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Understanding the role of miRNAs in the pathogenesis of brain arteriovenous malformations
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Abstract: Brain arteriovenous malformations (AVMs) are abnormal vessels that are prone to rupture, causing life-threatening intracerebral hemorrhage (ICH). Understanding the molecular basis of pathogenesis, timely diagnosis, and treatment of brain AVMs are some of the urgent problems in neurosurgery. MicroRNAs (miRNAs) are small endogenous RNAs that regulate gene-expression posttranscriptionally. MiRNAs are involved in almost all biological processes, including cell proliferation, apoptosis, and cell differentiation. Recent studies have shown that miRNAs can be involved in brain AVMs formation and rupture. There are also extracellular forms of miRNAs. Circulating miRNAs have been detected in the blood circulation and other body fluids. Owing to their stability and resistance to endogenous RNase activity, circulating miRNAs have been proposed as diagnostic and prognostic biomarkers for various diseases, such as tumors, cardiovascular and autoimmune diseases. In this review, we summarized the role of some miRNAs in brain AVMs pathogenesis and discussed their potential clinical application as non-invasive biomarkers.
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Introduction

Brain arteriovenous malformations (AVMs) are usually regarded as congenital disorders resulting from aberrant differentiation of the mesoderm during embryonic development (Magro and Gentric, 2020). AVMs consist of abnormally developed dilated arteries and veins and are characterized microscopically by the absence of a capillary network (Magro and Gentric, 2020; Zhang et al., 2016). Intracerebral hemorrhage (ICH) is the most severe and most common clinical manifestation of brain AVMs (Zhang et al., 2016). Risk factors associated with rupture of brain AVMs include certain genetic mutations, intranidal aneurysms, deep venous drainage, impaired venous outflow, and infratentorial arrangement of AVMs (Magro and Gentric, 2020; Murthy et al., 2017; Zhang et al., 2016). The average annual brain AVMs rupture rate has been approximately 2–4% with an incidence of 0.51 per 100,000 per year (Can et al., 2017).

MicroRNAs (miRNAs) are endogenous noncoding RNAs of 18–22 nucleotides (nt) that regulate gene expression at the post-transcriptional level through interaction with 3’-untranslated regions (3-’UTRs) of the mRNA target (Gareev et al., 2020). The canonical pathway of miRNA biogenesis begins in the cell nucleus with the transcription of the miRNA gene by RNA polymerase II with the formation of primary miRNA (pri-miRNA), often reaching several thousand nucleotides in length and undergoing 5’-capping and, often, 3’-polyadenylation (Fig. 1). Pri-miRNAs have a complex secondary structure with many hairpins, and can additionally form a complex three-dimensional structure, the parameters of which determine the efficiency of recognition and processing by protein factors. At the next step, pri-microRNA is hydrolyzed in the nucleus by a microprocessor complex consisting of Drosha class RNase III and DGCR8 protein. Due to its affinity for double-stranded RNA, the microprocessor recognizes hairpins in pri-miRNA that have a characteristic structure and carry certain nucleotide motifs. As a result of hydrolysis, hairpin RNA molecules are released with a length of ~70 nt, called precursor miRNAs (pre-miRNA) and consisting of a loop single-stranded region and a double-stranded stem ending in a protruding 3’-end 2 nt long. These structural elements are required for recognition by Exportin-5, which, with the participation of the GTPase RanGTP, transfers pre-miRNA into the cytoplasm of the cell. In the cytoplasm, pre-miRNA is transferred to a complex of proteins consisting of RNase III class Dicer, transactivation response RNA-binding protein (TRBP), protein kinase R activating protein (PACT), and one of the proteins of the Argonaute family (AGO1–4). Dicer recognizes the characteristic structure of the pre-miRNA and cuts out a loop region from it. This leads to the formation of asymmetric double-stranded RNA molecules 18–22 nucleotides in length with protruding 3’-ends 2 nt in size–miRNA duplex. The final stage of the canonical pathway of miRNA biogenesis is the “loading” of one of the duplex strands onto the AGO protein with the formation of RNA-induced silencing complex (RISC). During the loading of microRNA into RISC, miRNA is transferred and bound by the AGO1-4 protein, the leading strand is selected, the miRNA duplex is untwisted, and the second strand is removed. MiRNA in the RISC complex “turns off” the expression of its target genes, and the choice of targets is determined by the miRNA sequence, more precisely, by the presence of a complementary sequence in the mRNA (Correia de Sousa et al., 2019; Gareev et al., 2020; Michlewski and Cáceres, 2019).
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Figure 1: MiRNAs biogenesis. It has been proven that miRNAs play a significant role in various biological processes, including proliferation, differentiation, and cell apoptosis (Lu and Rothenberg, 2018).

