AKT (1:1,000, Cell Signaling Technology, Danvers, MA, USA), 

AKT (1:1,000, Cell Signaling Technology, Danvers, MA, USA), actin (1:3,000, 
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KANGCHEN, shanghai, China), followed by horseradish peroxidase-conjugated secondary 

antibodies. Immunoreactivity was visualized using chemiluminescence ECL Western-

blotting system (Millipore, Boston, MA, USA), Wild-type MSC (MSCWT) and MSCs 

transduced with Lent-Null (MSCnull) were used as an essential controls.

Lentivirus Construction and Infection

Construction of the recombinant lentivirus with HPA, HIF-2α, and Flk-1 was performed by 

Genechem Company. For MSCs or HUVECs cell infection, cells were seeded at a density of 

1 × 105 cells in a six-well plate and infected with different lentiviral vectors in the presence 

of 10 μg/ml polybrene (Millipore, Boston, MA, USA). At 12 hours postinfection, the growth 

medium was replaced. Forty-eight hours later, green fluorescent protein expression of 

transduced cells was observed under fluorescence microscopy and then the transfected cells 

were cultured in a 5% CO2-humidified incubator at 37°C.

Aortic Ring Outgrowth Assays

Ex vivo aortic ring angiogenesis assays were carried out as previously described with the 

following condition modifications [20]. Thoracic aortas were isolated from 250 g SD rat, 

sectioned into 1 mm rings. Rings were cultured in growth factor-reduced Matrigel (BD, San 

Jose, CA, USA) polymerized at 37°C. Assay conditions included 300 μl MSC-conditioned 

medium or control medium was refreshed every 3 days, and cultures maintained at 37°C in a 

humidified incubator under normoxia (21% O2). Angiogenesis was assessed at day 7 using 

an inverted microscope platform (Leica DMI6000B, Biberach, Germany). Total vessel 

outgrowth was summed for each ring using image proplus 6.0 software (n = 3).

ELISA Assay

ELISA kits were used to quantify HPA (Blue gene), PDGF-BB (R&D Systems, 

Minneapolis, MN, USA), TGF-β (R&D Systems, Minneapolis, MN, USA), HGF (R&D 

Systems, Minneapolis, MN, USA), and VEGF (R&D Systems, Minneapolis, MN, USA). 

Conditioned medium was collected from MSCWT, MSChpa, MSCnull, MSChpa-KD, and 

MSChpa with OGT2115 and analyzed according to the manufacturer’s instructions.

Statistical Analysis

All data are presented as means ± SD. Statistical analyses were performed by one-way 

ANOVA using the SPSS 17.0 software. Probability values of p < .05 were considered to be 

significant.

Results

Augmented Angiogenesis by HPA Over-Expressing MSC (MSChpa)

Consistent with our previous study, we showed HPC-MSCs conferred improved blood flow 

in a rat hind limb ischemia model compared with normoxic MSCs, the augmented 

angiogenic effect of HPC was paralleled with enhanced HPA expression and was abolished 

by MSChpa-KD. CD31 and SMA immunostaining confirmed this effect (Supporting 

Information Fig. S1). These results suggest an important role for HPA in new vessel 
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formation and limb perfusion. To evaluate whether enhanced HPA expression of MSCs is 

sufficient to promote angiogenesis, we evaluated vascular regeneration in the rat model by 

transplanting syngeneic MSCs transfected with lentiviral HPA (MSChpa) or MSCs 

transfected with empty vector (MSCnull) as described in Materials and Methods. Over-

expression of HPA in MSChpa was confirmed by Western blot and ELISA (Fig. 1C, 1D). 

From day 3 to day 14 after cell transplantation, blood flow in the ischemic hind limb 

increased only marginally in the MSCnull-treatment group compared with PBS controls (p 
> .05). In contrast, the MSChpa-treatment group showed significantly improved blood flow 

compared with either PBS or the MSCnull-treatment group (p < .05, respectively, Fig. 1A–

1C). On day 14, immunostaining confirmed significantly increased CD31 and SMA positive 

vessels in the MSChpa-treatment group compared with either MSCnull-treated or PBS (p < .

