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Abstract

Objective—Thrombospondin-4 (TSP-4) is 1 of the 5 members of the thrombospondin protein 

family. TSP-1 and TSP-2 are potent antiangiogenic proteins. However, angiogenic properties of 

the 3 other TSPs, which do not contain the domains associated with the antiangiogeneic activity of 

TSP-1 and TSP-2, have not been explored. In our previous studies, we found that TSP-4 is 

expressed in the vascular matrix of blood vessels of various sizes and is especially abundant in 

capillaries. We sought to identify the function of TSP-4 in the regulation of angiogenesis.

Approach and Results—The effect of TSP-4 in in vivo angiogenesis models and its effect on 

angiogenesis-related properties in cultured cells were assessed using Thbs4−/−; mice, endothelial 

cells (EC) derived from these mice, and recombinant TSP-4. Angiogenesis was decreased in 

Thbs4−/−; mice compared with wild-type mice. TSP-4 was detected in the lumen of the growing 

blood vessels. Mice expressing the P387 TSP-4 variant, which was previously associated with 

coronary artery disease and found to be more active in its cellular interactions, displayed greater 

angiogenesis compared with A387 form. Lung EC from Thbs4−/−; mice exhibited decreased 

adhesion, migration, and proliferation capacities compared with EC from wild-type mice. 

Recombinant TSP-4 promoted proliferation and the migration of EC. Integrin and gabapentin α2 

receptor α2δ-1 were identified as receptors involved in regulation of EC adhesion, migration, and 

proliferation by TSP-4.

Conclusion—TSP-4, an extracellular matrix protein previously associated with tissue 

remodeling, is now demonstrated to possess proangiogenic activity.
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Our progress in understanding the mechanisms underlying vascular diseases has been 

heavily focused on the cells involved. Yet it is well established that it is not only the 

individual cell types but also their interactions with other cells and with the extracellular 

Correspondence to Olga Stenina-Adognravi, PhD, Department of Molecular Cardiology, Cleveland Clinic, 9500 Euclid Ave 
NB50-66, Cleveland, OH 44195. stenino@ccf.org. 

The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.
115.305912/-/DC1.

Disclosures
None.

HHS Public Access
Author manuscript
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2016 September 01.

Published in final edited form as:
Arterioscler Thromb Vasc Biol. 2015 September ; 35(9): 1975–1986. doi:10.1161/ATVBAHA.
115.305912.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.115.305912/-/DC1
http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.115.305912/-/DC1


matrix (ECM) that control the initiation and progression of various vascular pathologies 

ranging from atherogenesis to angiogenesis.1–4 The ECM is clearly an important regulator 

of vascular pathologies, but it has only recently become appreciated as a target for 

pharmacotherapy.5

Thrombospondin-4 (TSP-4) belongs to a group of matricellular ECM proteins, which do not 

provide structural support like collagens or elastins, but instead regulate cell–matrix 

interactions, and functional responses dependent on these interactions, including adhesion, 

migration, apoptosis, proliferation, and ECM remodeling/fibrosis.6–13 Remodeling of the 

ECM in the vascular wall initiates and defines the development of cardiovascular disease, 

diabetic complications, tumor growth, and many other devastating chronic diseases. 

Remodeling and growth of the blood vessels is guided and regulated by matricellular ECM 

proteins, which signal through surface receptors to control numerous vascular cell responses.

The TSP family consists of 5 proteins (TSP-1 through TSP-5).8 Two members, TSP-1 and 

TSP-2, are potent antiangiogenic proteins.10–17 However, there have been no reports 

regarding the angiogenesis-related activities of the other 3 members of the family, with the 

exception of an observation that TSP-3 does not inhibit angiogenesis.18 Of note, TSP-3, 

TSP-4, and TSP-5 do not harbor the protein domains that mediate the antiangiogenic 

activities of TSP-1 and TSP-2.8 Despite recent observations of the presence and critical roles 

of TSP-4 in the heart, blood vessels, and vascularized tissues,9,10,19–24 it has not been 

reported to have any effect on angiogenesis. Circumstantial evidence suggests that TSP-4 

might be involved in the regulation of angiogenesis during tissue remodeling and growth. 

Existing data document the association between TSP-4 and cancer. Tumor growth and 

metastasis are responses that depend heavily on angiogenesis. Specifically, increased 

expression of TSP-4 in cancer tissues is associated with cancer progression, and TSP-4 is in 

the top 1% of the most upregulated genes in several types of cancer, including gastric 

cancer,25–27 and especially in breast cancer28–30 (www.oncomine.com).

In view of the intimate association between TSP-4, blood vessels, and angiogenic 

pathologies, the goal of the present work was to examine the effect of TSP-4 on 

angiogenesis and the proangiogenic functions of endothelial cells (EC).

Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

Angiogenesis Is Inhibited in Matrigel Plugs in Thbs4−/−; Mice

The widely used Matrigel plug model was implemented as an initial approach to assess the 

effect of TSP-4 deficiency on angiogenesis (Figure 1). Matrigel (750 μl) mixed with 10 

ng/mL FGF was injected subcutaneously into wild-type (WT) C57Bl/6 or TSP-4 knockout 

(Thbs4−/−;) mice (n=10). The plugs were excised 7 days later and processed for 

immunohistochemistry. Sections were stained with anti-CD31 antibodies, and the stained 

area was quantified. The level of CD31, a marker of EC, was significantly reduced in the 

Muppala et al. Page 2

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



plugs excised from Thbs4−/−; mice (Figure 1A and 1B). Higher power examination of the 

sections confirmed that the EC staining was associated with the blood vessels (Figure 1C).

EC were also visualized in Matrigel plug sections using anti–Von Willebrand Factor 

antibody (Figure 1D, green staining), and TSP-4 was visualized using anti–TSP-4 antibody 

as described previously9,10,24,31,32 (Figure 1D, red staining). In our previous reports, we 

described the localization of TSP-4 in blood vessels of different sizes9,13: TSP-4 was found 

in the tunica adventitia of the larger vessels and on the abluminal side of EC in mature 

capillaries. In contrast to mature vasculature, TSP-4 was found in the lumen of the 

neovasculature in the Matrigel plugs (Figure 1D).

Angiogenesis Is Inhibited in the Tumor Model in Thbs4−/−; Mice

Angiogenesis in WT and Thbs4−/−; mice was examined in a tumor angiogenesis model. 

EMT6, a mouse breast cancer cell line, was propagated in culture, and 1.5×106 cells were 

injected into the mammary fat pad of mice. Tumors were harvested on day 14, weighed, and 

processed for immunohistochemistry.31 Although we did not detect TSP-4 in cultured 

EMT6 cells by Western blotting of the cell lysates and cell culture supernatants (not shown), 

it was detected in the EMT6 tumors in vivo. When tumors from Thbs4−/−; mice were stained 

with anti–TSP-4 antibodies, we have detected TSP-4 staining, suggesting that TSP-4 is 

produced by EMT6 in in vivo tumors (data not shown). There was no difference in tumor 

weights between WT and Thbs4−/−; mice (data not shown). To remove the confounding 

effect of TSP-4 produced by EMT6 cells in vivo from the model system, we transduced 

EMT6 cells with lentiviral particles containing TSP-4 shRNA. As a control, EMT6 cells 

transduced with control shRNA were used. EMT6 cells stably expressing either TSP-4 

shRNA or the control shRNA were injected into the mammary fat pads of WT and Thbs4−/−; 

mice, and tumors were collected and processed as described in the Materials and Methods 

section. In the absence of TSP-4, a significant decrease in tumor weight was detected 

(Figure 2A). Angiogenesis markers CD31, α-actin, and laminin-1 were visualized by 

immunostaining with the corresponding antibodies as described in the Materials and 

Methods section. The levels of all 3 angiogenesis markers were significantly decreased in 

Thbs4−/−; mice (Figure 2B).

A387P Mutation in TSP-4 Promotes Angiogenesis In Vivo

Our previous studies have shown that the P387 variant of TSP-4 interacts with cultured cells 

with high affinity and induces more extensive signaling than A387 WT TSP-4 form.12,33 

A387P has been associated with increased susceptibility to early onset myocardial infarction 

in several studies.34 The growth of EMT6 tumors grown in mutant A387P TSP-4 knock-in 

(mutTSP-4) KI mice were significantly larger (Figure 2C) than in WT mice that expressed 

WT A387 TSP-4. Markers of angiogenesis (CD31, α-actin, and laminin-1) were quantified 

in tumor sections (Figure 2D). In tumors from mutTSP-4 KI mice, all markers of 

angiogenesis were significantly increased, consistent with the larger tumor mass and higher 

proliferating and signaling activity of this variant that we reported previously.12,13
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Skin Wound Healing Is Delayed in Thbs4−/−; Mice

Wound healing critically depends on angiogenesis and vascular remodeling.35 Changes in 

angiogenic activity influence the rate of wound healing: suppression of angiogenesis delays 

and accelerated angiogenesis enhances wound healing.36 We performed skin wound healing 

assays in WT, Thbs4−/−;, and mutTSP-4 KI mice (Figure 3). Full thickness skin wounds (0.7 

mm in diameter) were excised on the back of mice and allowed to heal uncovered over time. 

The sizes of wounds were measured immediately after the surgery and on days 3, 7, 10, and 

14 in Thbs4−/−; mice (Figure 3A). Wound healing was delayed starting on day 3 after 

excision in Thbs4−/−; mice compared with WT mice. The differences between WT and 

Thbs4−/−; mice were statistically significant on days 3 to 7 when angiogenesis is the most 

active in the wound.37 At later time points, the wounds still tended to be smaller in the WT 

mice than in the Thbs4−/−; mice, although with healing the size of the wounds became more 

variable.

