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T hrombospondin-1 (TSP-1) is a 450-kDa adhesive glyco-
protein that was initially discovered in platelets and

subsequently in a variety of cell types. TSP-1 is one of the first
physiological inhibitors of angiogenesis to be identified and
remains one of the most potent and best described.1 TSP-1 is
a sophisticated multidomain regulator of tissue angiogenesis
that stimulates intense cytoskeletal remodeling and cell
surface protein activation in multiple cell types. Prolonged
exposition of endothelial cells to TSP-1 is followed by
apoptosis, and TSP-1 was thus deemed an antiangiogenic
factor. More recently, Isenberg, Robert, and colleagues2,3

demonstrated that TSP-1 limits tissue perfusion by targeting
vascular function as well as vascular geometry through
specific inhibition of nitric oxide signaling. TSP-1 can thus
counterbalance the effects of proangiogenic factors like VEGF
and nitric oxide in several ways and reverse proangiogenic
equilibrium. It has been suggested that TSP-1 overexpression
is deleterious in the largely ischemic context of diabetes.
And vvTSP-1 may also play a part in tumor growth and
vascularization.

Integration of miR Repression of TSP-1 With
Other Regulation Mechanisms
Bhattacharyya and colleagues4 previously described that high
glucose induces TSP-1 expression in macro- and microvascu-
lar endothelial cells of diverse tissue origin. Glucose is thought
to upregulate TSP-1 gene (THBS1) transcription in endothelial
cells through activation of the transcription factor aryl
hydrocarbon receptor,5 which can form complexes with egr-
1 and activator protein-2, 2 transcription factors that are also

upregulated in diabetes. Others have shown that glucose also
upregulates THBS-1 expression in vascular smooth muscle
and mesangial cells.6,7 TSP-1 mRNA is overexpressed in
diabetic bone marrow and endothelial progenitor cells and
may even remain upregulated long after cell transplantation,
with a functional antiangiogenic impact.8 It is thus clear that
high glucose stimulates THBS-1 expression, and the posttran-
scriptional regulation of TSP-1 may be a critical last barrier
before deleterious TSP-1 expression in diabetic blood vessels.

TSP-1 production is regulated by microRNA (miRNA) in
tumors. miR has the ability to bind and sequester RNA in a
pool that is devoid of polysomes so that they are not actively
translated. Hence, miR can suppress protein production
despite transcriptional upregulation. Bhattacharyya and col-
leagues previously suggested that the 3′-UTR of TSP-1 mRNA
plays a critical role in the silencing of TSP-1 expression in
microvascular endothelial cells.4 Furthermore, high-glucose-
induced posttranscriptional regulation of TSP-1 may even be
responsible for cell-type-specific regulation of TSP-1 protein
expression. In this issue of JAHA, Bhattacharyya and col-
leagues9 complete their description of this molecular machin-
ery and identify miR-467 as a critical translational suppressor
of TSP-1 mRNA via direct binding to the 3′-UTR. This makes
miR-467 a new critical physiological inhibitor of TSP-1 and
facilitator of angiogenesis.

Relevance for Diabetes
In this study, 2 mouse models of diabetes (leptin receptor
knockout and streptozotocine-induced pancreatic dysfunc-
tion) helped to show that hyperglycemia promotes miR-467
upregulation, TSP-1 repression, and angiogenesis. Bhattachar-
yya and colleagues report widespread effects of hyperglyce-
mia on miR-467 upregulation in the heart, lungs, and kidneys,
and more particularly in endothelial cells. However, diabetes
is associated with degenerative complications and hypoxic
events in these organs, with endothelial dysfunction, vascular
wall thickening, and progressive sclerosis in connection with
TSP-1 upregulation. Indeed, TSP-1 is increased in diabetic
patient plasma10 and in critically ischemic diabetic limbs.11

TSP-1 gene and protein expression are increased by low nitric
oxide in endothelial cells and hypoxia in ischemic tissues,
potentially through the posttranslational stabilization of TSP-1
mRNA.12 It is thus not straightforward to reconcile the new
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miR-467 upregulation and putative angiogenesis with diabetic
vascular lesions or tissue ischemia. Bhattacharyya and
colleagues4 suggest that an explanation may lie in cell-type-
specific responses to high glucose, leading to raised TSP-1
protein expression in large vessels13 but repression in
microvascular endothelial cells. Further studies will be needed
to fully understand the clinical significance of these observa-
tions. We now need to understand the tissue-specific
regulation of miR-467 and how its differential expression
may regulate the perfusion of different diabetic tissues.
Indeed, why does the high-glucose-stimulated miR-467 path-
way not operate to block TSP-1 overexpression in the long
term or to maintain the diabetic vascular network? Alterna-
tively, if the miR-467 pathway only operates in microvessels,
how can perfused and growing tumors not be subjected to the
antiangiogenic effects of circulating TSP-1?