01, respectively) (Fig. 1E–1G). These results suggest an important role for MSChpa in new-

vessel formation and improved limb perfusion.

To further characterize the proangiogenic properties of MSChpa, we used an aortic ring assay 

[20] and quantified angiogenic sprouting after exposure to conditioned media from MSChpa, 

MSCnull, and MSChpa-KD (HPA knockdown) as described in Materials and Methods. 

Knockdown of HPA in MSChpa-KD was confirmed by Western blot and ELISA (Fig. 2A, 

2B). Consistent with our previous in vivo studies, conditioned medium from MSChpa 

resulted in longer sprouting length (SL, 256.6 ± 61.5) and a larger sprouting area (SA, 

107661.0 ± 34330.5) as compared to MSCnull conditioned medium (SL, 126.1 ± 46.7; SA, 

29060.4 ± 9062.3. p < .05 and p < .01, respectively), while the proangiogenic effect was not 

observed in the MSChpa-KD group (Fig. 2E–2G). Next we used a matrigel HUVEC tube 

assay and compared conditioned media from MSChpa, MSCnull, and MSChpa-KD (HPA 

knockdown). As shown in Figure 2C, 2D, conditioned medium from MSChpa promoted 

HUVEC tube formation with longer capillary-like extensions and more complete vascular 

networks compared with MSCnull and the beneficial effects of MSChpa were lost in the 

MSChpa-KD group.

To further characterize the impact of HPA on angiogenesis, we compared the effects of 

conditioned medium from MSChpa or MSCnull on endothelial (HUVEC) migration using a 

transwell assay. As shown in Figure 3A, 3B, HUVEC migration was significantly 

augmented by conditioned medium from MSChpa compared with MSCnull and this effect 

was again attenuated by conditioned medium from MSChpa-KD (Fig. 3A, 3C). Together, 

these results confirm the proangiogenic properties of MSChpa and paracrine effects when 

cocultured with endothelial cells.

Enhanced Angiogenesis by MSChpa Conditioned Medium Is Mediated by Flk-1

One function of HPA is to cause the release of growth factors that are sequestered on heparin 

sulfate chains at the cell surface. To address the mechanism of MSC-HPA-mediated 

angiogenesis of HUVECs, we quantified the activities of key angiogenic cytokines, vascular 

endothelial growth factor (VEGF), and their receptors. Surprisingly, VEGF expression was 

unchanged in response to conditioned medium from MSChpa or MSCnull whereas VEGF 

receptor 2 (VEGFR2, Flk-1, and KDR), the receptor that mediates most of the known 

cellular responses to VEGF [21], was significantly increased in HUVECs after treatment 
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with MSChpa conditioned medium compared with MSCnull conditioned medium (Fig. 3D). 

Consistent with this, MSChpa-KD conditioned medium significantly decreased Flk-1 

expression in HUVECs, resulting in an even lower level than that conferred by MSCnull (Fig. 

3D). Moreover, these effects of HPA were specific for Flk-1 because related signaling 

factors intermediates including Flt-1, angiopoietin 1, and its receptor Tie 2 were not affected 

(Fig. 3D).

Cell migration is increased when VEGF binds Flk-1 and activates its downstream targets, 

p38MAPK/HSP27 [22, 23]. In this study, we confirm that enhanced Flk-1 expression in 

HUVECs induced by conditioned MSChpa medium was associated with increased 

phosphorylation of p38 and HSP27 compared with MSCnull conditioned medium, and the 

increased phosphorylation was abrogated when HUVECs were treated by MSChpa-KD 

conditioned medium (Fig. 3E). In contrast, phosphorylation of ERK and Akt did not 

correlate with HPA expression, suggesting that p38/HSP27 but not ERK or Akt pathways are 

implicated in MSChpa conditioned medium-induced angiogenesis (Fig. 3E).

