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Abstract

Thrombospondin-2 (TSP2) is a potent inhibitor of angiogenesis whose expression is dynamically 

regulated following injury. In the present study, it is shown that HIF-1α represses TSP2 

transcription. Specifically, in vitro studies demonstrate that the prolyl hydroxylase inhibitor 

DMOG or hypoxia decrease TSP2 expression in fibroblasts. This effect is shown to be via a 

transcriptional mechanism as hypoxia does not alter TSP2 mRNA stability and this effect requires 

the TSP2 promoter. In addition, the documented repressive effect of nitric oxide (NO) on TSP2 is 

shown to be non-canonical and involves stabilization of hypoxia inducible factor-1a (HIF-1α). The 

regulation of TSP2 by hypoxia is supported by the in vivo observation that TSP2 has 

spatiotemporal expression distinct from regions of hypoxia in gastrocnemius muscle following 

murine hindlimb ischemia (HLI). A role for TSP2 regulation by HIF-1α is supported by the 

dysregulation of TSP2 expression in SM22α-cre HIF-1α KO mice following HLI. Indeed, there is 

a reduction in blood flow recovery in the SM22a-cre HIF-1α KO mice compared to littermate 

controls following HLI surgery, associated with impaired recovery and increased TSP2 levels. 

Moreover, SM22α-cre HIF-1α KO smooth muscle cells mice have increased TSP2 mRNA levels 

that persist in hypoxia. These findings identify a novel, ischemia-induced pro-angiogenic 

mechanism involving the transcriptional repression of TSP2 by HIF-1α.
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Introduction

Pathologic hypoxia occurring in wound healing, tissue ischemia, and cancer is a strong 

inducer of angiogenesis [1]. Oxygen homeostasis is regulated, in part, by Hypoxia inducible 

factor-1α (HIF-1α) [1,2]. Under normal oxygen tension, HIF-1α is marked for degradation 

through hydroxylation by prolyl hydroxylases (PHDs) and ubiquitination by the E3 ligase 

von Hippel Lindau (VHL). As oxygen levels decrease, and oxygen becomes a limiting 

metabolite, hydroxylation is inhibited, allowing for HIF-1α stabilization and nuclear 

translocation. In the nucleus, HIF-1α binds to hypoxia response elements (HREs) in the 

promoter region of numerous genes. HIF-1α target genes result in broad adaptations for 

survival in hypoxic conditions, inducing glycolytic pathway mediators, vasodilation, 

erythropoiesis, and angiogenesis [1].

Germline deletion of HIF-1α in mice results in early embryonic lethality due to severe 

cardiac and vascular malformations [3–6]. Detailed analysis of HIF-1α KO embryos 

suggested that HIF-1α is dispensable for embryonic vasculogenesis and patterning, but local 

oxygen sensing is necessary for proper vascular network maturation and stability. In 

hindlimb ischemia models, blood flow recovery to the ischemic leg is delayed in HIF-1α 
heterozygous mice, leading to decrease in function, necrosis, and loss of limb [7]. Further, 

adenoviral delivery of constitutively active HIF-1α improved the response to hindlimb 

ischemia, with increased blood flow recovery [7]. More recently, tissue- and cell-specific 

deletions of HIF-1α have improved our understanding of oxygen sensing in post-natal 

biology. Tie2-cre/HIF-1α (flox/flox) mice (HIF-1α EC KO) survive to maturity but display 

delayed wound healing characterized by incomplete wound re-epithelialization and less 

revascularization at the wound margins [8]. Moreover, HIF-1α heterozygous mice and 

HIF-1α EC KO mice fail to induce neovascularization in a burn wound model [9]. HIF-1α 
mediates blood pressure homeostasis, as vascular smooth muscle cell (VSMC)-specific 

HIF-1α KO mice display increased mean arterial pressure due to increased angiotensin II 

type receptor I (ATR1) expression [10]. Collectively, these studies demonstrate the necessity 

of HIF-1α signaling in restoring vascular homeostasis following a hypoxic event.

Extensive research has been dedicated to identification of induced HIF-1α-responsive genes, 

many of which are pro-angiogenic targets. Less well understood is the mechanism by which 

genes are down regulated in hypoxia in a HIF-1α-dependent manner [11]. Furthermore, it is 

not well established that HIF-1α may actively suppress an anti-angiogenic gene.

Endogenous angiogenesis inhibitors come from several sources including ECM cleavage 

products, ECM-associated proteins, growth factors, and other soluble proteins [12]. 

