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Response gene to complement 32 (RGC32) is a protein that was identified in rat oligodendrocytes after complement activation. It is expressed in most of the organs and tissues, such as brain, placenta, heart, and the liver. Functionally, RGC32 is involved in various physiological and pathological processes, including cell proliferation, differentiation, fibrosis, metabolic disease, and cancer. Emerging evidences support the roles of RGC32 in vascular diseases. RGC32 promotes injury-induced vascular neointima formation by mediating smooth muscle cell (SMC) proliferation and migration. Moreover, RGC32 mediates endothelial cell activation and facilitates atherosclerosis development. Its involvement in macrophage phagocytosis and activation as well as T-lymphocyte cell cycle activation also suggests that RGC32 is important for the development and progression of inflammatory vascular diseases. In this mini-review, we provide an overview on the roles of RGC32 in regulating functions of SMCs, endothelial cells, and immune cells, and discuss their contributions to vascular diseases.
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INTRODUCTION

Response gene to complement 32 (RGC32) was first cloned from rat oligodendrocytes by differential display screening for genes responding to complement activation (1). Oligodendrocytes are the targets of immune-mediated attack in experimental allergic encephalomyelitis and multiple sclerosis. Sublytic complement attack on oligodendrocytes induces changes in cellular phenotype, which are potentially beneficial to the cell. However, molecular mechanisms underlying these effects are poorly understood. To screen for genes expressed by oligodendrocytes in response to complement activation, Badea et al. treated primary rat oligodendrocytes with anti-galactocerebroside antibody and normal human serum, which was used as a source of complement (1). Through differential display PCR, they identified 32 genes with altered mRNA expression in response to the complement activation. These genes were designated as RGC1 to 32 according to the order of identification. The rat Rgc32 encodes a 14.7 kDa protein with 137 amino acids without homology to any other proteins and contains no motif of known biochemical function. In addition, RGC32 does not have signal sequences, and hydrophobicity analysis finds no transmembrane domains (1). Therefore, Rgc32 represents a prototype of a novel type of gene. The human RGC32 gene is located on chromosome 13 and encodes a 137-amino-acid protein with 92% similarity to rat and mouse RGC32 (2). RGC32 is expressed in numerous organs and tissues including placenta, kidney, brain, liver, heart, adipose tissue, smooth muscle cells (SMCs), endothelial cells (ECs), and macrophages (2–6). Functionally, it is involved in various physiological and pathological processes, such as cell proliferation, differentiation, epithelial–mesenchymal transition, and fibroblast activation (2–4, 7, 8). RGC32 has been found to physically associate with cyclin-dependent kinase p34CDC2 and enhances its kinase activity to induce quiescent aortic SMCs to enter cell cycle S phase, indicating that RGC32 promotes SMC proliferation (2). Surprisingly, RGC32 causes G2/M arrest in glioma by forming a protein complex with polo-like kinase 1 (9). These results suggest that depending on cell type and cellular environments RGC32 could either promote or block cell cycle progression. In addition to cell proliferation, RGC32 regulates SMC differentiation (3) and epithelial-mesenchymal transition of human renal proximal tubular cells by interacting with Smad3 (7, 10). Moreover, RGC32 contributes to the development of several other diseases, such as cancer (11, 12), multiple sclerosis (13), and metabolic disorders (5, 6). In this mini-review, we will focus on the roles of RGC32 in the development of vascular diseases, particularly its roles in regulating the functional properties of SMCs, ECs, and immune cells.