To further elucidate the role of Flk-1 signaling in the enhanced angiogenesis by MSChpa 

conditioned medium, we implemented parallel HUVEC assays where the expression of 

Flk-1 was knocked down using Lenti-shRNA (see Materials and Methods). As shown in 

Figure 4A–4D, the enhanced migration and tube formation of HUVECs by MSChpa 

conditioned medium were eliminated by Flk-1 KD of recipient HUVECs. We further 

examined the effect of Flk-1 KD on p38/HSP27 phosphorylation levels. Protein levels of P-

p38 and P-HSP27 were significantly decreased in Flk-1 KD HUVECs (Fig. 4E). Based on 

these results, we propose that HPA activates Flk-1 and this is a key component in the 

pathway of MSChpa-induced angiogenesis.

MSChpa Increases Flk-1 Expression Through Activation of HIF-2α in HUVEC

While it is well established that Flk-1 is regulated precisely in a spatiotemporal manner 

during vascular development [24], the signaling intermediates for Flk-1 expression remain 

incompletely understood [25]. Previous work has shown that transcription factors HIF-2α 
and NF-κB are the two important angiogenic regulators [26]; therefore, we quantified 

HIF-2α and NF-κB activities in HUVECs that were exposed to the conditioned medium 

from MSChpa or MSCnull. As shown in Figure 5A, 5B, MSChpa conditioned medium 

increased total HIF-2α protein and its nuclear accumulation compared with MSCnull 

conditioned medium treatment. In contrast, NF-κB (p-p65, p-p50, and p-p105) was not 

changed by MSChpa conditioned medium (Fig. 5B). Moreover, HUVEC HIF-2α expression 

was significantly depressed by treatment with conditioned medium from MSChpa-KD 

compared with MSCnull conditioned medium (Fig. 5B), whereas no changes were seen in 

NF-κB (p-p65, p-p50, and p-p105) (Fig. 5B). Also, no changes were seen in HIF-1α 
expression either treated with MSChpa-KD or MSChpa conditioned medium (Fig. 5B). These 

findings suggest that HIF-2α is positively regulated by MSChpa conditioned medium.

To further investigate the role for HIF-2α as the mediator of the effects of MSChpa on Flk-1 

expression, we used lentishRNA to knockdown HIF-2α in HUVECs (see Materials and 

Methods) and reanalyzed Flk-1 expression as well as migration and tube formation 

capability in HUVECs (Supporting Information Fig. S2A, S2B). As shown in Figure 5C–5E, 
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HUVEC migration was significantly reduced by HIF-2α KD, and the enhanced migration 

and tube formation of HUVECs by MSChpa conditioned medium were eliminated by 

HIF-2α KD of recipient HUVECs. Consistent with this phenotype, HIF-2α KD significantly 

decreased Flk-1 expression in HUVECs. Furthermore, in HIF-2α KD HUVECs, conditioned 

medium from MSChpa was no longer able to upregulate Flk-1 expression (Fig. 5F). Based on 

these results, we propose that MSChpa conditioned medium increases the cellular and 

nuclear accumulation translocation of HIF-2α and this upregulates Flk-1 expression.

To further elucidate how HIF-2α regulates Flk-1, ChIP-PCR and luciferase assays were 

performed. ChIP-PCR identified several binding sites for HIF-2α on the Flk-1 gene 

promoter (Fig. 5G, 5H). The transcriptional response of Flk-1 to HIF-2α was confirmed by 

luciferase reporter (Fig. 5I). These data suggest that HIF-2α can directly regulate 

transcription of Flk-1 by promoter binding.

Possible Role for Integrin β1 in the Activation HIF-2α by MSChpa

Previous work has shown that HPA augments the expression integrin β1 in brain, glioma 

cells, and metastatic breast cancer cells thereby enhancing angiogenesis [27, 28]. Because 

HPA did not increase VEGF expression in our studies we reasoned that an alternative 

pathway operated. Therefore, we examined integrin expression and found that multiple 

integrins including integrin β1 were indeed upregulated by conditioned medium from 

MSChpa. In support of a role for HPA in this we found that integrin β1 expression was 

decreased in HUVECs by treatment with conditioned medium from MSChpa-KD relative to 

that from MSCnull (Fig. 6A). To determine causative effects of this, we used lenti-shRNA to 

KD integrin β1 in HUVECs and showed that the migration of integrin β1-KD HUVECs was 

significantly decreased compared with HUVEC treated with vector controls (Fig. 6B, 6C). 