One straightforward implication of miR-467 upregulation
by high glucose relates to diabetic retinopathy. TSP-1
induction plays a key role in modulating the response to
retinal hypoxia,14 but TSP-1 was reported as undetectable in
the vitreous fluid of patients with proliferative diabetic
retinopathy and active neovascularization,15 suggesting spe-
cific downregulation in the eye.16 Bhattacharyya had previ-
ously reported the posttranscriptional repression of TSP-1 in
different retina cells.4 Another application of the finding may
relate to diabetic nephropathy, where TSP-1 overexpression is
thought to contribute to tubule hypertrophy and sclerosis in
connection with TSP-1-mediated TGF-b1 activation. MiR-467
manipulation may thus represent a promising therapeutic
avenue for these syndromes.

Relevance for Cancer
Here, Bhattacharyya and colleagues suggest that miR-467-
mediated repression of TSP-1 may be particularly relevant to

tumor growth in the presence of hyperglycemia. Their mouse
models mimicked diabetes in association with the subcuta-
neous injection of prostate and mammary carcinoma cells and
tumor growth monitoring. These elegant models are conve-
nient to demonstrate the impact of hyperglycemia on TSP-1
expression and solid tumor early implantation. But TSP-1 is
also recognized as promoting tumor cell migration, adhesion,
and metastatic dissemination.17 MiR-467 expression and TSP-
1 repression might thus favor the growth of the tumor while
reducing metastasis. When therapeutic intervention with
antagomiR-467 is tested again in a model of cancer growth,
it would be interesting to assess whether restored TSP-1
expression triggers metastasis. Further work will be neces-
sary to fully understand the clinical significance of TSP-1
repression in cancer (Figure 1).

Tissue Neovascularization and Vascular
Remodeling
TSP-1 is thought to play an important part in the regression of
nonperfused or abnormal microvessels, the adaptation of
diameter to blood flow, and the optimization of the vascular
tree after neovascularization.18 A recent body of work
demonstrated that TSP-1 targets vascular function and limits
endothelial-mediated vasodilation by inhibiting nitric oxide
signaling in vascular smooth muscle.2,3 In the discussed
study, vascular exploration was limited to the quantification
of total cell infiltration and CD31+ vascular structures in
tumors as indices of angiogenesis. In light of the previous
reports, one may wonder if the new vessels formed during
hyperglycemia are functional and perfused. What is the
impact of miR-467 on vasodilation and permeability? The
repression of TSP-1 by miR-467 in solid malignant tumors
might help to promote the maintenance of overly complex or
dysfunctional capillary networks unrelated to tissue perfusion
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Figure 1. Impact of hyperglycemia on endothelial and carcinoma tumor cells. Hyperglycemia stimulates the expression miR-467 in
microvascular and carcinoma cells, and miR-467 can then repress TSP-1 mRNA translation. Hence, miR-467 expression can lift the TSP-1-
mediated inhibition of angiogenesis in the solid tumor environment, enabling excessive angiogenesis (TSP-1, thrombospondin-1). Given the
previously reported roles of TSP-1 in leukocyte recruitment, immune cell survival and activation, and tumor metastasis, one may wonder what
impact miR-467 manipulation may have in the general context of cancer growth and dissemination, beyond murine models of hyperglycemia.

DOI: 10.1161/JAHA.112.006213 Journal of the American Heart Association 2

Feeding Sugar to Tumors Blanc-Brude and Tedgui
E
D
IT

O
R
IA

L



or oxygenation. The same questions may apply to antagomiR-
467-treated tissues.