Thrombospondin (TSP)-1 was the first identified endogenous inhibitor of angiogenesis and 

belongs to the TSP family of matricellular proteins [13–15]. TSP2 is a homologue of TSP1 

and is itself a potent inhibitor of angiogenesis which is temporally induced following injury 

[13,16]. Consistent with its anti-angiogenic role, mice that lack TSP2 display enhanced 

angiogenesis following wound healing [17–19], hindlimb ischemia [20], and during the 

foreign body response [21–23]. TSP2 inhibits angiogenesis, in part, by enhancing uptake 

and degradation of matrix metalloproteinases (MMP) -2 and -9 [24,25] and by interacting 
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with the surface receptors αvβ3, VLDLR, CD36, and CD47 [13]. TSP2 KO wounds have 

increased MMP2/9, which is associated with higher levels of soluble vascular endothelial 

growth factor (VEGF) in the granulation tissue [19]. Furthermore, TSP2 KO mice have 

altered collagen ultrastructure, characterized by irregularly assembled collagen fibers that 

contribute to greater skin and tendon laxity [21,26]. Decellularized ECM produced in vitro 

by primary TSP2 KO dermal fibroblasts is more permissive to EC migration and favorable 

EC spreading [20,27].

In several injury models, TSP2 expression occurs following the inflammatory phase and is 

associated with matrix remodeling and regulation of angiogenesis and arteriogenesis 

[18,20]. Interestingly, this pattern is distinct from the temporal course of hypoxia and 

presumably HIF-1α expression, an observation that prompted us to hypothesize that oxygen 

levels, and specifically HIF-1α stabilization, might regulate TSP2. Despite the plethora of 

reported HIF-1α effects on gene transcription, it has not been widely appreciated as a 

regulator of anti-angiogenic molecules.

In contrast to the abundant information about the anti-angiogenic mechanism of TSP2 and 

its well-established upregulation in settings of injury, relatively little is known about its 

regulation. There is evidence to support TSP2 is redox sensitive [28–30] and a target of the 

microRNA lef-7fm [30]. Recently, we described that eNOS KO mice have increased TSP2 

levels at baseline and after injury, and demonstrated that TSP2 is transcriptionally repressed 

by NO [31]. Similarly, in Akt1 KO mice, TSP2 expression is elevated, leading to delayed 

tissue repair after full-thickness excisional wounding. This phenotype is rescued in Akt1/

TSP2 DKO mice, highlighting that repression of TSP2, in this case by Akt1 (a critical eNOS 

kinase), is necessary in curtailing the anti-angiogenic properties of TSP2 [32].

In the present study, the hypothesis that HIF-1α’s pro-angiogenic activity involves the 

negative regulation of TSP2 was investigated. We demonstrate that in ischemic tissues, the 

deposition of TSP2 is excluded from hypoxic regions. Additionally, we show that DMOG 

and hypoxia decrease TSP2 transcription. More importantly, we demonstrate that TSP2 

expression is higher in VSMC-specific HIF-1α KO mice following hindlimb ischemia, and 

that VSMCs isolated from these mice produce more TSP2 mRNA. This data demonstrates 

that TSP2 transcription is suppressed by hypoxia through a mechanism that requires 

HIF-1α.

Results

Hypoxia decreases TSP2 transcription

We previously described that NO decreases TSP2 mRNA levels [31] in a time frame 

consistent with HIF-1α stabilization by NO, implicating the latter as a putative repressor of 

TSP2 production. To evaluate this hypothesis, NIH3T3 cells were treated with the prolyl 

hydroxylase inhibitor DMOG in complete media (10% FBS). DMOG suppressed both 

intracellular (3 h in 10%FBS) and secreted TSP2 (6 h in 10%FBS) (Fig. 1A).

Furthermore, incubation of NIH3T3 cells under hypoxic conditions (0.5% O2) decreased the 

levels of TSP2 protein in lysates and conditioned media at 10 h (Fig. 1B). Hypoxia 
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decreased TSP2 mRNA levels by 6 h of treatment and TSP2 levels remained significantly 

decreased for the remaining 24 h time course (Fig. 1C). Under these conditions, hypoxia 

induced the expression of the known HIF-responsive genes GLUT1 and DEC1 at 3 and 6 h 

of hypoxia (Supplemental Fig. 1), consistent with the time course of hypoxia-mediated 

suppression of TSP2 expression.

Hypoxia impacts TSP2 by a transcriptional mechanism

To determine the effect of hypoxia on TSP2 mRNA stability, NIH3T3s were pretreated with 

the transcriptional inhibitor Actinomycin D and monitored for the loss of TSP2 mRNA in 

both normoxia and hypoxia. As previously described [31], the half-life of TSP2 is longer 

than 12 h. Hypoxia did not alter the rate of decay of TSP2 mRNA (Fig. 2A). Together with 

the mRNA data, these findings imply that the changes in TSP2 by hypoxia are primarily 

mediated by a transcriptional effect. To evaluate the ability of hypoxia to modulate TSP2 

mRNA or protein stability independent of the TSP2 promoter, HEK293T cells that do not 

express endogenous TSP2 (Fig. 2B), were transfected with plasmid mTSP2 pcDNA3, which 

is controlled by a constitutive promoter (CMV). Plasmid-derived TSP2 was expressed and 

secreted at similar levels in hypoxia and normoxia, indicating that TSP2 stability is not 

hypoxia-sensitive. Based on these observations, we conclude the hypoxia-mediated 

downregulation of TSP2 is mediated predominantly by a transcriptional mechanism. 