ROLES OF RGC32 IN SMCS

Vascular SMCs form the muscular layer of blood vessel walls and regulate arterial tone and blood pressure. These cells possess a remarkable plasticity allowing mature contractile SMCs to dedifferentiate, which enables vessel growth and repair. SMC phenotypic modulation contributes to multiple cardiovascular pathologies, including atherosclerosis, aneurysm, pulmonary hypertension, transplant vasculopathy, and hypertension (14). RGC32 regulates different aspects of SMC phenotype via distinct mechanisms in a context-dependent manner. First, RGC32 mediates transforming growth factor β (TGF-β)-induced SMC differentiation (3, 15). TGF-β signaling plays pivotal roles in SMC differentiation during vascular development as well as phenotypic switching in disease states. TGF-β elicits its effects through specific type I and type II serine/threonine kinase receptors and intracellular Smad transcription factors. TGF-β induces RGC32 mRNA expression through activating and recruiting Smad2, Smad4, and polyomavirus enhancer activator (PEA3) to the RGC32 promoter in Monc-1 neural crest cells (15). Knockdown of RGC32 inhibits, while overexpression of RGC32 enhances, TGF-β-induced SMC marker gene expression. RGC32 mediates SMC differentiation in a CArG-dependent manner (3). Second, RGC32 regulates SMC proliferation. Sublytic complement activation enhances RGC32 mRNA expression in human aortic SMCs and induces its nuclear translocation. RGC32 is phosphorylated by cyclin-dependent kinase p34CDC2-cyclin B1 at Thr-91, physically interacts with p34CDC2 to increase its kinase activity, and induces quiescent aortic SMCs to enter S-phase (2). In rat aortic SMCs, RGC32 also promotes p34CDC2 (Thr161) phosphorylation and induces SMC proliferation (16). Third, RGC32 stimulates SMC migration through induction of focal adhesion contact and stress fiber formation. These effects are caused by the enhanced rho kinase II-α activity due to RGC32-induced downregulation of Rad GTPase expression (16). Overexpression of RGC32 blocks, whereas knockdown of RGC32 increases Rad GTPase expression. In vivo, RGC32 expression is increased along with the progression of intimal hyperplasia in a rat carotid artery balloon-injury model. Knockdown of RGC32 using short hairpin RNA via adenovirus-mediated gene delivery inhibits, while RGC32 overexpression promotes neointima formation in injured rat carotid artery (16). Elevated RGC32 expression is also found in SMCs of human atherosclerotic lesions (17), suggesting that RGC32 may contribute to the development of atherosclerosis.

ROLES OF RGC32 IN ECS

The ECs constitute a single layer lining the blood luminal surface of vessels. These cells exhibit distinct and unique functions vital to vascular biology, including blood vessel tone, hemostasis, neutrophil recruitment, and hormone trafficking. EC dysfunction, characterized by its reduced vasodilation, proinflammatory state, and prothrombic properties, is associated with various cardiovascular diseases, including hypertension, coronary artery disease, chronic heart failure, peripheral vascular disease, and diabetes (18). RGC32 appears to be important for EC proliferation and angiogenesis. Hypoxia, an angiogenesis stimulator, induces RGC32 expression in human umbilical vein ECs (HUVECs) (19). Hypoxia induces RGC32 expression at both transcriptional and posttranscriptional levels. Hypoxia increases RGC32 mRNA expression by promoting hypoxia-inducible factor-1α (HIF-1α) binding to RGC32 promoter and thus increasing its promoter activity. Hypoxia also prolongs RGC32 mRNA half-life that accounts for its elevated protein level (19). Functionally, overexpression of RGC32 reduces the proliferation and migration of HUVECs, destabilizes vascular structure formation in vitro, and inhibits vascular endothelial growth factor (VEGF)-induced angiogenesis in Matrigel assays in vivo (19). RGC32 overexpression also decreases the recovery of blood flow in mouse hind-limb ischemia model, and suppresses tumor growth that is associated with the reduced angiogenesis (19). Moreover, RGC32 impedes EC proliferation by inhibiting the expression of fibroblast growth factor 2 (FGF2) and cyclin E without affecting VEGF downstream pathways (19).

It appears that RGC32 regulates the growth of human aortic ECs differently from HUVECs. Instead of blocking the proliferation, RGC32 promotes C5b-9- and serum growth factors-induced proliferation and CDC2 activation. RGC32 physically associates with Akt to increase Akt phosphorylation at Ser473, which further activates CDC2 (4). In addition, RGC32 also mediates human aortic EC proliferation indirectly by promoting the release of growth factors from ECs. Knockdown of RGC32 increases the expression and release of C-X-C motif chemokine 5 (CXCL5), interleukin (IL)-8, tissue inhibitor of metalloproteinases 1 (TIMP1), and VEGF-D while decreases the production of leptin, placenta growth factor (PlGF), and regulated on activation normal T cell expressed and secreted (RANTES) in human aortic ECs (4).