We have examined the levels of angiogenesis markers CD31 and α-actin in skin wound 

sections of WT and Thbs4−/−; mice on day 5 (Figure 3B). The difference in the wound size 

was significantly different between WT and Thbs4−/−; mice on day 5 (Figure 3B, left panel). 

The levels of CD31 and α-actin were both decreased (Figure 3B, middle and right panels), 

and the difference in the levels of CD31 was statistically significant (Figure 3B, middle 

panel).

Accelerated Wound Healing in mutTSP-4 KI Mice

The size of wounds was measured on day 5 in WT and mutTSP-4 KI mice (Figure 3C). In 

mutTSP-4 KI mice, the size of the wounds was significantly different between day 0 and 

day 5, whereas in WT mice, the difference remained insignificant. The wounds of mutTSP-4 

KI mice were significantly smaller than the wounds of WT mice on day 5.

Delayed Postnatal Retinal Vasculature Development in Thbs4−/−; Mice

Flat mounts of retinae were prepared and stained with Alexa-568–labeled GS-IB4 as 

described in the Materials and Methods section to visualize EC. The entire region of 

vascular outgrowth (region of interest), precise area occupied by vessels, total vascular 

length, mean radial vessel extension from the optic nerve, the number of branch points, the 

whole retinal tissue area (vascular and avascular), and diameter were measured as described 

in Materials and Methods. These indeces characterizing the postnatal development of the 

retinal vasculature are shown in Figure 4A. The values were normalized to retinal area for 

each individual flat mount. Retinal area and retinal diameter values were similar between all 

genotypes. The vascularized area and the mean vessel extension from the center of the optic 

nerve were significantly smaller in Thbs4−/−; mice, whereas the rest of indeces also tended 

to be decreased in these mice (Figure 4A), suggesting that the postnatal development of the 

retinal vasculature is slower in Thbs4−/−; mice.

Accelerated Postnatal Retinal Vasculature Development in mutTSP-4 KI Mice

All of the measured parameters were significantly increased in mutTSP-4 KI mice as 

compared with both WT and Thbs4−/−; mice (Figure 4A), consistent with the observations of 
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increased angiogenesis in these mice in 3 other angiogenesis models. Representative images 

of retinae flat mounts from WT, Thbs4−/−;, and mutTSP-4 KI mice are shown in Figure 4B.

Regulation of Proangiogenic Activities by TSP-4 in Cultured EC

EC were isolated from the lungs of WT, Thbs4−/−;, and mutTSP-4 KI mice,38 and their 

angiogenic properties (cell adhesion, cell migration, and proliferation) were compared in 

vitro.

Cell Migration—The effect of r-TSP-4 and mTSP-4 on EC migration was measured in 

Boyden chambers.12,39 The bottom of the upper chamber was coated with either 

recombinant TSP-4 (r-TSP-4) or r-mTSP-4 or left uncoated as a control. Both r-TSP-4 and r-

mTSP-4 increased the migration of WT EC (Figure 5A). Consistent with the observed 

effects of r-TSP-4 and recombinant mut-TSP-4 (r-mut-TSP-4), Thbs4−/−; EC exhibited 

decreased migration, and mutTSP-4 KI EC had higher migratory activity compared with WT 

EC (Figure 5B).

We performed EC migration assays with the function blocking antibodies against known 

receptors of TSPs as described in Materials and Methods (Figure 5C). All antibodies were 

well tested blocking antibodies reacting with mouse proteins. As a control, an unrelated anti-

luciferase antibody, which did not have any effect on EC migration (not shown), was used 

(Figure 6C, Luc). As was observed in previous experiments (Figure 5A), coating with r-

TSP-4 increased migration of EC by 39%±9% (P=0.0076). We searched for an antibody that 

produces the specific inhibitory effect of inhibiting the migration on r-TSP-4 without 

inhibiting the migration on the uncoated surface. Two reagents produced the specific 

inhibition of TSP-4–induced migration: anti-integrin α2 and gabapentin, a ligand of α2δ-1 

receptor that prevents TSP-4 binding to this receptor.23 Both antbodies decreased migration 

on TSP-4 (P<0.05 as compared with the effect of a control antibody on migration in the 

presence of TSP-4), but did not affect the migration in control uncoated wells (no decrease 

as compared with the effect of a control antibody on migration of EC in control uncoated 

wells). The difference between the values not normalized to the corresponding controls was 

also statistically significant for the effects of these 2 antibodies in the presence of TSP-4 and 

in uncoated wells (P=0.039 for α2 integrin antibody; P=0.0009 for α2δ-1 receptor antibody).