Tissue Remodeling Beyond the Blood Vessel
In the wider picture, the model of solid tumor growth can be
envisaged as a model of hyperglycemia-induced tissue
remodeling. The description of miR-467 repression of TSP-1
may prove relevant to other inflammation-mediated tissue
remodeling processes and prompts questions related to the
multiple functions of TSP-1. For instance, TSP-1 is known as a
potent stimulus of cell-surface integrin activation, circulating
cell adhesion, and leukocyte transendothelial migration,
participating in tissue inflammation. TSP-1 deficiency was
recently shown to reduce obesity-associated inflammation19

and triggers specific responses related to macrophage
activation and phagocytosis. TSP-1 promotes macrophage
infiltration of the M1 subtype, contributing to antimelanoma
immunity20 and ischemic inflammation.21 On certain leuko-
cyte subtypes, like lymphocytes, prolonged contact of TSP-1
is known to trigger apoptosis. In addition, TSP-1 modulates
TGF-b1 activation in smooth muscle cells, fibroblasts, and
mesangial cells and mediates the synthesis and extracellular
deposition of collagens and fibronectin.22 This TSP-1-medi-
ated pathway is stimulated by hyperglycemia and comes into
play during diabetic nephropathy.23 One could thus imagine
that miR-467 expression and TSP-1 repression during hyper-
glycemia induce a thorough transformation of the inflamma-
tory infiltrate profile and reduce connective tissue deposition.
In solid tumors, the modified immunoinflammatory response
may affect tumor angiogenesis and perfusion beyond the
direct effects of TSP-1 on endothelial biology. These aspects
can be anticipated to be critical for tumor growth.

In summary, the study by Bhattacharyya identifies miR-467
as a new therapeutic opportunity to modulate angiogenesis by
lifting or enforcing TSP-1-mediated checkpoints. The study
also raises novel possibilities for investigating the “sweet and
sour” roles of TSP-1 at the crossroad between inflammation,
tissue remodeling, and the immune response.

Disclosures
None.

References
1. Sakurai T, Kudo M. Signaling pathways governing tumor angiogenesis.

Oncology. 2011;81(Suppl 1):24–29.

2. Isenberg JS, Martin-Manso G, Maxhimer JB, Roberts DD. Regulation of nitric
oxide signalling by thrombospondin 1: implications for anti-angiogenic
therapies. Nat Rev Cancer. 2009;9:182–194.

3. Roberts DD, Miller TW, Rogers NM, Yao M, Isenberg JS. The matricellular
protein thrombospondin-1 globally regulates cardiovascular function and
responses to stress via CD47. Matrix Biol. 2012;31:162–169.

4. Bhattacharyya S, Marinic TE, Krukovets I, Hoppe G, Stenina OI. Cell type-
specific post-transcriptional regulation of production of the potent antiangi-
ogenic and proatherogenic protein thrombospondin-1 by high glucose. J Biol
Chem. 2008;283:5699–5707.

5. Dabir P, Marinic TE, Krukovets I, Stenina OI. Aryl hydrocarbon receptor is
activated by glucose and regulates the thrombospondin-1 gene promoter in
endothelial cells. Circ Res. 2008;102:1558–1565.

6. Wang S, Skorczewski J, Feng X, Mei L, Murphy-Ullrich JE. Glucose up-regulates
thrombospondin 1 gene transcription and transforming growth factor-beta
activity through antagonism of cGMP-dependent protein kinase repression via
upstream stimulatory factor 2. J Biol Chem. 2004;279:34311–34322.

7. Raman P, Krukovets I, Marinic TE, Bornstein P, Stenina OI. Glycosylation
mediates up-regulation of a potent antiangiogenic and proatherogenic protein,
thrombospondin-1, by glucose in vascular smooth muscle cells. J Biol Chem.
2007;282:5704–5714.

8. Ii M, Takenaka H, Asai J, Ibusuki K, Mizukami Y, Maruyama K, Yoon YS, Wecker
A, Luedemann C, Eaton E, Silver M, Thorne T, Losordo DW. Endothelial
progenitor thrombospondin-1 mediates diabetes-induced delay in reendothel-
ialization following arterial injury. Circ Res. 2006;98:697–704.