Our study demonstrates that absence of RGC32 in mice causes fetal growth restriction through interrupting the placental angiogenesis, which is due to the decreased VEGF receptor 2 expression in ECs and PlGF expression in trophoblasts (20). RGC32-deficient (Rgc32−/−) embryos and fetal placentas at 16.5 days post-coitum are significantly smaller than the wild-type and exhibit defective angiogenesis, which causes smaller body sizes when they are born (20). PCR array shows that VEGF receptor 2 and PlGF are down-regulated in Rgc32−/− placentas. Mechanistically, RGC32 increases VEGF receptor 2 expression through activating nuclear factor (NF)-κB signaling pathway (20). Reduced RGC32 expression is also found in human preeclamptic placentas compared with normal controls (21), indicating the important role of RGC32 in placenta functions. These studies suggest that RGC32 may exert different roles in EC proliferation and angiogenesis in different physiological or pathological processes, which likely depends on the location of the ECs or the nature of the stimulus.

A predominantly elevated RGC32 expression is observed in ECs in atherosclerotic lesions from both human and mouse (22). Rgc32−/− attenuates both diet-induced and spontaneously developed atherosclerotic lesions in apolipoprotein E deficient (Apoe−/−) mice. Transplantation with wild-type bone marrow to Rgc32−/− mice does not alter the protective effects of Rgc32 deletion on atherosclerosis development, suggesting the critical roles of resident vascular cell RGC32 in the lesion development. Of importance, Rgc32−/− decreases the macrophage content in the lesions without altering collagen and SMC contents. In vitro, RGC32 promotes tumor necrosis factor (TNF)-α-induced monocyte-EC interaction by upregulating intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 expression in ECs. Interestingly, Rgc32−/− has no effect on lesional macrophage proliferation (22). Vlaicu et al.'s study also shows an increased RGC32 expression in human atherosclerotic lesions. Knockdown of RGC32 blocks C5b-9-induced human aortic EC proliferation and migration (17). Both studies suggest an important role of RGC32 in EC activation and atherosclerosis development.

EC dysfunction is known to contribute to the pathogenesis of diabetes, insulin resistance and obesity (23, 24). Glucose and insulin induce RGC32 expression in human microvascular ECs in vitro through phosphatidylinositol 3-kinase (PI3K)-Akt pathway (25). Overexpression of RGC32 decreases the expression of glutamine-fructose-6-phosphate aminotransferase [isomerizing] 1 (GFPT1) and solute carrier family 2 member 12 (GLUT12), but increases glucagon-like peptide 2 receptor (GLP2R) expression in ECs. EC specific RGC32 overexpression improves the ability of glucose disposal without affecting the insulin sensitivity of the mice under high-fat diet conditions (25), suggesting RGC32 protects EC from high-fat diet-induced dysfunction. Our studies demonstrate that RGC32 contributes to high-fat diet-induced metabolic dyshomeostasis by increasing adipose tissue inflammation and facilitating hepatic lipogenesis (5, 6), indicating RGC32 functions differently in different cell, tissue or organs even in the same physiological or pathological condition.

ROLES OF RGC32 IN IMMUNE CELLS

Immune system activation or dysregulation plays important roles in the development and progression of numerous vascular diseases (26, 27). RGC32 has been found to regulate the functions of different immune cells. RGC32 level is higher in unstimulated peripheral CD14+ monocytes of patients with hyper-immunoglobulin E syndrome compared with healthy controls (28). RGC32 is also expressed in CD3+ and CD68+ cells in brains of multiple sclerosis patients as well as in peripheral blood CD4+ cells. Its expression in peripheral blood CD4+ cells is elevated in stable multiple sclerosis patients as compared to healthy subjects or patients with relapses (13). Functionally, RGC32 acts as a negative cell cycle regulator in T-lymphocytes (29). Rgc32−/− causes an increased proliferation of both CD4+ and CD8+ T cells. The augmented T-lymphocyte proliferation may be due to an increased IL-2 expression, which is regulated by PI3K signaling (29).