However, the existence of additional regulatory effects involving post-translational 

modifications cannot be entirely excluded.

Inverse relationship between hypoxia and TSP2 expression in vivo

Hindlimb ischemic surgery rapidly induces hypoxia in the gastrocnemius muscle, while 

TSP2 expression is detectable at 7 and 28 days post-ischemia [20]. The time course and 

localization of TSP2 and hypoxic zones in the gastrocnemius muscle after hindlimb 

ischemia was evaluated in serial sections. Hydroxyp-robe staining revealed hypoxia at 3 

days post-surgery, which was resolved by day 7 (Fig. 3A, C). Temporally, TSP2 expression 

was limited when hypoxia was observed. TSP2 was minimally detected at day 3 following 

injury (Fig. 3B) and was increased at day 7 (Fig. 3D). Changes in the extent of hypoxia and 

TSP2 expression were verified by histomorphometric analysis (Fig. 3E, F). These data 

support the in vitro observation that there is an inverse relationship between hypoxia and 

TSP2 levels.

Enhanced TSP2 production in VSMC-specific HIF-1α KO mice

To explore the role of HIF-1α in directly regulating TSP2, SM22α-cre+ HIF-1α floxed 

mice, referred to here as VSMC-HIF-1α KO mice, and cre-floxed HIF-1α littermates (WT) 

were subjected to hindlimb ischemia. VSMC-HIF-1α KOs recovered poorly following HLI 

surgery as evident by reduced blood flow recovery as early as 7 days post-surgery (Fig. 4A) 

and compromised clinical score (Fig. 4B). Four weeks after ischemic injury, sections from 

the gastrocnemius were analyzed by immunohistochemistry for TSP2. VSMC-HIF-1α KO 

mice displayed increased levels and altered distribution and levels of TSP2. In WT mice, 

TSP2 levels are relatively low and restricted to the interstitial spaces between muscle fibers 

and weakly in the perimysium (Fig. 4C,E). In contrast, VSMC-HIF-1α KO mice had more 
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TSP2 immunoreactivity with stronger staining in the perimysium and around large and small 

vessels, along with increased interstitial TSP2 (Fig. 4D,F).

VSMCs were isolated from WT and HIF-1α KO aortas. In normoxia, HIF-1α KO VSMC 

had significantly more TSP2, but not TSP1 mRNA (Fig. 5A). In addition, these cells failed 

to repress TSP2 mRNA under hypoxic conditions (Fig. 5B). Expression of TSP2 in WT 

VSMCs was barely detectable under normoxic conditions, which limited further analysis in 

hypoxia (not shown). These data recapitulate the in vivo findings that HIF-1α KO mice have 

increased TSP2 and further demonstrate a basal role for HIF-1α in regulating TSP2 

expression. Altogether, these changes imply that HIF-1α in VSMCs is important for the 

down-regulation of TSP2.

Mapping the mouse TSP2 minimal promoter

We previously described transcriptional repression of the 1kb and 2kb TSP2 promoter by 

DETANO [31]. In order to characterize the TSP2 promoter and identify NO-sensitive 

regions, a set of 5′ and 3′ deletion constructs and a set of 3′ to 5′ deletion constructs were 

generated (Supplemental Fig. 2A). Deletions from the 5′ end of the 2kb promoter resulted 

in robust activity through the 250bp length (Supplemental Fig. 2). Promoter activity declined 

sharply between 250bp and 150bp, and activity was lost at the 50bp length, indicating that 

the 250bp contains the minimal promoter. Activity of every 5′ deletion construct decreased 

in the presence of 1 mM DETA-NO (Supplemental Fig. 2B hatched bars). These data 

indicate that a critical NO-sensitive factor resides within the remaining 150bp of promoter 

that demonstrated luciferase activity.

To further characterize the TSP2 promoter proximal to the transcriptional initiation site, 3′ 
to 5′ deletions of the 1kb promoter were generated (Supplemental Fig. 2A). The deletions 

resulted in removing a region of Exon 1 (1kbΔ60bp) or the entire Exon 1, as well as the 

“TATA-like” motif presumed to be the transcriptional start site (1kbΔ150bp). Both 

constructs resulted in substantial diminution of baseline promoter activity, indicating that 

these regions are critical for transcriptional activation of TSP2. The 1kbΔ60bp promoter 

decreased baseline promoter activity by 42% relative to the 1kb promoter, and the 

1kbΔ150bp lost promoter activity (Supplemental Fig. 2C). In the presence of 1 mM 

DETANO, the 1kbΔ60bp significantly decreased luciferase activity, indicating that regions 

of NO-sensitivity were retained in this construct. Altogether, these data suggest that there are 

several regions on the TSP2 promoter that confer NO-sensitivity and that at least one of 

these regions is located proximal to the transcriptional start site.