Importantly, dysregulation of miRNAs is found to be involved in various diseases, such as vascular anomalies (Tab. 1) (Dai et al., 2018; Fei et al., 2018; Huang et al., 2017a; Cannavicci et al., 2019; Tabruyn et al., 2013; Xia et al., 2017; Kar et al., 2017; Ferreira et al., 2014b; Ferreira et al., 2014a; Marín-Ramos et al., 2020; Huang et al., 2017b).
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Recent studies indicate that miRNAs are involved in the formation and rupture of brain AVMs, which gives us new insights into the pathogenesis of brain AVMs and might lead to the finding of new therapeutic targets. A challenging aspect of brain AVMs monitoring is the lack of reliable biomarkers reflecting the progression of AVMs and the risk of rupture. It is known that miRNAs can be detected in biological fluids, such as blood, in a remarkably stable form. Circulating miRNAs have been reported to exhibit tissue- and disease-specific expression in biofluids (Sohel, 2020). Therefore, circulating miRNAs may represent potential non-invasive biomarkers for monitoring the progression and likelihood of rupture of one of the blood vessels in AVMs. Here, we reviewed recent discoveries about how miRNAs are involved in the pathogenesis of brain AVMs and how it can promote the development of new therapies and non-invasive biomarkers.

Molecular Basis of Brain AVM Pathogenesis

According to some studies, heterozygous loss-of-function mutations in the RAS P21 protein activator 1 (RASA1) gene can cause a pathology such as capillary malformation, which is a recently discovered, familial disorder in which patients have cutaneous capillary malformations, but they can also be located in the brain (Wooderchak-Donahue et al., 2012). Another typical manifestation of this mutation is the presence of a large varix that drains blood from the arteriovenous anastomosis and includes aneurysmal dilatation of the Galen’s vein. This phenotype is explained by heterozygous loss-of-function mutations in the RASA1 gene, which encodes a protein that activates p120-Ras GTPase (RasGAP) (Atri et al., 2014). This protein acts to negatively regulate cell growth and proliferation downstream of receptor tyrosine kinases by accelerating the hydrolysis of guanosine triphosphate associated with Ras. Deactivating mutations of GAPs can augment signaling of the RAS oncogene, which is evidenced by mutations of such proteins in basal cell carcinoma and neurofibromatosis. RASA1 mutations also link the pathogenesis of brain AVMs to extracellular signal-regulated kinase (ERK) signaling, as RAS is upstream of ERK and diminished RAS deactivation engenders increased ERK activity (Atri et al., 2014; Park et al., 2021).

Published studies show that a significant proportion of juvenile polyposis and hereditary hemorrhagic telangiectasia (JP-HHT) patients develop AVMs of the lung and liver, capillary telangiectasia of the brain, and oral telangiectasia (Gallione et al., 2004). The pathogenesis of JP-HHT might be due to different effects of lowered levels of mothers against decapentaplegic homolog 4 (SMAD4) within endothelial cells, leading to decreased transforming growth factor beta/bone morphogenetic proteins (TGF-β/BMPs) signaling, which may produce vascular dysplasia (Atri et al., 2014; Fereydooni et al., 2019). Recent animal models have shown that endothelial loss of SMAD4 mimics the vascular phenotypes seen in other HHT mouse models, especially AVM formation. It has been demonstrated that increased proliferation and size of endothelial cells (ECs), changes in wall cell coverage, and impaired expression of the apolipoprotein (apoAV) gene are associated with Smad4-deficient blood vessels. Therefore, evidence was presented that the loss of SMAD4 causes a decrease in the expression of vascular endothelial growth factor receptor 2 (VEGFR-2) and that the loss of a single VEGFR-2 allele in the null background of SMAD4 leads to an increase in the severity of AVM. Expression of NOTCH signaling components that are associated with arterial identity, as well as genes associated with venous and end cell identity, is impaired in the absence of SMAD4 (Crist et al., 2018).