Furthermore, in integrin β1-KD HUVECs, conditioned medium from MSChpa was no longer 

able to activate migration (Fig. 6C). This suggests a possible intermediate role for integrin 

β1 in HPA-induced HUVEC migration. To further investigate the relationship between 

HIF-2α activation and integrin β1, we measured HIF-2α expression in HUVECs while 

titrating integrin β1 expression with interference shRNAs. Increased integrin β1 was 

companied by activation of HIF-2α, whereas integrin β1 KD resulted in decreased HIF-2α 
(Fig. 6B). This suggests that integrin β1 may regulate HIF-2α expression and hence mediate 

the effects of HPA (MSChpa) on angiogenesis.

HPA Is the Key Mediator of Angiogenesis in Conditioned Medium

As shown above, HPA levels were significantly increased in conditioned medium from 

MSChpa compared with that from MSCnull (Fig. 1D), while they were significantly 

decreased in MSChpa-KD conditioned medium (Fig. 2B), indicating that soluble HPA was 

present in the conditioned medium. Meanwhile, HGF was observed to be significantly 

changed either in conditioned medium of MSChpa or MSChpa-KD (Fig. 6E), but the 

concentration of VEGF, PDGF-BB, and TGF-β was not significantly different in different 

MSCs (Fig. 6D, 6E). To gain additional evidence that soluble HPA is a key angiogenic factor 

of conditioned medium, HPA inhibitor OGT2115 was used to selectively block HPA activity 

[29]. We found that 3.2 μM OGT2115 blocked elevated HPA levels in conditioned medium 

without cytotoxicity (Fig. 6F, 6H) and significantly reduced the HUVEC migration (Fig. 6G, 
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Supporting Information Fig. S2C); however, the levels of VEGF, TGF-β, HGF, and PDGF-

BB in the conditioned medium were unchanged (Fig. 6I).

To further confirm the effect of HPA, we added active recombinant human heparanase to 

HUVECnull and HUVECintegrin β1-KD cultures to mimic the beneficial effect of HUVEChpa-

conditioned medium. We found that active heparanase induced significant migration and 

tube formation and this was abolished in HUVECintegrin β1-KD cultures (Fig. 6J, 6K, 

Supporting Information Fig. S2D, S2E). In addition, active heparanase significantly 

increased integrin β1, HIF-2α, and Flk-1 expression in treated HUVECs (Fig. 6L).

Discussion

In this study, we describe a key role for HPA in the enhanced proangiogenic properties of 

MSCs. Our results support a pathway wherein HPA and/or a related secreted intermediate by 

MSCs acts on integrin β1 receptors on endothelial cells (HUVECs) to promote the 

transcriptional activation of HIF-2α, upregulation of Flk-1, and activation of Flk-1 

downstream p38/HSP27 signaling (Fig. 7). Thus, our results underscore a novel signaling 

pathway of HPA and integrin β1/Flk-1/HIF-2α axis in enhanced endothelial cell migration 

and augmented angiogenesis.

Treatment with MSChpa marginally increased blood flow in the ischemic hind limb as 

compared to PBS group, it suggests an important role for HPA in MSC-induced 

angiogenesis. While MSCnull treatment did not observe significant improvement of blood 

flow, perhaps because the number of cell transplantation was less than previously reported 

[30]. HPA can activate angiogenesis by both enzymatic (heparin sulfate cleavage) and 

nonenzymatic pathways [31]. In the former, sequestered growth factors and cytokines are 

released from the extracellular matrix in active forms and target endothelial cells. 

Alternatively, the nonenzymatic pathways are independent of endoglycosidase activity [11]. 