DETANO induces HIF-1α activity in NIH3T3 fibroblasts

Since NO has been shown to stabilize HIF-1α in a number of cell systems, we chose to 

determine the HIF-1α status in NIH3T3 cells treated with DETANO. HIF-1α levels were 

induced rapidly and transiently by DETANO, with HIF-1α stabilization occurring between 1 

and 6 h, and returning to baseline by 12 h (Fig. 6A). These observations were confirmed by 

HIF-1α specific ELISA, which demonstrated a significant increase in HIF-1α protein after 6 

and 12 h of DETANO treatment (Fig. 6B). DETANO treatment of NIH3T3s was sufficient to 

increase GLUT1 and PGK1 mRNA, indicating that HIF-1α stabilization in these cells 
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altered gene transcription (Fig. 6C,D). GLUT1 mRNA was increased between 3 and 24 h of 

DETANO treatment, while PGK1 mRNA increased between 12 and 24 h of DETANO 

treatment.

Hypoxia-mediated TSP2 downregulation is independent of the Akt1-eNOS signaling axis

We have previously documented enhanced production of TSP2 both in eNOS KO mice as 

well as in Akt1 KO mice, a critical eNOS kinase [31,32]. Given that NO can enhance 

stabilization of HIF-1α, we sought to determine whether the NO-mediated dysregulation of 

TSP2 is reversed by hypoxia. WT and eNOS KO ECs were subjected to 0.5% oxygen for 6 

and 24 h. Similar to NIH3T3s, both WT and eNOS KO MLECs exhibited decreased TSP2 

secretion after 24 h of treatment (Fig. 6E). HIF-1α stabilization was observed in both WT 

and eNOS KO cells under hypoxia (Fig. 6E). These data demonstrate that the hypoxia-

mediated suppression of TSP2 mRNA levels in ECs does not depend on eNOS-derived NO.

Discussion

In this study, we demonstrate that oxygen tension regulates TSP2 expression. Furthermore, 

we make the novel observation that TSP2 is repressed in hypoxia by transcriptional activity 

downstream of HIF-1α. These observations are supported as fibroblasts, which are a 

predominant source of TSP2, lose TSP2 expression when maintained in low oxygen via a 

mechanism requiring the TSP2 promoter. A chemical mimic of hypoxia, DMOG, was 

sufficient to reduce TSP2 transcription. These observations are strengthened by in vivo 

observation that the temporal and spatial distribution of TSP2 in hindlimb ischemia are 

distinct from the hypoxic zones. In support of a direct role of HIF-1α in regulation of TSP2, 

we find that the levels of TSP2 are aberrantly upregulated in VSMC-specific HIF-1α-

deficient mice following hindlimb ischemia and isolated VSMCs in culture. Lastly, we 

characterize that the minimal promoter of TSP2 is located within the 250bp proximal to the 

TSP2 transcriptional start site. Altogether, these findings provide novel observations to 

understand TSP2 transcriptional regulation by hypoxia.

Previously, it was shown that TSP2 is undetectable in uninjured tissue, but is stimulated after 

injuries such as burns, dermal wounding, and hindlimb ischemia [16,33]. Furthermore, TSP2 

is reciprocally regulated during adipogenic and osteogenic differentiation [34]. Despite 

extensive characterization of the spatiotemporal expression of TSP2 in injury models, little 

is known about its transcriptional regulation [35]. It was recently described that TSP2 is 

negatively regulated by NO. Given the work that demonstrated that NO regulates HIF-1α 
levels through increasing HIF-1α protein synthesis [36,37], direct nitrosylation of HIF-1α 
[38], or by inactivation of prolyl hydroxylases (PHD) [39], we sought to determine whether 

hypoxia or HIF-1α regulated TSP2 expression. Indeed, either the chemical hypoxia mimic 

DMOG or hypoxia reduced TSP2 mRNA in fibroblasts. Furthermore, the observation that 

hypoxyprobe adducts and TSP2 expression maintained distinct spatiotemporal localization 

in hindlimb ischemia suggests an unappreciated connection between HIF-1α and repression 

of TSP2.

We sought to determine whether the transcriptional regulation of TSP2 by NO was 

associated with HIF-1α stabilization. In normoxia, HIF-1α can be stabilized by NO donors 
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in a number of cell types including ECs, SMCs and epithelial cells [36–40]. Consistent with 

these reports, we observed that DETANO stabilized HIF-1α and induce HIF-1α downstream 

genes in fibroblasts (Fig. 5). However, both WT and eNOS KO MLECs in hypoxia reduced 

both intracellular and secreted TSP2 protein levels, indicating that hypoxia is able to control 

TSP2 expression independently of eNOS.