In addition to T cells, RGC32 also regulates macrophage function. Although RGC32 is induced during monocyte-macrophage differentiation, RGC32 is not important for this process because Rgc32−/− bone marrow progenitor cells can differentiate normally to macrophages (30). However, RGC32 is essential for macrophage phagocytosis. Peritoneal and bone marrow-derived macrophages with Rgc32 deletion exhibit significant defects in phagocytosis (30). Conversely, RGC32 overexpression increases the phagocytosis (30). Mechanistically, RGC32 is recruited to macrophage membrane and directly binds to protein kinase C, which induces F-actin assembly and the formation of phagocytic cups (30).

RGC32 is also involved in classical and alternative macrophage activation (31, 32). An in vitro study using THP-1 cells indicates that RGC32 expression is induced by IL-4, while inhibited by lipopolysaccharides (LPS). Tumor-associated macrophages, which are considered as the alternatively activated macrophage phenotype, express high levels of RGC32 (31), suggesting that RGC32 may be related to the function of alternatively activated macrophages. Indeed, RGC32 suppresses the production of pro-inflammatory cytokine IL-6, while promotes the production of anti-inflammatory mediator TGF-β. However, our studies show that interferon-γ and LPS induce RGC32 expression in mouse primary peritoneal and bone marrow-derived macrophages (32). Deletion of Rgc32 impairs the classic macrophage activation and decreases the production of inducible nitric oxide synthase (iNOS) and IL-1β through blocking NF-κB binding to their promoters. In vivo, Rgc32−/− in mice improves bleomycin-induced skin and lung sclerosis by impeding macrophage accumulation and inhibiting the expression of iNOS and IL-1β in macrophages (32). The discrepancy among the results from THP-1 cells and the primary mouse monocytes/macrophages may be due to the different intrinsic cell properties and the stimulators used in the assay. Nevertheless, these results highlight the roles of RGC32 in both classical and alternative macrophage activation.

SUMMARY AND PERSPECTIVE

Tremendous efforts from several different laboratories have been made to establish the important roles of RGC32 in SMCs, ECs, and immune cells (Figure 1). However, the mechanisms underlying RGC32 functions remain largely unknown. Therefore, extensive future studies are warranted. For example, although RGC32 function in the development of atherosclerosis is established, further investigation is needed in order to elucidate the effects of RGC32 on other vascular diseases, such as aortic aneurysm, hypertension, and thrombosis. In addition, tissue-specific Rgc32 deficient and/or transgenic mouse models are likely to be the essential and valuable tools to dissect the specific functions of RGC32 in SMCs, ECs, macrophages, T cells, and/or other immune cells in the development and/or progression of different vascular diseases.
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FIGURE 1. RGC32 functions in endothelial cells, vascular smooth muscle cells, and immune cells.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

X-BC is supported by American Heart Association Scientist Development Grant (17SDG3279003). S-YC is supported by grants from National Institutes of Health (HL119053, HL123302, and HL135854).

REFERENCES

 1. Badea TC, Niculescu FI, Soane L, Shin ML, Rus H. Molecular cloning and characterization of - novel gene induced by complement activation in oligodendrocytes. J Biol Chem. (1998) 273:26977–81. doi: 10.1074/jbc.273.41.2697

 2. Badea T, Niculescu F, Soane L, Fosbrink M, Sorana H, Rus V, et al. RGC-32 increases p34CDC2 kinase activity and entry of aortic smooth muscle cells into S-phase. J Biol Chem. (2002) 277:502–8. doi: 10.1074/jbc.M109354200

 3. Li F, Luo Z, Huang W, Lu Q, Wilcox CS, Jose PA, et al. Response gene to complement 32, a novel regulator for transforming growth factor-beta-induced smooth muscle differentiation of neural crest cells. J Biol Chem. (2007) 282:10133–7. doi: 10.1074/jbc.C600225200

 4. Fosbrink M, Cudrici C, Tegla CA, Soloviova K, Ito T, Vlaicu S, et al. Response gene to complement 32 is required for C5b-9 induced cell cycle activation in endothelial cells. Exp Mol Pathol. (2009) 86:87–94. doi: 10.1016/j.yexmp.2008.12.005