Antibodies against integrin αVβ3, β1 integrin subunit, and CD47 did not have significant 

effects on EC migration (Figure 5C). Antibodies against β3 subunit and αVβ5 inhibited both 

the TSP-4–dependent and TSP-4–independent migration (P<0.05 when the effect of each of 

2 antibodies in the wells coated with TSP-4 was compared with the effect of a control 

antibody in the wells coated with TSP-4 and when the effect of each of the 2 antibodies on 

migration in uncoated wells was compared with the effect of a control antibody in the 

uncoated wells). There was no difference in values not normalized to the corresponding 

controls: both antibodies reduced migration to the same absolute value both in presence of 

TSP-4 and in uncoated wells, indicating that the inhibition of migration is not matrix-

dependent.

Cell Proliferation—The proliferation of EC from WT mice was measured using the 

CyQUANT reagent cell proliferation kit in EC growth medium supplemented with 5% FCS 
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with cells plated onto a fibronectin substrate alone or supplemented with either r-TSP-4 or r-

mutTSP-4 (Figure 6A). Both r-TSP-4 and r-mutTSP-4 stimulated EC proliferation. The 

effect of r-mutTSP-4 was statistically significant as early as 24 hours after the cells were 

plated (Figure 6A). The effect of r-TSP-4 became significant by 72 hours after EC were 

seeded.

The proliferation of EC derived from 3 strains of mice (WT, Thbs4−/−;, and mutTSP-4 KI) 

was measured at 24, 48, and 72 hours. Proliferation of EC derived from either Thbs4−/−; or 

mutTSP-4 KI mice was slower than those obtained from WT mice (Figure 6B). This pattern 

was observed with 3 separate isolates of EC from each mouse strain.

To ensure that proliferation rather than DNA content is changing with genotype, we have 

counted cells 72 hours after plating the cells in the conditions identical to the conditions 

described earlier. Equal numbers of cells of all 3 genotypes were plated per culture dish area 

in the beginning of the experiment. Cells were washed with phosphate buffered saline, fixed 

with 4% paraformaldehyde, stained with Trypan Blue, and photographed. Stained cell areas 

were quantified using Adobe Photoshop CS3. The number of pixels of cell staining, which 

reflects the actual number of cells in the cell culture dish at 72 hours, is presented in Figure I 

in the online-only Data Supplement. Similar to our data obtained using the CyQUANT 

reagent cell proliferation kit, both WT r-TSP-4 and r-mutTSP-4 increased proliferation 

(Figure IA in the online-only Data Supplement), and EC from either Thbs4−/−; or mutTSP-4 

KI mice proliferated more slowly than WT EC (Figure IB in the online-only Data 

Supplement).

To test whether α2 integrin and α2δ-1 contribute to EC proliferation in response to TSP-4, 

we cultured EC for 72 hours in the presence of either 10 μg/mL neutralizing anti-α2 integrin 

antibody or 10 μg/mL gabapentin, a ligand of α2δ-1 added to the media 6 hours after plating 

the cells. Antiluciferase antibody was used as a control. Both the anti-α2 integrin antibody 

and gabapentin, a ligand of α2δ-1, significantly decreased proliferation of EC in cell culture 

plates coated with r-TSP-4 but not in control cell culture plates coated with bovine serum 

albumin (Figure 6C).

Cell Adhesion—Cell adhesion was measured using the CyQUANT reagent cell 

proliferation kit to quantify the adherent at 1 hour after plating EC in cell culture plates 

coated with fibronectin mixed with Bovine serum albumin, r-TSP-4, or r-mutTSP-4. r-

TSP-4 did not have any effect on EC adhesion (Figure 7A). r-mutTSP-4 was less adhesive 

for the mouse EC, similar to its effect on human EC as we previously reported.13 When EC 

from the 3 mouse strains were assessed for their adhesive activity, both Thbs4−/−; and 

mutTSP-4 KI EC adhered poorly compared with WT EC (Figure 7B).

Quantification of the Trypan Blue staining of cells attached to the cell culture plates coated 

with fibronectin or fibronectin mixed with r-TSP-4 or r-mutTSP-4 resulted in similar 

differences between experimental conditions (Figure IIA and IIB in the online-only Data 

Supplement), although quantification of DNA appeared to be more sensitive in detecting the 

differences between cells in different conditions.
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Discussion

Our results identify TSP-4 as a novel regulator of angiogenesis. TSP-4 is a member of the 

thrombospondin family that includes 4 other proteins: TSP-1, TSP-2, TSP-3, and TSP-5 

(COMP).6,8 TSP-1 and TSP-2 have evolved more recently and are potent antiangiogenic 

proteins.16,40–43 Their antiangiogenic properties have been documented in vitro and in vivo 

and are attributed to the TSP repeats where the binding site for the cell receptor CD36 and 

the sequence involved in regulation of matrix metalloproteinase activity reside.44,45 TSP-3, 