In this study, we found that conditioned medium of MSChpa-induced migration and tube 

formation was associated with higher concentration of soluble HPA and HGF in the 

conditioned medium; however, VEGF, PDGF-BB, and TGF-β were not changed. HPA 

inhibitor OGT2115 inhibited the secretion of HPA and the migration of HUVEC, but did not 

reduce VEGF, HGF, TGF-β, or PDGF-BB levels. Furthermore, active heparanase treatment 

conferred the same beneficial effects as MSChpa conditioned medium. Therefore, we 

speculate that HPA is an important, although possibly not the sole mediator of conditioned 

medium and it exhibits both enzymatic and nonenzymatic functions. In this study, we paid 

particular attention to secreted HPA and we acknowledge that other angiogenic growth 

factors may be activated by HPA enzymatic activity.

Notably we found that Flk-1 was markedly upregulated in HUVECs by conditioned medium 

from HPA overexpressing MSCs, and this was attenuated by HPA KD. We further confirmed 

that these angiogenic readouts were Flk-1-dependent because they were eliminated by KD of 

Flk-1 in receptive HUVECs (Fig. 4A–4D). These findings strongly suggest that Flk-1 is 

essential for the enhanced angiogenesis mediated by MSChpa. Thus, our data support the 

widely acknowledged notion that Flk-1 is the key angiogenic mediator of VEGF [32–34]. 

Expression of Flk-1 acquired by embryonic stem cells confers differentiation into 
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endothelial cells [32]. Flk-1 positive neural stem cells have the potential to give rise to 

vascular endothelial cells [33]. Flk-1 can also regulate angiogenesis via a VEGF-

independent manner [34].

In addition to Flk-1, phosphorylation of p38 and HSP27 was increased by MSChpa medium 

and this was abrogated by MSChpa-KD medium. In Flk-1 KD HUVECs, protein levels of P-

p38 and P-HSP27 were also significantly decreased. This data suggest that HPA secreted by 

MSCs exerts paracrine effect that mediates HUVEC migration and angiogenesis in a Flk-1-

dependent manner driven by activated p38 (MAPK) and HSP27 as the downward targets.

Flk-1 expression is regulated by hypoxia-inducible factors (HIF) [35]. While HIF-2α is 

partially endothelial cell specific [36]. It has been reported that HIF-2α, but not HIF-1α, 

cooperates with Ets-1 in activating transcription of Flk-1 [37]. A tandem HIF-2α binding 

site is identified within the Flk-1 promoter that acts as a strong enhancer element [37]. In our 

study, we found that HPA activated HIF-2α, and this was closely associated with Flk-1 

expression. Flk-1 regulation by HIF-2α was also supported by our Chip and luciferase 

studies. An essential role for HIF-2α in this pathway was also confirmed by gain and loss of 

function assay (Fig. 5D, 5E).

Our results further suggested that HIF-2α activation is regulated by integrin β1 downstream 

of HPA. Previous work has shown that HIF-2α is regulated by hypoxia, environmental 

stimuli, Sp1/Sp3, and PAR-2 [38, 39]. PAR-2 enhances HIF-2α expression through an 

integrin-linked kinase pathway that includes integrin β1 [39]. We found that integrin β1 was 

induced by HPA coincident with upregulated HIF-2α, while knockdown of integrin β1 

resulted in HIF-2α downregulation (Fig. 6B). The integrin β1 gene may indeed be directly 

activated by hypoxia (HPC) through HIF-1 DNA binding sites in the promoter [40]. Our 

observation that HPA can activate integrin β1 is also consistent with previous work showing 

augmented integrin β1 expression by HPA in brain metastatic breast cancer cells [27] and 

human glioma cells, the latter coincident with induced cell invasion [28]. Our data suggest 

that integrin β1 may directly regulate HIF-2α expression, providing novel insight into this 

HIF pathway. However, the mechanism how integrin β1 regulates HIF-2α needs further 

investigation.