TGF-β signaling is critical to our development and a large family of molecules (Nickel et al., 2018). Incorrect TGF-β signaling and BMP signaling through the known molecule dependence of the TGF-β pathway are associated with vascular pathologies that can lead to AVM formation (Malik et al., 1998). Animal models of the activin a receptor like type 1 (ACVRL1) and endoglin (ENG) mutations were created, which showed unusual TGF-β signaling contributing to the induction of HHT induction, such as vascular fragility, hemorrhage, and the production of age-dependent AVM. Endothelial cell-specific deletion of SMAD4 does not cause AVM but can cause fragility of blood vessels, as well as increase proliferation of endothelial cells and impair pericyte recruitment (Atri et al., 2014).

Disturbances in endothelial signaling contribute to the development of arteriovenous malformations, and the NOTCH and TGF-β pathways appear to be particularly important for the development of these lesions. Abnormal activation or inactivation of NOTCH1 and NOTCH4 receptors, as well as their delta-like protein 4 (DLL4), implicates these molecules in the regulation of endothelial cell identity and branching morphogenesis (Fang and Hirschi, 2019; Mack and Iruela-Arispe, 2018). Elements of the TGF-β pathway are involved in a similar way, but by a different mechanism. These genes appear to be critical for the regulation of vascular smooth muscle development and remodeling, especially in response to angiogenic stressors. It is possible that AVM represents abnormal signaling in these pathways along these pathways (Atri et al., 2014).

Currently, there is no doubt that an important role in the development and pathogenesis of cerebrovascular diseases play miRNAs. A number of candidate genes are known to be involved in the pathogenesis of brain AVMs, but at the same time, the influence of epigenetic factors that regulate the expression of target genes is of great importance in the development and progression of AVMs, including regulation of gene expression at the transcriptional or post-transcriptional levels with the participation of miRNAs. For instance, RAS/TGF-β1 signaling is linked with miR-143/145 cluster regulation and various feedback and feed-forward loops. TGF-β1 increases miR-143 expression, but miR-143 normally represses KRAS (Kent et al., 2014). The presence of RAS activating mutations was found by Nikolaev et al. (2018) and by Al-Olabi et al. (2018) however, has been found to repress miR-143/145 cluster expression. MiR-143 also has a negative feedback effect on TGF-β1 signaling normally, but the presence of RAS activating mutations in in AVM-derived brain endothelial cells (brain AVM-ECs) would repress miR-143, and hence increase TGF-β1 signals (Kent et al., 2014). Tab. 2 shows the miRNAs involved in vascular function and pathology that could potentially be involved in the pathogenesis of brain AVM through their binding with the 3-’UTRs mRNA of genes listed in this chapter (Du et al., 2015; Anand et al., 2010; Sun et al., 2019; Ruan et al., 2017; Davis et al., 2008; Liu et al., 2018; Biyashev et al., 2012; Bridge et al., 2012; Alhasan, 2019)
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MiR-18a

Several studies have revealed that miR-18a is involved in in various physiological and pathological processes (Shen et al., 2019). However, the role of miR-18a in brain AVMs pathogenesis is currently unknown. A study by Ferreira et al. (2014b) showed that the expression of miR-18a was reduced in brain AVM-ECs compared with normal control brain endothelial cells (ECs). The authors also demonstrated that vascular endothelial growth factor-A (VEGF-A) and vascular endothelial growth factor-D (VEGF-D), as key lymphangiogenic and pro-angiogenic factors, showed increased expression in the brain AVM-ECs. The using of miR-18a mimic significantly reduced the expression of VEGF-A and VEGF-D in brain AVM-ECs. In addition, their study has shown that the strongest effects of miR-18a mimic were on cells subjected to arterial flow. These results demonstrated that miR-18a has antiangiogenic activity in brain AVM-ECs. Ultimately, the use of miR-18a can be further developed to improve brain AVMs treatment. In their further research, Ferreira et al. (2014a) showed that brain AVM-ECs secrete RNA-binding protein Argonaute-2(Ago-2), which serves as a carrier for miR-18a and mediates, in part, miR-18a specific entry into brain ECs. Furthermore, the combination of miR-18a and Ago-2 (miR-18a-Ago-2 complex) is active in vivo and can modulate the expression of angiogenic factors in blood samples, such as Thrombospondin 1 (TSP-1) and VEGF-A, thereby demonstrating that intravascular delivery of miRNA to the brain vasculature. The use of miR-18a-Ago-2 complex significantly increased the expression of TSP-1 and reduced the expression of VEGF-A to levels comparable to healthy animals. A single administration of miR-18a mimic also showed an antiangiogenic effect. However, this may be due to the presence of existing circulating Ago-2 in the bloodstream, which led to their interaction. However, it should be noted that single miRNAs can be degraded by nucleases and can cause some concerns (80% in less than 24 h) for their successful delivery to the central nervous system (Ferreira et al., 2014a). Furthermore, most circulating miRNAs, including miR-18a, are stable in blood via binding the Ago2-2 protein (Arroyo et al., 2011). Moreover, miR-18a delivered by Ago-2 is functionally active both in vitro and in vivo. Thus, Ago-2 can be used as an effective carrier for miR-18a and the development of potential treatments for brain AVMs.