To explore the role of HIF-1α in regulating TSP2 expression, we utilized a HIF-1α-deficient 

model and found that HIF-1α VSMC KO mice have increased TSP2 protein expression after 

hindlimb ischemia. VSMC-specific HIF-1α deficiency was previously attributed to altered 

lipid uptake and monocyte recruitment within the vessel wall [41] as well as in systemic 

blood pressure regulation [10]. Our report is the first to demonstrate the role of VSMC-

specific HIF-1α in the hindlimb ischemia model. Consistent with the reduction in 

angiogenic remodeling in EC-specific HIF-1α KOs [3,8,9], we demonstrate that the VSMC 

HIF-1α KO mice have reduced blood flow recovery after surgery (Fig. 4). Furthermore, we 

demonstrate that these mice exhibited increased TSP2 expression, indicating that at least 

part of the reduced blood flow recovery could be owing to the increased anti-angiogenic 

state induced by TSP2 overexpression. Previous reports have observed a reciprocal 

relationship between HIF-1α and TSP2, but failed to provide a direct relationship between 

HIF-1α and control of TSP2 expression. Salvianolic acid was found to modulate a wide 

variety of genes in vitro, including decreased HIF-1α and increased TSP2, but this study did 

not establish a mechanistic link between the two [42]. Recently, TSP2-null fractures were 

reported to be less hypoxic than WT, which coincided with improved healing time in the 

TSP2-null fracture, both alone and combined with ischemic surgery [43]. Furthermore, it 

was determined that the phenotype was due to increased angiogenic potential and not altered 

mesenchymal stem cell activation. However, this study did not evaluate the role of oxygen in 

influencing TSP2 levels.

Interestingly, compared to TSP2, hypoxia has a distinct effect on the modulation of its close 

homologue TSP1. It consistently decreased TSP1 in several immortalized cell and tumor 

lines, including clear-cell renal carcinoma [44], MEFs [45] and glioblastoma cells [46]. 

However, in pathologic settings hypoxia increases TSP1. Samples from patients with 

pulmonary hypertension, as well as experimental models of hypertension, demonstrate 

increased TSP1 [47], fitting with the observation that TSP1 KO mice are protected from 

pulmonary remodeling induced by chronic hypoxia [48]. Furthermore, hypoxic conditioning 

increases TSP1 levels in fibroblasts from healthy and systemic sclerosis patients [49], SMCs 

[50], and endothelial cells [51]. Other anti-angiogenic molecules have been shown to be 

increased by hypoxia, including endostatin, SPARC, and angiopoietin 2 [52]. It is proposed 

that these anti-angiogenic genes are part of a negative-feedback loop initiated downstream of 

VEGF signaling [52]. TSP2 is unique, then, as it supports a role for HIF-1α in promoting 

angiogenesis by blocking anti-angiogenic genes.

HIF-1α stabilization is associated with broad changes in gene transcription to adapt for a 

low-oxygen environment. The induction of hypoxia genes, which contain the HIF-1α 
binding site referred to as hypoxia response elements (HREs) have received the major focus 

of attention [1,53]. Alternatively, microarray studies have revealed many genes that are 

decreased following hypoxia, but the mechanism behind this is poorly understood [11]. 
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Many, but not all, of these genes are HIF-1α-regulated and it is not known whether these 

effects are due to active repression by HIF-1α or secondary to other transcription factors. 

One exception is melanoma-associated oncogene MITF, which is decreased in hypoxia 

through transcriptional repressor DEC1, a bona fide HIF-1α target gene [11]. Additionally, it 

has been reported that hypoxia inhibits pre-initiation complex formation by activation of the 

transcriptional regulator NC2, leading to target selective repression following hypoxia [54]. 

NC2 is believed to bind to TATA boxes and be further regulated in function by distal 

transcriptional enhancers.

Our studies demonstrate a role for HIF-1α in regulation of TSP2 expression via primarily a 

transcriptional mechanism. However, the regulation of transcriptional machinery controlling 

TPS2 remains largely descriptive. Studies have described TSP2 to be controlled by nitric 

oxide [31], reactive oxygen species [28,29], cMyc [55], and Ewing’s sarcoma fusion protein 

EWS/FL11 [56]. We and others [20,56], have previously tested the activity of the full-length 

promoter. Characterization of the minimal promoter, on the other hand, has not been 

described. Here, we demonstrate that the core transcriptional machinery of TSP2 is located 

within the 250bp range proximal to the transcriptional start site. Additionally, deletions from 

the 3′ to 5′ direction indicate that there are important regulatory factors for TSP2 

transcription located in its first exon, as has been described for other genes including TSP1 

[57]. These data underscore the importance of the sequences immediately proximal to the 

transcriptional start site, because deletion of 60bp halved promoter activity. Furthermore, 

deletion of the entire first exon and the “TATA-like” box abolished promoter activity, 

verifying the importance of this region for TSP2 transcription. Previously, we demonstrated 

that TSP2 transcription is repressed by NO in vitro and in vivo. TSP2 protein and mRNA 

were increased in eNOS KO mice, both at baseline and following injury models [31]. 

Multiple studies have demonstrated NO-mediated inactivation of transcription factors, 

including AP1, NFkB and Sp1 [58–61]. In the present study, we sought to address the 

mechanism of NO-mediated TSP2 repression. Surprisingly, every active TSP2 promoter was 

DETANO-sensitive. Moreover, the 150bp promoter, the shortest NO-sensitive promoter, 

lacked canonical AP1, NFkB, and Sp1 sites, indicating these prototypical NO-sensitive 

transcription factors were not mediating TSP2 repression. Even though HIF-1α is necessary 

for the hypoxia-induced alterations in TSP2 expression, the lack of a HRE in the TSP2 

promoter region suggests that is not a direct target of HIF-1α.