Conclusion

Taken together, our study demonstrates that HPA over-expression in MSCs contributes to 

augmented angiogenesis primarily through enhanced endothelial cell migration that is 

independent of the release of sequestered cytokines. We provide evidence that the 

mechanism involves activation of an integrin β1/HIF-2α/Flk-1/P38/HSP27 signaling 

pathway. The work provides new mechanistic insight into MSC therapy and places HPA as a 

key element that drives angiogenesis in this pathway. The results identify HPA as a means to 

augment therapeutic angiogenesis by MSCs either directly through gene insertion or by 

HPC.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MSChpa promotes vascular regeneration in vivo. (A): Representative Laser-Doppler images 

(LDI) of hind limbs before, immediately after, and 3, 7, and 14 days after femoral artery 

occlusion. (B): Quantitative LDI analysis showing the right-to-left (R/L) ratio; n ≥ for each 

group, * denotes p < .05. (C): Detection of heparanase protein expression using Western blot 

in WT MSC, MSC harboring empty vector, and heparanase over-expressed vector. (D): 
Detection of heparanase by ELISA in conditioned medium of WT MSC, MSC harboring 

empty vector, and heparanase over-expressed vector; n = 4 for each group, * denotes p < .05. 

(E): HE and immunofluorescent staining of α-SMA and CD31 in muscle tissues from each 

group; Bar = 100 μm for HE and Bar = 50 μm for immunofluorescent staining. (F, G): Bar 

graph showed quantitative analysis of SMA and CD31 positive area density; n = 5 for each 

group, * denotes p < .05; ** denotes p < .01. Abbreviations: MSC, mesenchymal stem cell; 

PBS, phosphate buffer saline; SMA, smooth muscle actin.
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Figure 2. 
Proangiogenic role of MSChpa in vitro. (A): Protein expression of heparanase and actin by 

Western blot in MSCnull and MSChpa-KD. (B): Detection of heparanase concentration using 

ELISA in conditioned medium of MSCWT, MSCnull, and MSChpa-KD; n = 4 for each group, 

* denotes p < .05. (C): Representative images showing tube formation of human umbilical 

vein endothelial cells after cocultured with conditioned medium derived from MSCWT, 

MSCnull, MSChpa, MSChpa-KD, respectively; Bar = 50 μm. (D): Quantification of tube length 

in each group; n = 3 for each group, ** denotes p < .01. (E): Aortic ring assay showing 

sprouting and branching in each group; Bar = 50 μm. (F, G): Bar graph showed quantitative 

analysis of sprout length and outgrowth area, respectively; n = 3 for each group, * denotes p 
< .05, ** denotes p < .01. Abbreviation: MSC, mesenchymal stem cell.
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Figure 3. 
Enhanced cell migration by MSChpa via Flk-1/p38. (A): Representative images showing cell 

migration of HUVECs after cocultured with conditioned medium derived from MSCWT, 

MSCnull, MSChpa, MSChpa-KD, respectively; Bar = 50 μm. (B, C): Bar graph showing 

quantitative analysis of cell migration of HUVECs in each group; n = 3, * denotes p < .05. 

(D, E): Quantification of VEGF, Flk-1, Flt-1, Ang1, Tie2, p-p38, p38, p-hsp27, hsp27, p-

ERK, ERK, P-AKT, AKT, and actin expression by Western blot in MSCWT, MSCnull, 

MSChpa, MSChpa-KD, respectively; n = 3. Abbreviations: HUVEC, human umbilical vein 

endothelial cell; MSC, mesenchymal stem cell.

Hu et al. Page 17

Stem Cells. Author manuscript; available in PMC 2016 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Enhanced HUVEC migration and tube formation is mediated by Flk-1. (A, B): 
Representative images showing cell migration and tube formation in HUVEC transfected 

with vector or Flk-1 shRNA lentivirus and cocultured with conditioned medium from 

MSChpa, MSCnull, DMEM; Bar = 100 μm for tube formation and Bar = 50 μm for migration. 