In a recent study by Marín-Ramos et al. (2020) identified signaling pathways involved in the normalization of the phenotype and function of brain AVM-ECs caused by miR-18a. The authors show that the expression levels of the pro-angiogenic factor plasminogen activator inhibitor-1 (PAI-1) were higher in brain AVM-ECs than in control ECs and normalized by miR-18a. It is known that increased regulation of PAI-1 is considered a negative prognostic factor in various types of tumors due to its effect on neovascularization and migration of tumor cells (Takayama et al., 2016). These results are consistent with previously published data showing that PAI-1 induces VEGF expression and secretion (Peterle et al., 2018). An inverse correlation has also been described for PAI-1 and TSP-1 in clear cell renal cell carcinoma, where PAI-1 promotes angiogenesis (Zubac et al., 2010). In addition, it was shown that the use of miR-18a mimics leads to a decrease in the expression of PAI-1 and VEGF. They also showed that with an increase in miR-18a expression, the invasiveness of brain AVM-ECs decreases, which statistically significantly correlates with the suppression of the expression of matrix metalloproteinase-2 (MMP-2) and a disintegrin and metalloproteinase domain-containing protein 10 (ADAM10), but not for matrix metalloproteinase-9 (MMP-9). At the same time, they found that a single dose of miR-18a mimic might not be enough to cause a significant (P > 0.05) decrease in protein levels. In other words, it would be interesting to study this in the long term with long-term use of miR-18a mimic and at higher doses. However, the main find in the study of Marín-Ramos et al. (2020) was that miR-18a inhibits bone morphogenetic protein 4 (BMP4) and hypoxia inducible factor 1 subunit alpha (HIF1-A). The direct binding between vascular disease and BMP4 and HIF1-A has been demonstrated in literature by the other authors. For instance, recent studies demonstrated that ECs are a significant source of BMP4 (Corriere et al., 2008). BMP4 is known to regulate physiological and pathological functions, including cardiovascular development, neovascularization in bone and tumors (Corriere et al., 2008). HIF-1A regulates cell-type-specific proangiogenic factors and cytokines either directly or indirectly. HIF-1A pathway regulates the activation of many proangiogenic factors in tumors and may promote metastasis (Cortes et al., 2019). In this context, Marín-Ramos et al. (2020) suggest that miR-18a can inhibit the development of brain AVM by blocking the expression of BMP4 and HIF-1A, where both factors are overexpressed in the brain AVM-ECs, and that this relationship can be used to treat or prevent brain AVMs.

MiR-195 and miR-137

Vascular smooth muscle cells (VSMCs) play an important role in establishing the structure of the walls of normal vessels. Multiple miRNAs are found to be responsible for VSMCs differentiation and proliferation under the pathological condition such as atherosclerosis and arterial hypertension (Leong et al., 2015). In addition, deregulation of phenotype switching is associated with brain AVMs. Some studies have shown that VSMCs can synthesize and secrete Insulin-like growth factor-binding protein-5 (IGFBP-5), and IGFBP-5 was found to be a nuclear protein and promoted cell proliferation and migration of VSMCs (Ha et al., 2015; Lee et al., 2013). Pan et al. (2017) established a functional connection between miR-137 and IGFBP-5 expression in VSMCs, demonstrating that IGFBP-5 is directly suppressed by miR-137, which suppresses the cell proliferation and migration in vitro.