TSP-4, and TSP-5 belong to the more ancient TSP subgroup,8 and they have not been 

reported to be regulators of angiogenesis. None of the latter 3 TSPs has the TSP repeats 

domain associated with the antiangiogeneic activity of TSP-1 and TSP-2.8,17,46

TSP-4 has attracted significant interest recently and has been associated with the remodeling 

of vasculature and myocardium,9,12,21,22,47 control of the organization and function of 

tendon and skeletal muscle,24 risk for the cardiovascular disease,10,13,21,22,24,47,48 

inflammation,10 and synaptogenesis in the central nervous system.23 The existing data 

document the association between TSP-4 and cancer,25–27 especially with the breast 

cancer.28–30 However, the mechanisms of these associations remain unknown.

In this report, we describe a novel and unexpected function of TSP-4: stimulation of 

angiogenesis. We documented the proangiogenic activity of TSP-4 in several 

complementary models: in vivo Matrigel angiogenesis, in vivo tumor angiogenesis, 

postnatal retinal vasculature development model, skin wound healing, and in several in vitro 

assays, including cultured EC adhesion, migration, and proliferation assays. The deficiency 

in TSP-4 resulted in decreased angiogenesis or reduced proangiogenic functions. Both r-

TSP-4 and A387P r-mutTSP-4, which is more active in its cellular interactions, increased 

proangiogenic properties in vitro and both stimulated angiogenesis. Throughout the present 

study, we did not observe any sex-specific effects of either TSP-4 or mutTSP-4 P387 on 

angiogenesis. Although we did not systematically examine the age-dependence of the 

effects, our results indicate that the effect of TSP-4 on angiogenesis can be detected at 

different ages, from 5-day-old pups (postnatal retinal vasculature development) to 27-week-

old mice (Matrigel plug assay).

The in vivo Matrigel plug assay is a simple and convenient model to study the growth of 

new blood vessels in the absence of influences from surrounding tissue. Angiogenesis was 

evaluated by the levels of 3 angiogenesis-related markers (CD31, a marker of EC; α-actin, a 

marker of smooth muscle cells/pericytes and of maturation of the growing capillaries; and 

laminin-1, a marker of basement membrane). Angiogenesis was reduced in Thbs4−/−; mice, 

indicating that TSP-4 stimulates angiogenesis. TSP-4 was detected in growing blood vessels, 

but its localization was different compared with its localization in mature blood vessels 

where TSP-4 was present on the abluminal side of the EC monolayer in the vascular wall.10 

In new vessels growing in the Matrigel plug, TSP-4 was detected in the lumen. This 

localization suggests that TSP-4 may be secreted by EC or pave a path for EC to form the 

new vessel. Although TSP-4 was found in a proximity to EC in growing vessels, we did not 

address its source systematically. Smooth muscle cells can be producing TSP-4 as we 

reported in the past,13 and the blood cells as a source of TSP-4 cannot be excluded: although 
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we did not detect any production of TSP-4 protein by the blood cells (data not shown), and 

others never reported its production by the blood cells, we did detect TSP-4 mRNA in the 

cellular fraction of blood (data not shown).

In the mouse breast cancer angiogenesis model, host TSP-4 deficiency alone did not reduce 

tumor mass or the levels of the angiogenesis markers. We found that the cancer cells 

produced TSP-4 in vivo. TSP-4 is a secreted protein that becomes available to all cell types 

after it is released. Therefore, we considered whether TSP-4 produced by the cancer cells 

could have provided sufficient signals to EC and other vascular cells to maintain 

angiogenesis within the tumors. When we used EMT6 stably transduced with lentiviral 

particles expressing TSP-4 shRNA that did not produce TSP-4 in the in vivo cancer 

angiogenesis model, the weights of tumors were significantly decreased in the absence of 

TSP-4 as compared with the weights of tumors in WT mice. The levels of angiogenesis 

markers were also significantly decreased, indicating that TSP-4 facilitates tumor 

angiogenesis and growth. The source of TSP-4 (vascular- or cancer-cell–produced) does not 

seem to be important, rather the level of TSP-4 in tumors seems to be sufficient to support 

tumor angiogenesis and growth based on the lack of the effect in our experiments that used 

WT EMT6 in Thbs4−/−; mice.

A387P TSP-4 has been associated with cardiovascular disease in several patient 

cohorts.13,34,49–53 We have reported that A387P TSP-4 is more active in interactions with 

cells and produces more pronounced effects in cell culture.12,13,33 Thus, the enhanced 

angiogenesis and cancer growth observed in the KI mice expressing A387P TSP-4 

compared with WT TSP-4 is consistent with its increased bioactivity.