In summary, our study demonstrates a difference in the spatial and temporal patterns of 

hypoxic cells and TSP2 following hindlimb ischemia. TSP2 protein and mRNA are 

decreased in hypoxia and in DMOG, the pharmacological hypoxia mimic. Further, we 

demonstrate that TSP2 levels are dysregulated in HIF-1α KO mice and VSMCs. Therefore, 

this study provides new evidence of repression of an anti-angiogenic molecule by a pro-

angiogenic factor, adding a novel facet in the regulation of angiogenesis by hypoxia.

MacLauchlan et al. Page 8

Matrix Biol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Experimental procedures

Chemicals

DMOG was purchased from Cayman Chemicals (Ann Arbor, MI) and Actinomycin-D from 

Sigma Aldrich (Saint Louis, MO). DETANONOate was purchased from Alexis 

Biochemicals (San Diego, CA).

Hindlimb ischemia, tissue isolation and immunohistochemistry

Hindlimb ischemia was performed as previously described [62,63]. Briefly, mice were 

anesthetized (100 mg/kg ketamine and 10 mg/kg xylazine) and ischemia was induced in the 

left leg by ligation of both the proximal portion of the femoral artery and the distal portion 

of the saphenous artery. Blood flow recovery was determined using a PeriFlux Laser 

Doppler System perfusion module (Perimed, North Royalton, OH) and tissue damage was 

assessed weekly using a previously described scoring system [63]. Statistical analysis was 

performed using repeated measures ANOVA with Bonferroni post-hoc test (Graphpad 

Prism). Hypoxic regions in C57Bl6 mice were detected following IP injection of 

pimonidazole 30 min prior to euthanasia and subsequent staining with the Hypoxyprobe-1 

Omni Kit (Hypoxyprobe Inc., Burlington, MA). Ischemia was performed on floxed HIF-1α 
mice (WT) and SM22α-cre floxedHIF-1α mice (VSMC-HIF-1α KO). Generation of 

VSMC-HIF-1α KO mice was described previously [10]. Branches between the two sites 

were ligated or cauterized and arteriectomy was performed. Skin incision without femoral 

artery ligation was performed for control sham operations. Excised ischemic muscle from 

the upper and lower leg was fixed in 10% zinc-buffered formalin (Z-fix, Anatech, Battle 

Creek, MI) and embedded in paraffin. HLI muscle from TSP2 KO mice was used as 

negative control. 5 μm-thick sections were generated and stained with hematoxylin and eosin 

(H&E) or immunohistochemistry with an anti-TSP2 antibody was performed as described 

previously [19,22,26,64]). Immunoreactivity was detected by peroxidase activity and 

visualized with the Vector ABC Elite kit (Vector Laboratories, Burlingame, CA). Nikon 

Eclipse 800 microscope equipped with fluorescence optics was used for all examinations. 

Supplemental Fig. 3 shows analysis of sham control and TSP2 KO tissues. Metamorph 

software was utilized to determine the area of tissue positive for peroxidase activity. A total 

of at least six mice per time point per genotype were analyzed.

Cell culture

NIH3T3 fibroblasts and HEK293 cells (ATCC) were cultured in DMEM (Gibco, Grand 

Island, NY) with 10% FBS, penicillin, streptomycin and L-glutamine. Isolation and 

immortalization of MLECs was previously described [62,65]. MLECs were cultured in 

EBM-2 media (Lonza, Walkersville, MD) supplemented with 15% Hyclone characterized 

FBS, EGM-2MV Single-Quot growth factors (Cambrex, Walkersville, MD), penicillin, 

streptomycin, and 2× L-glutamine.

VSMCs were isolated from aortas of SMC-HIF-1α KO mice and floxed HIF-1α littermates 

(WT) between 3 and 4 months of age by enzymatic digestion as described previously [66]. 

Eight mice were used per isolation. VSMCs were maintained in DMEM supplemented with 

10% FBS, penicillin, streptomycin, and L-glutamine.
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Hypoxia, DMOG, and DETANO experiments

Experiments were performed with cells at 80% confluence. NIH3T3s, VSMCs, or MLECs 

were washed with PBS and fresh complete media was added. Cells were then returned to a 

room air incubator (normoxia, 18% oxygen) or exposed to hypoxia (0.5% oxygen) in a 

ProxOxC nitrogen-induced hypoxia system (BioSpherix, Red Field, NY). During the time-

course of 24 h, cells did not demonstrate visual indications of apoptosis. DMOG was added 

to NIH3T3s in complete media (10% FBS). DETANO was added to NIH3T3s at a 

concentration of 1 mM in starvation media (DMEM supplemented with 0.5% FBS) for a 24 

h period. At indicated times, media was collected, centrifuged at 1200 rpm for 5 min and the 

supernatant saved for analysis. Cells were lysed in RIPA buffer plus protease inhibitors 

(Complete Mini EDTA-free inhibitor cocktail, Roche, Indianapolis, IN) for Western blot 

analysis. Isolation of mRNA was performed at indicated times following hypoxia treatment 

using the RNeasy Kit (Qiagen) according to the manufacturer’s protocol.