Ha et al. showed that miR-137 and miR-195 are underexpressed in human brain AVM- VSMCs (Ha et al., 2015). To investigate the functional significance of this finding, the authors transfected brain AVM-VSMCs with miR-137 and miR-195 mimics and inhibitors. Mimics of both miR-137 and miR-195 reduced brain AVM-VSMCs migration, tube formation, and survival. Furthermore, miR-137 and miR-195 inhibited brain AVM-VSMCs vasculogenesis in vivo. In addition, miR-137- and miR-195-linked regulatory networks predicted by Ingenuity pathway analysis (IPA) involved mediators of signaling including VEGF, PI3K/Akt, MAPK/ERK and P38, which are prominently implicated in vascular development.

Circulating miRNAs and Brain AVMs

The expression profiles of circulating miRNAs in biofluids can reflect pathological changes in the body. Circulating miRNAs have suitable biological and physicochemical properties to be useful as novel biomarkers in clinical practice: (1) circulating miRNAs are highly stable and have a long half-life in the biofluids; (2) appear as a non-invasive detection method; (3) circulating miRNAs are highly sensitive to pathology; (4) circulating miRNAs can be detected in the early stages of the disease, whilst protein biomarkers are found in the blood circulation only when a significant part of the tissue damage has already occurred; (5) changing the expression profile of certain circulating miRNAs allows the detection of brain AVMs associated with a high risk of rupture; (6) circulating miRNAs can be efficiently quantified and also efficiently and relatively quickly evaluated in a modern laboratory with high sensitivity and specificity using quantitative real-time polymerase chain reaction (qRT-PCR); and (7) circulating miRNAs can be used as a promising tool for faster and more accurate diagnosis of stroke subtypes (Fung et al., 2019; Kim et al., 2017; Wang et al., 2018). Circulating miRNAs can be used as biomarkers in various disease, including vascular anomalies (Chen et al., 2018; Liu et al., 2019; Pavlidis et al., 2018; Strub et al., 2016; Zhang et al., 2013). Tab. 3 summarizes all described circulating miRNAs that may be used as potential non-invasive biomarkers for vascular anomalies (Fei et al., 2018; Zhang et al., 2013; Chen et al., 2018; Strub et al., 2016; Liu et al., 2019; Pavlidis et al., 2018).
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In turn, miRNAs can be exported from cells into biological fluids as part of extracellular vesicles (active secretion through exosomes and microvesicles) and be associated with ribonucleoproteins, particularly with Argonaute 2 proteins (miRNA-Ago2 complex). MiRNAs are also found in apoptotic bodies and are associated with lipoproteins (Fig. 2).
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Figure 2: Types of circulating miRNAs. There are two major populations of circulating miRNAs, vesicle-associated (exosomes and microvesicles) and non–vesicle-associated (miRNA-Argonaute 2 complex and lipoproteins).

However, advances in the field of dysregulated circulating miRNAs in brain AVMs are still sparse. Using a next-generation sequencing (NGS) approach, Chen et al. (2018) performed profiling of circulating miRNAs in peripheral blood between three patients with unruptured brain AVMs and three controls. NGS detected 246 differentially expressed miRNAs. The authors further performed miRNA-mRNA co-expression network analysis (Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)) and the co-expression networks were represented in VEGF signaling pathway (VEGF-A and kinase insert domain receptor (KDR)). In the network, the top three miRNAs which regulated the most target genes were hsa-miR-7-5p, hsa-miR-199a-5p and hsa-miR-200b-3p. Furthermore, these three circulating miRNAs and two target genes (VEGF-A and KDR) were confirmed by qRT-PCR. Based on the qRT-PCR validation, three circulating miRNAs (let-7b-3p, miR-200b-3p and miR-199a-5p) were upregulated in brain AVMs. Moreover, VEGF-A and KDR were significantly upregulated in brain AVMs compared with normal samples. Taken together, this study identified a circulating miRNAs expression signature in peripheral blood of patients with brain AVMs, and the targeted pathway of VEGF signaling may have a crucial role in formation of brain AVMs. In addition, suggested that these three circulating miRNAs (miR-7-5p, miR-199a-5p and miR-200b-3p) may serve as the potential diagnostic biomarkers.