Wound healing is a process of tissue remodeling and is dependent on angiogenesis.35,37 In 

skin wounds, angiogenesis is clearly detected by day 3 and is active until at least day 7.37 

The healing at this stage is accelerated if angiogenesis is increased and delayed if 

angiogenesis is inhibited.35,37 We have tested Thbs4−/−; mice in an excisional skin wound 

healing assay. Healing was significantly delayed in Thbs4−/−; mice, consistent with the 

proangiogenic effects of TSP-4 in other models. The delay was detectable on the day 3 and 

remained statistically significant until day 7. Wound healing was accelerated in mutTSP-4, 

once again consistent with the greater activity of P387 TSP-4 in cellular and physiological 

processes.

Each angiogenesis model examined has advantages and limitations. The Matrigel model 

allows analyses of the formation of new vessels in the absence of surrounding tissue, but the 

plug induces an inflammatory response in the host. The cancer angiogenesis models involve 

complex interactions of the vascular cells with the surrounding tissue, but the vessels formed 

in a tumor are different from the vessels developing during the normal physiological 

processes of remodeling. The outcomes in the skin wound healing model depend not only on 

angiogenesis, but also on an inflammatory response and the function of fibroblasts and 

keratinocytes.

The postnatal retinal development model is another way to address the effects of protein 

knockout or overexpression on angiogenesis. In this model, the angiogenesis can be 
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observed in the absence of proinflammatory signals and external interventions. In this 

model, TSP-4 knockout resulted in delayed development of retinal vasculature, whereas 

mutTSP-4 accelerated the process.

In the in vivo models that we used to study the role of TSP-4 in angiogenesis, TSP-4 

knockout and mutTSP-4 expression in KI mice produced opposite effects that we could 

expect based on our previous studies of the effects of TSP-4 and mutTSP-4.12,13 Although 

the effects of compensation can never be completely excluded when working with 

transgenic mice, the effects of compensation seem to be less likely when the knockout of a 

protein and an overexpression of a mutant protein with a known increased activity result in 

opposite and predicted effects. We previously examined the expression and localization of 

TSP-3 and TSP-5, 2 proteins highly homologous to TSP-4, in tissues and blood vessels of 

Thbs4−/−; mice, and we found that their expression was not changed and that they displayed 

a distinct nonoverlapping localization in tissues.9,10,24

Our in vitro experiments performed using EC from Thbs4−/−; and mutTSP-4 KI mice and 

recombinant TSP-4 and mutTSP-4 complement and support the conclusions obtained in the 

in vivo models. Although the in vitro approach had its limitations (eg, the source of TSP-4 

may affect its function, EC are studied in isolation from other cell types, etc), it 

complemented the in vivo approach, lead to similar conclusions, and allowed to begin to 

investigate the cellular mechanisms of the observed effects.

Invasion of EC into tissue and formation of a vessel lumen is a multistep process. A variety 

of activities of EC and extracellular matrix proteins are involved in this complex response. 

We have examined the effect of TSP-4 and A387P TSP-4 on EC adhesion to the matrix, EC 

proliferation, and EC migration. In all 3 in vitro models, we observed an effect of TSP-4 

consistent with its proangiogenic activity. r-TSP-4 increased EC proliferation, whereas the 

proliferation was inhibited in Thbs4−/−; EC. Thbs4−/−; EC demonstrated decreased adhesion, 

although r-TSP-4 did not have any effect on WT EC adhesion. Differences in the effects of 

endogenous and exogenously introduced TSP is a known phenomenon: the effects of a TSP 

on cells greatly depends on its origin (endogenous versus exogenous).54 TSPs have multiple 

protein ligands that modify their effects, and some of the binding events occur during the 

production and secretion of TSPs.55 r-TSP-4 increased the migration of EC, and the 

migratory capacity was reduced in EC from Thbs4−/−; mice.

The effects of r-mutTSP-4 were more complex in the in vitro assays. r-mutTSP-4 increased 

EC migration, and EC from mice expressing mutTSP-4 demonstrated increased migration as 

well. Adhesion was inhibited by r-mutTSP-4, both in the in vitro experiments with the 

recombinant mutTSP-4 and with EC from mutTSP-4 KI mice. This observation is consistent 

with our previous report on the effect of r-mTSP-4 on human EC.13 Although r-mutTSP-4 

increased EC proliferation, there was a significant decrease in proliferation of mutTSP-4 KI 

EC. This discrepancy may be because of a complexity of the mutTSP-4 effects on EC that 

are not fully reproduced in an in vitro proliferation assay or to a compensation of function(s) 

in the transgenic mouse. In either case, we conclude that mutTSP-4 may acquire additional 

properties compared with WT TSP-4 rather than just being more potent in cellular 

interactions.
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In sum, we have identified a novel function for TSP-4: its capacity to regulate angiogenesis. 