(C, D): Bar graph showed quantitative analysis of tube length and cell migration, 

respectively; n = 3 for each group, * denotes p < .05, ** denotes p < .01. (E): Western blot 

showing the expression of p-P38, p-hsp27 in HUVEC transfected with vector or Flk-1 

shRNA lentivirus; n = 3. Abbreviations: HUVEC, human umbilical vein endothelial cell; 

MSC, mesenchymal stem cell.
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Figure 5. 
Activation of HIF-2α and Flk-1 by MSChpa. (A): Conditioned medium from MSChpa 

confers significantly increased nuclear accumulation of HIF-2α in HUVECs, Bar = 25 μm. 

(B): Quantification of P-NF-KBp105, NF-KBp105, P-NF-KBp50, NF-KBp50, P-NF-

KBp65, NF-KBp65, HIF-1α, and HIF-2α expression in HUVEC after coculture with 

conditioned medium from MSCnull,MSChpa, MSChpa-KD, respectively; n = 3. (C): 
Quantification of HIF-2α expression in HUVECs transfected with HIF-2α shRNA by 

Western blot; n = 3 for each group. (D, E): Bar graph showing quantitative analysis of tube 

length and cell migration, respectively; n = 3 for each group, * denotes p < .05. (F): Western 

blot showing Flk-1 expression in HUVECs transfected with vector or HIF-2α shRNA 

lentivirus cultured with conditioned medium from MSCwt, MSCnull, and MSChpa; n = 3. (G, 
H): Direct binding of HIF-2α to the proximal promoter of Flk-1 confirmed by ChIP-PCR. 

(I): Luciferase assay showing increased Flk-1 reporter activity by overexpression of HIF-2α. 

Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; HUVEC, human umbilical 

vein endothelial cell; MSC, mesenchymal stem cell.

Hu et al. Page 19

Stem Cells. Author manuscript; available in PMC 2016 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
HIF-2α activation by heparanase requires integrin β1. (A): Western blot and quantification 

of integrin β1 and β3 expressions in HUVECs treated with conditioned medium from 

MSCnull, MSChpa, and MSChpa-KD. (B): HIF-2α and integrin β1 expressions are decreased 

in integrin β1 knockdown HUVECs. (C): Representative images and bar graph of cell 

migration in HUVECs transfected with vector or integrin β1 shRNA lentivirus; Bar = 50 μm, 

n = 3, ** denotes p < .01. (D): Quantification of VEGF expression in MSCWT, MSCnull, 

MSChpa-KD, and MSChpa. (E): Quantification of VEGF, PDGF-BB, HGF, and TGF-β 
concentrations by ELISA in conditioned medium of MSCWT, MSCnull, MSChpa-KD, and 

MSChpa; n = 4 for each group. * denotes p < .05 (hpa vs. null) and ## denotes p < .01 (hpa-

KD vs. null). (F): Viability of MSCs in different concentrations of OGT2115 by CCK-8 

assay. (G): Bar graph shows quantitative analysis of cell migration, respectively; n = 3 for 

each group. * denotes p < .05 (hpa vs. null), ## denotes p < .01 (hpa1OGT2115 vs. hpa). 

(H): Detection of heparanase concentration by ELISA in conditioned medium of MSCWT, 

MSCnull, MSChpa, and MSChpa + OGT2115; n = 4 for each group, * denotes p < .05 (hpa vs. 

null), # denotes p < .05 (hpa+OGT2115 vs. hpa). (I): Detection of VEGF, PDGF-BB, HGF, 

and TGF-β concentrations by ELISA in conditioned medium of MSChpa and MSChpa with 

OGT2115, n = 4 for each group. (J, K): Bar graph shows quantitative analysis of cell 

migration and tube formation in each group; n = 3, ** denotes p < .01, * denotes p < .05. 

(L): Quantification of integrin β1, Flk-1, and HIF-2α expression in HUVECs after incubated 

with active heparanase; n = 3. Abbreviations: DMEM, Dulbecco’s modified Eagle’s 

medium; HUVEC, human umbilical vein endothelial cell; MSC, mesenchymal stem cell.
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Figure 7. 
Schematic of cell migration and angiogenesis by MSC-secreted heparanase. Abbreviation: 

MSC, mesenchymal stem cell.
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