The diagnosis of brain AVMs is currently based on imaging techniques such as computed tomography (CT) and/or magnetic resonance tomography (MRT). In contrast to tumors, which have many specific and non-specific plasma or serum biomarkers that can be used both for diagnosis, prognosis, and monitoring of therapy, there are no established non-invasive biomarkers for patients with brain AVMs (Vaidyanathan et al., 2019). The inefficiency of screening using CT and/or MRT to identify all individuals with a high risk of rupture of brain AVMs underscores the need for new screening methods to detect brain AVMs with a high risk of hemorrhage. Therefore, the specific circulating miRNAs expression profile represents as a mark of a pathophysiological or diseased condition. The well understanding of the brain AVMs and its process-specific miRNAs and the regulatory mechanisms of the miRNAs will lead to the clarification of the roles of circulating miRNAs, which may provide a promising screening tool for the faster diagnosis and more accurate prediction of hemorrhage. Unfortunately, to date, there are no studies that have studied the correlation between changes in the expression of circulating miRNAs and rupture of brain AVM vessels. However, there are a number of studies with cerebral aneurysms, where directly circulating miRNAs were used as prognostic biomarkers of rupture. A recent study has shown that circulating miR-21 may provide diagnostic clues for cerebral aneurysm rupture and guide clinical intervention (Jin et al., 2020). For instance, in one of 4 study groups, a group of patients with aneurysm with daughter aneurysm group (relatively high-rupture risk group) had extremely low levels of circulating miR-21 expression in serum, which may lead to the development of a hypothesis that miR-21 may have a protective effect on the vascular wall and a warning function of aneurysm rupture. Alternatively, in another study, Supriya et al. (2020) determined the plasma miRNA signature of ruptured cerebral aneurysms and identified 8 candidate circulating miRNAs (3 upregulated-miR-15a-5p, miR-34a-5p and miR-374a-5p; 5 downregulated-miR-146a-5p, miR-376c-3p, miR-18b-5p, miR-24-3p and miR-27b-3p) that could be useful predictive biomarkers for this condition. At present, preventive medicine is very important. Therefore, the development of new biomarkers in the person of circulating miRNAs in brain AVMs can help to recognize the possible risk of rupture and hemorrhage and take certain therapeutic tactics.

Conclusion

In the vascular system, miRNAs regulate endothelial responses to shear stress and endothelial-smooth muscle cell interactions, and dysregulation of miRNAs may contribute to pathologic processes, including vascular anomalies. However, little is known about the role of miRNAs in the genesis and progression of brain AVMs. Only a few studies attempted to correlate changes in the expression levels of miRNAs and their gene targets with brain AVMs in vitro and in vivo, in order to elucidate the mechanisms of pathogenesis. The results of these studies allow a better understanding of the processes associated with the formation and rupture of brain AVMs. In addition, we suggested that circulating miRNAs would function as novel non-invasive biomarkers for brain AVMs, but which still needs further research.
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TABLE 2

MiRNAs and their target genes involved in vascular function and pathology

miRNAs  Targets miRNAs Experimental  Functions References
regulation model

miR-182 RASAI Up In vitro Promotes angiogenesis in Du et al,, 2015
hepatocellular carcinoma

miR-132 RASAL Up In vivo and in  Promotes angiogenesis in breast Anand ef al,

vivo cancer 2010
miR-190 AKT-ERK signaling pathway via  Up In vivo and in  Anti-angiogenic effect in breast  Sun e al, 2019
STC2 vivo cancer

miR-26b-5p TGF-f/SMAD4 Down In vitro Regulates hypoxia-induced Ruan ef al., 2017
phenotypic switching of VSMCs

miR-21 SMAD4, TGF-B/BMP signaling ~ Up In vitro Control of the VSMCs phenotype Davis ef al,, 2008

pathway
miR-137 NOTCH signaling pathway Up In vivo and in  Promotes endothelial progenitor Liu ef al., 2018
vivo cell proliferation and

angiogenesis in cerebral ischemic
stroke

miR-27b DLL4 Up In vitro Control of endothelial tip cell Biyashev et al,
fate, branching, and venous 2012
specification

miR-30b DLL4 Up In vivo and in  Modulate ECs behavior during ~ Bridge ef al,

and vivo angiogenesis 2012

miR-30c¢

miR-126 VEGF-A Up In vitro Promotes angiogenesis in breast Alhasan, 2019

cancer

Abbreviations: miR, MicroRNA; ECs, Endothelial cells; VSMCs, Vascular smooth muscle cells; RASA1, RAS P21 protein activator 1; AKT, Protein kinase B
alpha; ERK, Signal-regulated kinase; STC2, Stanniocalcin 2; TGF-B, Transforming growth factor beta; BMP, Bone morphogenetic protein; SMAD4, Mothers
against decapentaplegic homolog 4; DLL4, Delta-like 4; VEGF-A, Vascular endothelial growth factor A.
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TABLE 1