TSP-4 is a new proangiogenic ECM protein. It influences multiple EC responses in vitro that 

translate into enhanced blood vessel formation in vivo.
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Significance

Thrombospondin-4 (TSP-4) was found to be abundantly expressed in vasculature and in 

several cancers and to play an important role in tissue remodeling. However, the 

significance of its expression in blood vessels and its effect on angiogenesis remained 

unknown. The TSP protein family has been associated with regulation of angiogenesis, 

but the effects of TSP-1 and TSP-2, 2 known angiogenesis regulators, are antiangiogenic. 

The differences in the structure of TSP-1/TSP-2 and TSP-4 suggest that they may have 

distinct or even opposite functions in vasculature. The results of our work described in 

this report revealed that TSP-4 is a novel proangiogenic ECM protein that promotes EC 

adhesion, migration, and proliferation and increases angiogenesis in in vivo Matrigel and 

cancer models. Thus, we have identified a novel protein that promotes angiogenesis.
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Figure 1. 
Angiogenesis is decreased in Thbs4−/−; mouse. A, Quantification of anti-CD31 staining (EC) 

in Matrigel plugs in WT and Thbs4−/−; mice (n=10). The stained area was quantified using 

ImagePro6.1. B, Whole plug section image, immunohistochemistry with anti-CD31 

antibody. C, CD31 staining in sections of Matrigel plugs harvested from WT and Thbs4−/−; 

mice. D, TSP-4 expression in the neovasculature in Matrigel plugs. TSP-4 in growing blood 

vessels in Matrigel plug is localized in the lumen (red, TSP-4 stained with anti–TSP-4, 

green, EC stained with anti-CD31 antibody, blue, nuclei stained with DAPI). Arrows 

indicate the blood vessels with TSP-4 in the lumen. EC indicates endothelial cell; KO, 

knockout; Thbs4−/−;, TSP-4 knockout; and WT, wild-type.
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Figure 2. 
TSP-4 promotes angiogenesis in a cancer model. A, Mouse breast cancer EMT6 cells with 

stable TSP-4 knockdown were injected into WT or TSP-4 KO mice. Left, Representative 

tumors from one of the experiments. Right, Tumor weight, n=10, *P<0.05 compared with 

WT. B, Angiogenesis markers CD31 (EC), α-actin (SMC), and laminin-1 (basement 

membrane) were visualized by immunohistochemistry in frozen sections of tumors from WT 

and Thbs4−/−; mice. Mean stained area, % × mean tumor weight, n=10, *P<0.05 compared 

with WT. C, Mouse breast cancer EMT6 cells were injected in WT or TSP4 KI mice. Left, 
Representative tumors from one of the experiments. Right, Tumor weight, n=10, *P<0.05 

compared with WT. D, Angiogenesis markers CD31 (EC), α-actin (SMC), and laminin-1 

(basement membrane) were visualized by immunohistochemistry in frozen sections of 

tumors from WT and mutTSP-4 KI mice. Mean stained area, % × mean tumor weight, n=10, 

*P<0.05 compared with WT. EC indicates endothelial cell; KO, knockout; Thbs4−/−;, TSP-4 

knockout; and WT, wild-type.
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Figure 3. 
Skin wound healing is Thbs4−/−; and mutTSP4 KI mice. Skin wounds (0.7×0.7 cm2) were 

excised in WT, Thbs4−/−; (KO) and mutTSP4 KI (KI) mice. Wound area was measured at 

the indicated time points. A, Wound healing in Thbs4−/−; mice; n=10. B, Wound area (left 
panel) and levels of angiogenic markers (CD31, EC; middle panel and α-actin, SMC; right 
panel) in WT and Thbs4−/−; mice on day 5; n=5. C, Wound area on day 5 in mutTSP4 KI 

mice; n=5 in WT group, n=10 in mutTSP4 KI group; *P<0.05 in comparison of genotypes, 

#P<0.05 compared with day 0. EC indicates endothelial cell; KO, knockout; mutTSP4 KI, 

mutant A387P TSP-4 knock-in; Thbs4−/−;, TSP-4 knockout; and WT, wild-type.
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Figure 4. 
TSP-4 regulates the postnatal development of retinal vasculature. The retinae of 5-day-old 

pups were processed as described in the Materials and Methods section, and the region of 

vessel area, total vascular length, mean extension of vascularized area form the optic nerve 

center, and the number of vascular branchpoints were quantified as described in Materials 

and Methods and normalized to retinal area. A, Analysis of retinal vasculature in flat-mounts 

stained with Alexa-568 lectin was performed as described in Materials and Methods. Mean

±SEM; *Statistically significant difference as compared with WT mice; #Difference 

significant between TSP4 KO and mutTSP4 KI; n=10 in mutTSP4 KI group; n=16 in WT 

and TSP4 KO groups. B, Representative images of staining of vessels with Alexa-568 lectin 

in retinae of 5-day-old mice: Left, WT mice; middle, Thbs4−/−; mice; right, mutTSP-4 KI 

mice. EC indicates endothelial cell; KO, knockout; mutTSP4 KI, mutant A387P TSP-4 

knock-in; ROI, region of interest (region of vessel extension from the optical nerve); 