 5. Cui XB, Luan JN, Ye J, Chen SY. RGC32 deficiency protects against high-fat diet-induced obesity and insulin resistance in mice. J Endocrinol. (2015) 224:127–37. doi: 10.1530/JOE-14-0548

 6. Cui XB, Luan JN, Chen SY. RGC-32 deficiency protects against hepatic steatosis by reducing lipogenesis. J Biol Chem. (2015) 290:20387–95. doi: 10.1074/jbc.M114.630186

 7. Huang WY, Li ZG, Rus H, Wang X, Jose PA, Chen SY. RGC-32 mediates transforming growth factor-beta-induced epithelial-mesenchymal transition in human renal proximal tubular cells. J Biol Chem. (2009) 284:9426–32. doi: 10.1074/jbc.M900039200

 8. Li Z, Xie WB, Escano CS, Asico LD, Xie Q, Jose PA, et al. Response gene to complement 32 is essential for fibroblast activation in renal fibrosis. J Biol Chem. (2011) 286:41323–30. doi: 10.1074/jbc.M111.259184

 9. Saigusa K, Imoto I, Tanikawa C, Aoyagi M, Ohno K, Nakamura Y, et al. RGC32, a novel p53-inducible gene, is located on centrosomes during mitosis and results in G2/M arrest. Oncogene (2007) 26:1110–21. doi: 10.1038/sj.onc.1210148

 10. Guo X, Jose PA, Chen SY. Response gene to complement 32 interacts with Smad3 to promote epithelial-mesenchymal transition of human renal tubular cells. Am J Physiol Cell Physiol. (2011) 300:C1415–1421. doi: 10.1152/ajpcell.00204.2010

 11. Vlaicu SI, Tegla CA, Cudrici CD, Danoff J, Madani H, Sugarman A, et al. Role of C5b-9 complement complex and response gene to complement-32 (RGC-32) in cancer. Immunol Res. (2013) 56:109–21. doi: 10.1007/s12026-012-8381-8

 12. Vlaicu SI, Tegla CA, Cudrici CD, Fosbrink M, Nguyen V, Azimzadeh P, et al. Epigenetic modifications induced by RGC-32 in colon cancer. Exp Mol Pathol. (2010) 88:67–76. doi: 10.1016/j.yexmp.2009.10.010

 13. Tegla CA, Cudrici CD, Azimzadeh P, Singh AK, Trippe R III, Khan A, et al. Dual role of response gene to complement-32 in multiple sclerosis. Exp Mol Pathol. (2013) 94:17–28. doi: 10.1016/j.yexmp.2012.09.005

 14. Rensen SS, Doevendans PA, van Eys GJ. Regulation and characteristics of vascular smooth muscle cell phenotypic diversity. Neth Heart J. (2007) 15:100–8. doi: 10.1007/BF03085963

 15. Huang WY, Xie W, Guo X, Li F, Jose PA, Chen SY. Smad2 and PEA3 cooperatively regulate transcription of response gene to complement 32 in TGF-beta-induced smooth muscle cell differentiation of neural crest cells. Am J Physiol Cell Physiol. (2011) 301:C499–506. doi: 10.1152/ajpcell.00480.2010

 16. Wang JN, Shi N, Xie WB, Guo X, Chen SY. Response gene to complement 32 promotes vascular lesion formation through stimulation of smooth muscle cell proliferation and migration. Arterioscler Thromb Vasc Biol. (2011) 31:e19–26. doi: 10.1161/ATVBAHA.111.230706

 17. Vlaicu SI, Tatomir A, Boodhoo D, Ito T, Fosbrink M, Cudrici C, et al. RGC-32 is expressed in the human atherosclerotic arterial wall: role in C5b-9-induced cell proliferation and migration. Exp Mol Pathol. (2016) 101:221–30. doi: 10.1016/j.yexmp.2016.09.004

 18. Rajendran P, Rengarajan T, Thangavel J, Nishigaki Y, Sakthisekaran D, Sethi G, et al. The vascular endothelium and human diseases. Int J Biol Sci. (2013) 9:1057–69. doi: 10.7150/ijbs.7502