Cell extracts were analyzed for total HIF-1α levels by the DuoSet IC ELISA kit according to 

the supplier’s instructions (R&D Systems).

Western blot analysis

Cell lysates (20 μg) and media (30 μL) were separated by SDS-PAGE, transferred to 

nitrocellulose membranes (Bio-Rad), and developed with a luminol-based chemiluminescent 

horseradish peroxidase substrate kit (Perkin Elmer, Waltham, MA). Western blot analysis for 

TSP2 (BD Bioscience, San Jose, CA) and β-actin (Sigma, St Louis, MO) was performed as 

described previously [20]. Analysis of ARNT (Novus Biologicals, NB100–133, Littleton, 

CO) and HIF-1α (Novus Biologicals, NB100–449) was done according to the supplier’s 

instructions.

RNA isolation and qRT-PCR

RNA samples were collected using the RNeasy Mini Kit (Qiagen, Valencia, CA). Reverse 

transcription (RT) was performed on 1 μg of RNA (Superscript II, Invitrogen, Carlsbad, CA) 

utilizing Oligo dT and Random Hexamer (Invitrogen) primers. SYBRgreen (BioRad, 

Hercules, CA) semi quantitative PCR was performed using a BioRad iCycler5. Primers were 

designed using NCBI’s primer design tool or replicated from literature references and are 

available upon request. Samples were run in duplicate and averaged. Experimental results 

reflect the average of triplicate experiments.

For the mRNA stability assay, NIH3T3 cells were pretreated with Actinomycin-D (1 μg/mL, 

30 min, Sigma Aldrich, Saint Louis, MI) in starve media prior to exposure to hypoxia. RNA 

was isolated after onset hypoxia over a 12 hour period and compared to cells maintained in 

normoxia for the same time. RT and qPCR was performed as described. The experiment was 

performed three times and data was normalized to GAPDH and expressed as percent 

message remaining relative to Actinomycin-D treated cells (t = 0) plus or minus the standard 

error of the mean (SEM).

MacLauchlan et al. Page 10

Matrix Biol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Generation of promoter deletion constructs and luciferase assay

Serial deletion mutants of the 2kb promoter in the 5′ to 3′ direction were generated by 

insertion of a second KpnI site at the desired distance from the transcriptional start site by 

Site-directed Mutagenesis. Plasmids were digested with KpnI, purified using the QIAquick 

gel extraction kit (Qiagen) and re-ligated. Deletion mutants from the 3′ to 5′ direction were 

generated from the 1kb plasmid, by inserting a second BglII site, a single cutter in the parent 

plasmid, by Site-directed Mutagenesis (Stratagene). Mutants were screened by BglII 

digestion (NE Biolabs), purified with Qiagen gel extraction kit and re-ligated with T4 ligase 

(NE Biolabs).

Luciferase assays were performed using the Dual Luciferase Reporter Assay (Promega, 

Madison, WI) as described previously [31]. Briefly, NIH3T3s were co-transfected with 200 

ng/well of luciferase construct (pGL3 basic (Promega) or indicated mTSP2 promoter 

construct) and 50 ng/well renilla using Lipofectamine (Invitrogen). Transfection was 

performed in antibiotic-free starvation media (0.5% FBS) in cells that were either untreated 

or treated in the presence of 1 mM DETANO. Luciferase Assays were performed 24 h after 

transfection and were assayed on a Lumat luminometer (Berthold Technologies, Oak Ridge, 

TN). Assays were performed in duplicate and repeated four times.

Cell transfection

HEK293T cells were transfected with 1 μg/6well of either empty pcDNA3 vector 

(Invitrogen) or mTSP2 pcDNA3 (Addgene.org, plasmid 12,411) using Lipofectamine 

(Invitrogen, Carlsbad, CA) and Optimem (Gibco) as indicated by manufacturers. Twenty-

four hours later, cells were washed and given fresh culture media and returned to either a 

room air incubator or 0.5% O2.

Statistical analysis

Experiments were performed at least in triplicate, and data are plotted as the mathematical 

average of the replicates plus or minus the standard error of the mean, unless otherwise 

noted above. Statistics were calculated with the statistical package in Prism GraphPad. 