9. Bhattacharyya S, Sul K, Krukovets I, Nestor C, Li J, Stenina OI. Novel tissue-
specific mechanism of regulation of angiogenesis and cancer growth in
response to hyperglycemia. J Am Heart Assoc. 2012;1:e005967. doi:10.1161/
JAHA.112.005967

10. Bayraktar M, Dundar S, Kirazli S, Teletar F. Platelet factor 4, beta-
thromboglobulin and thrombospondin levels in type I diabetes mellitus
patients. J Int Med Res. 1994;22:90–94.

11. Favier J, Germain S, Emmerich J, Corvol P, Gasc JM. Critical overexpression of
thrombospondin 1 in chronic leg ischaemia. J Pathol. 2005;207:358–366.

12. Phelan MW, Forman LW, Perrine SP, Faller DV. Hypoxia increases thrombo-
spondin-1 transcript and protein in cultured endothelial cells. J Lab Clin Med.
1998;132:519–529.

13. Stenina OI, Krukovets I, Wang K, Zhou Z, Forudi F, Penn MS, Topol EJ, Plow EF.
Increased expression of thrombospondin-1 in vessel wall of diabetic Zucker
rat. Circulation. 2003;107:3209–3215.

14. Wang S, Gottlieb JL, Sorenson CM, Sheibani N. Modulation of thrombospondin
1 and pigment epithelium-derived factor levels in vitreous fluid of patients with
diabetes. Arch Ophthalmol. 2009;127:507–513.

15. Abu El-Asrar AM, Nawaz MI, Kangave D, Siddiquei MM, Ola MS, Opdenakker G.
Angiogenesis regulatory factors in the vitreous from patients with proliferative
diabetic retinopathy. Acta Diabetol. 2011; Sep 25 [Epub ahead of print]. doi:
10.1007/s00592-011-0330-9.

16. Watnick RS, Cheng YN, Rangarajan A, Ince TA, Weinberg RA. Ras modulates
Myc activity to repress thrombospondin-1 expression and increase tumor
angiogenesis. Cancer Cell. 2003;3:219–231.

17. Sick E, Jeanne A, Schneider C, Dedieu S, Takeda K, Martiny L. CD47 update: a
multifaceted actor in the tumour microenvironment of potential therapeutic
interest. Br J Pharmacol. 2012;167:1415–1430.

18. Bongrazio M, Da Silva-Azevedo L, Bergmann EC, Baum O, Hinz B, Pries AR,
Zakrzewicz A. Shear stress modulates the expression of thrombospondin-1
and CD36 in endothelial cells in vitro and during shear stress-induced
angiogenesis in vivo. Int J Immunopathol Pharmacol. 2006;19:35–48.

19. Li Y, Tong X, Rumala C, Clemons K, Wang S. Thrombospondin1 deficiency
reduces obesity-associated inflammation and improves insulin sensitivity in a
diet-induced obese mouse model. PLoS ONE. 2011;6:e26656.

20. Martin-Manso G, Galli S, Ridnour LA, Tsokos M, Wink DA, Roberts DD.
Thrombospondin 1 promotes tumormacrophage recruitment and enhances tumor
cell cytotoxicity of differentiated U937 cells. Cancer Res. 2008;68:7090–7099.

21. Brechot N, Gomez E, Bignon M, Khallou-Laschet J, Dussiot M, Cazes A, Alanio-
Brechot C, Durand M, Philippe J, Silvestre JS, Van Rooijen N, Corvol P, Nicoletti
A, Chazaud B, Germain S. Modulation of macrophage activation state protects
tissue from necrosis during critical limb ischemia in thrombospondin-
1-deficient mice. PLoS ONE. 2008;3:e3950.

22. Sweetwyne MT, Murphy-Ullrich JE. Thrombospondin1 in tissue repair and
fibrosis: TGF-beta-dependent and independent mechanisms. Matrix Biol.
2012;31:178–186.

23. Tang M, Zhou F, Zhang W, Guo Z, Shang Y, Lu H, Lu R, Zhang Y, Chen Y, Zhong
M. The role of thrombospondin-1-mediated TGF-beta1 on collagen type III
synthesis induced by high glucose. Mol Cell Biochem. 2011;346:49–56.

Key Words: editorials • angiogenesis • glucose • tumor

DOI: 10.1161/JAHA.112.006213 Journal of the American Heart Association 3

Feeding Sugar to Tumors Blanc-Brude and Tedgui
E
D
IT

O
R
IA

L