 19. An X, Jin Y, Guo H, Foo SY, Cully BL, Wu J, et al. Response gene to complement 32, a novel hypoxia-regulated angiogenic inhibitor. Circulation (2009) 120:617–27. doi: 10.1161/CIRCULATIONAHA.108.841502

 20. Cui XB, Guo X, Chen SY. Response gene to complement 32 deficiency causes impaired placental angiogenesis in mice. Cardiovasc Res. (2013) 99:632–9. doi: 10.1093/cvr/cvt121

 21. Wang QJ, Song BF, Zhang YH, Ma YY, Shao QQ, Liu J, et al. Expression of RGC32 in human normal and preeclamptic placentas and its role in trophoblast cell invasion and migration. Placenta (2015) 36:350–6. doi: 10.1016/j.placenta.2014.12.012

 22. Cui XB, Luan JN, Dong K, Chen S, Wang Y, Watford WT, et al. RGC-32 (response gene to complement 32) deficiency protects endothelial cells from inflammation and attenuates atherosclerosis. Arterioscler Thromb Vasc Biol. (2018) 38:e36–e47. doi: 10.1161/ATVBAHA.117.310656

 23. Steinberg HO, Chaker H, Leaming R, Johnson A, Brechtel G, Baron AD. Obesity/insulin resistance is associated with endothelial dysfunction. Implications for the syndrome of insulin resistance. J Clin Invest. (1996) 97:2601–10. doi: 10.1172/JCI118709

 24. Meigs JB, Hu FB, Rifai N, Manson JE. Biomarkers of endothelial dysfunction and risk of type 2 diabetes mellitus. JAMA (2004) 291:1978–86. doi: 10.1001/jama.291.16.1978

 25. Guo S, Philbrick M, An J, Xu M, Wu J. Response gene to complement 32 (RGC-32) in endothelial cells is induced by glucose and helpful to maintain glucose homeostasis. Int J Clin Exp Med. (2014) 7, 2541–9.

 26. Meng X, Yang J, Dong M, Zhang K, Tu E, Gao Q, et al. Regulatory T cells in cardiovascular diseases. Nat Rev Cardiol. (2016) 13:167–79. doi: 10.1038/nrcardio.2015.169

 27. Chinetti-Gbaguidi G, Colin S, Staels B. Macrophage subsets in atherosclerosis. Nat Rev Cardiol. (2015) 12:10–7. doi: 10.1038/nrcardio.2014.173

 28. Tanaka T, Takada H, Nomura A, Ohga S, Shibata R, Hara T. Distinct gene expression patterns of peripheral blood cells in hyper-IgE syndrome. Clin Exp Immunol. (2005) 140:524–31. doi: 10.1111/j.1365-2249.2005.02805.x

 29. Tegla CA, Cudrici CD, Nguyen V, Danoff J, Kruszewski AM, Boodhoo D, et al. RGC-32 is a novel regulator of the T-lymphocyte cell cycle. Exp Mol Pathol. (2015) 98:328–37. doi: 10.1016/j.yexmp.2015.03.011

 30. Tang R, Zhang G, Chen SY. Response gene to complement 32 protein promotes macrophage phagocytosis via activation of protein kinase C pathway. J Biol Chem. (2014) 289:22715–22. doi: 10.1074/jbc.M114.566653

 31. Zhao P, Gao D, Wang Q, Song B, Shao Q, Sun J, et al. Response gene to complement 32 (RGC-32) expression on M2-polarized and tumor-associated macrophages is M-CSF-dependent and enhanced by tumor-derived IL-4. Cell Mol Immunol. (2014) 12:692–9. doi: 10.1038/cmi.2014.108

 32. Sun C, Chen SY. RGC32 promotes bleomycin-induced systemic sclerosis in a murine disease model by modulating classically activated macrophage function. J Immunol. (2018) 200:2777–85. doi: 10.4049/jimmunol.1701542

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Cui and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Response Gene to Complement 32
in Vascular Diseases









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





OPS/images/fcvm-05-00128-g001.gif