Unless stated above, statistical significance was determined using unpaired Students t-tests 

were performed with p value less than or equal to 0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

ATR1 angiotensin II type receptor I

ARNT aryl hydrocarbon receptor nuclear translocator

HIF-1α hypoxia-inducible factor 1α

HREs hypoxia response elements

KO knockout

MMP matrix metalloproteinases

MLEC mouse lung endothelial cell

NO nitric oxide

PHDs prolyl hydroxylases

TSP thrombospondin

VEGF vascular endothelial growth factor

VSMC vascular smooth muscle cell

VHL von Hippel Lindau

WT wildtype
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Appendix A. Supplementary data
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Fig. 1. 
DMOG decreases TSP2 expression. (A) Western blot of NIH3T3 media and lysates treated 

with 1 mM DMOG in media containing 10% FBS DMOG decreased intracellular and 

secreted TSP2 by 6 h. (B) NIH3T3s were subjected to hypoxia for the indicated times and 

media and lysates samples were analyzed by Western blot for TSP2 expression. Both the 

secreted and intracellular pool of TSP2 was decreased following hypoxia treatment. Western 

blots are representative of at least three independent experiments. (C) Qualitative RT-PCR of 

mRNA from NIH3T3s demonstrated that hypoxia (hatched bars) resulted in decreased levels 

TSP2 mRNA by 6 h of treatment. * denotes p value ≤ 0.05. mRNA data are averaged from at 

least three independent experiments.
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Fig. 2. 
Hypoxia depresses TSP2 production at the transcriptional level. (A) NIH3T3 cells were 

treated with Actinomycin-D and the decay of TSP2 mRNA in normoxia and hypoxia was 

determined by Qualitative RT-PCR and expressed as a percentage of original for the time 

indicated (hr). Experiments were performed three independent times. (B) HEK293T cells, 

which do not produce endogenous TSP2, were transfected with 1 μg of either empty vector 

(pcDNA3) or mouse TSP2 (mTSP2). Neither secreted nor intracellular production of TSP2 

by HE293Ts was not altered by hypoxia (0.5% oxygen) as assessed by Western blot. 

Western blots are representative from at least three independent experiments.
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Fig. 3. 
TSP2 expression is separate from hypoxic cells in HLI. Serial sections from gastrocnemius 

muscle at 3D (A and B) and 7D (C and D) following hindlimb ischemia were stained for 

hydroxyprobe (OH-probe, A and C) and TSP2 (B and D). As indicated by the brown 

staining, hydroxyprobe expression is abundant at 3D and decreased at 7D. TSP2 expression 

demonstrates the opposite pattern, where it is limited at 3D and increased at 7D. Scale bars: 

100 μm. (E–F) Percent of area exhibiting positive staining was determined for OH-probe 

(black bars) and TSP2 (hatched bars). * denotes p value ≤ 0.05. Experiments were 

performed in three mice per time point.
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Fig. 4. 
Increased TSP2 associated with compromised HLI recovery in VSMC-HIF-1α KO. (A) 

Blood flow recovery following HLI surgery was lower in VSMC-HIF-1α KO than WT 

littermates. Data are from five mice per genotype. (B) VSMC-HIF-1α KO displayed lower 

clinical score following HLI. (C–F) Representative images of HLI tissues from WT (C, E) 

and VSMC-HIF-1α KO (D, F) stained for TSP2 and visualized with the peroxidase reaction 

(brown color) are shown. Nuclei were counterstained with methyl green. HIF-1α KO tissues 

displayed increased TSP2 immunoreactivity and altered distribution pattern with TSP2 stain 

around large vessels (arrows in D) as well as small vessels (compare Arrows in E and F). * 

denotes p value ≤ 0.05, ** denotes p value ≤ 0.001. Scale bars = 200 μm (C, D) and 100 μm 

(E, F). (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 5. 
Increased TSP2 in VSMCs from HIF-1α KO mice. (A) Aortic VSMCs were isolated from 

WT and HIF-1α KO and RNA analyzed for the relative levels of TSP1, TSP2 and HIF-1α. 

(B) The level of TSP2 mRNA was not decreased in HIF-1α KO VSMCs cultured in 

normoxia (22% oxygen) or hypoxia (0.5% oxygen) for 6 h.
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Fig. 6. 
DETANO stabilizes HIF-1α in NIH3T3s. (A) Western blot of NIH3T3 lysates treated with 1 

mM DETANO reveal a transient stabilization of HIF-1α between 1 and 6 h of treatment that 

is restored to baseline after 24 h of treatment. There is no detectable change in HIF-1β/

ARNT over the same time course. (B) HIF-1α ELISA confirmed that HIF-1α was stabilized 

in DETANO treated NIH3T3s at 6 h and this induction was restored to baseline by 24 h. * 

denotes p value <0.05 (C–D) Qualitative RT-PCR of mRNA from NIH3T3s demonstrated 

the time-course of GLUT1 and PGK1 were induction following DETANO treatment 

(hatched bars). (E) MLECs from WT and eNOS KO mice were cultured in normoxia or 

hypoxia (0.5% oxygen). Samples from cell lysates and media were collected at 6 and 24 h 

post treatment and tested for TSP2. In all cells tested, hypoxic MLECs exhibited decreased 

secreted TSP2. All data are representative of three independent experiments. Representative 

Western blots are shown.
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