Thbs4−/−;, TSP-4 knockout; and WT, wild-type.
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Figure 5. 
TSP-4 increases migration of EC. A, Migration of EC in noncoated Boyden chambers with 8 

μm pores was compared with that in chambers coated with r-TSP-4 or mTSP-4. DNA in the 

lower chamber was measured after 4 h at 37°C. The values are expressed as percent of 

average migration in control chambers. *P<0.05 compared with control (uncoated wells), 

n=3. B, EC isolated from WT, Thbs4−/−;, and mutTSP-4 KI mice were plated into Boyden 

chambers with 8 μm pores. DNA amount in the lower chamber was measured after 4 h 

incubation at 37°C. Migration of TSP-4 KO and TSP-4 KI cells were compared with WT 

EC (100%). *P<0.05 compared with WT cell migration, n=3. C, EC from WT mice were 

seeded into noncoated chambers or chambers coated with r-TSP-4. The blocking antibodies 

against the potential receptors for TSP-4 were added to the chambers, and the cells were 

incubated at 37°C for 4 h. Then, the DNA in lower chambers was quantified using the 

CyQUANT reagent. *P<0.05 compared with the effect of a control Ab (anti-luciferase) in r-

TSP-4–coated wells; #P≤0.05 compared with the effect of a control Ab in uncoated wells; 

n=3. EC indicates endothelial cell; KO, knockout; mutTSP4 KI, mutant A387P TSP-4 

knock-in; r-TSP-4, recombinant TSP-4; Thbs4−/−;, TSP-4 knockout; and WT, wild-type.
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Figure 6. 
TSP-4 promotes proliferation of EC. A, 12-well plates were coated with fibronectin or 

fibronectin mixed with r-TSP4 or mTSP4 overnight at 4°C. EC from WT, Thbs4−/−;, and 

mutTSP4 KI mice were added and allowed to proliferate at 37°C for 24, 48, and 72 h. 

*P<0.05 compared with fibronectin-only wells, n=3. B, EC isolated from WT, Thbs4−/−;, 

and mutTSP4 KI mice were plated onto fibronectin-coated plates. The amount of DNA in 

the wells was measured at 24, 48, and 72 hours after seeding the cells. *P<0.05 compared 

with WT cells, n=3. The average values of fluorescence are presented as % of average 

values of fluorescence in control wells coated with fibronectin alone. C, EC from WT mice 

were seeded into noncoated chambers or chambers coated with r-TSP-4. The blocking 

antibodies against the potential receptors for TSP-4 were added to the chambers, and the 

cells were incubated at 37°C for 48 h. Then, the DNA in lower chambers was quantified 

using the CyQUANT reagent. *P<0.05 compared with the effect of a control Ab (anti-

luciferase) in r-TSP-4–coated wells. EC indicates endothelial cell; KO, knockout; mutTSP4 

KI, mutant A387P TSP-4 knock-in; r-TSP-4, recombinant TSP-4; Thbs4−/−;, TSP-4 

knockout; and WT, wild-type.
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Figure 7. 
TSP-4 increases EC adhesion. A, MLEC from WT mice were added 24-well plates coated 

with fibronectin (control) or fibronec-tin mixed with r-TSP4 or mTSP4 and incubated at 

37°C for 1 h. Unattached cells were removed by washing, and the remaining DNA in the 

wells was measured. Adhesion of MLEC on each substrate was compared with the adhesion 

in control wells coated with fibronectin only (100%).*P<0.05 compared with control wells, 

n=3. B, EC from WT, Thbs4−/−;, and mutTSP4 KI mice were plated onto fibronectin-coated 

plates. Plates were incubated at 37°C for 1 h. Unattached cells were washed away, and the 

DNA in the wells was measured using the CyQUANT reagent. Adhesion capacity of TSP-4 

KO and TSP-4 KI EC was compared with WT EC (100%). *P<0.05 compared with WT 

cells, n=3. C, EC from WT mice were seeded into noncoated chambers or chambers coated 

with r-TSP-4. The blocking antibodies against the potential receptors for TSP-4 were added 

to the chambers, and the cells were incubated at 37°C for 1 h. Then, the DNA in lower 

chambers was quantified using the CyQUANT reagent. *P<0.05 compared with the effect of 

a control Ab (anti-luciferase) in r-TSP-4–coated wells. *P<0.05 compared with WT cells, 

n=3. EC indicates endothelial cell; KO, knockout; MLEC, mouse lung endothelial cells; 

mutTSP4 KI, mutant A387P TSP-4 knock-in; r-TSP-4, recombinant TSP-4; Thbs4−/−;, 

TSP-4 knockout; and WT, wild-type.
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