MiRNAs involved in the pathogenesis of vascular anomalies

Disease miRNA miRNAs Targets Experimental Functions References
regulation model
Hemangioma miR-494 Up  PTEN/ In vitro, in Promotes ECs proliferation Dai et al,,
PI3K/AKT vivo and ex 2018
vivo
Hemangioma miR-424 Up VEGFR-2 Ex vivo Plays a suppressive role in the Fei et al.,
pathogenesis of hemangioma. 2018

Inhibits ECs proliferation and
promotes ECs apoptosis

Hemangioma miR-143 Up  Bd-2 Ex vivo Plays a suppressive role in the ~ Huang et al.,
pathogenesis of hemangioma. 2017a
Inhibits ECs proliferation and
promotes ECs apoptosis

HHT miR-28-5p and Down IGF-I Ex vivo Anti-angiogenic role in ECs Cannavicci et
miR-361-3p al., 2019
HHT miR-205 Down TGF-b In vitro Anti-angiogenic role in ECs. Tabruyn et

Inhibits proliferation, migration, al, 2013
and tube formation

VM miR-145 Down TGF-b In vitro Involved in the formation of Xia et al.,
disorganized vessels in VM 2017
CCM let-7b-5p, Down MIBI, HIF1A, PDCDI0, In vitro and in  Candidate miRNAs crucial for Kar et al.,
miR-361-5p, TJP1, OCLN, HESI, MAPKI, silico CCM pathology 2017
miR-370-3p, VEGF-A, EGFL-7, NF1, and
miR-181a-2-3p, ENG
and miR-95-3p
BAVM miR-18a Up VEGF-A and VEGF-D In vitro Anti-angiogenic role in in brain = Ferreira et al,
AVM-ECs 2014a
BAVM miR-18a Up TSP-1 and VEGF-A In vivo Anti-angiogenic role in in brain  Ferreira et al.,
AVM-ECs 2014b
BAVM miR-18a Up MMP-2, ADAMI0, PAI-1,  Inwvitro and in Plays a suppressive role in the Marin-
BMP4 and HIFIA vivo pathogenesis of BAVM. Anti- Ramos et al.,
angiogenic role in in brain AVM- 2020
ECs
BAVM miR-195 Up VEGF, PI3K/Akt, MAPK/ In vitro and in Reduce brain AVM-VSMCs Huang ef al.,
and miR-137 ERK and P38 vivo migration, tube formation, and  2017b
survival

Abbreviations: miR, MicroRNA; ECs, Endothelial cells; HHT, Hereditary haemorrhagic telangiectasia; VM, Venous malformation; CCM, Cerebral cavernous
malformation; PTEN, Phosphatase and Tensin Homolog deleted on Chromosome 10; PI3K, Phosphoinositide 3-kinases; AKT, Protein kinase B alpha;
VEGFR-2, Vascular endothelial growth factor receptor 2; Bel-2, B-cell lymphoma 2; IGF-1, Insulin-like growth factor type-1; TGF-b, Transforming growth
factor beta; MIBI, Mindbomb E3 Ubiquitin Protein Ligase 1; HIFIA, Hypoxia-inducible factor 1-alpha; PDCDI10, Programmed Cell Death 10; TJPI, Tight
Junction Protein 1; OCLN, Occludin; HESI, Hes Family BHLH Transcription Factor 1; MAPKI, Mitogen-activated protein kinase 1; VEGF-A, Vascular
endothelial growth factor A; EGFL-7, EGF-like domain-containing protein; NFI, Neurofibromin 1; ENG, Endoglin; BAVM, Brain arteriovenous
malformation; VEGF-D, Vascular endothelial growth factor-D; TSP-1, Thrombospondin 1; MMP-2, Matrix metalloproteinase-2; ADAM1I0, A Disintegrin
and metalloproteinase domain-containing protein 10; PAI-1, Plasminogen activator inhibitor-1; BMP4, Bone morphogenetic protein 4; ERK, Extracellular
signal-regulated kinase,
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TABLE 3

Circulating miRNAs as potential non-invasive biomarkers for vascular anomalies

Disease miRNA Sample miRNAs  Platforms References
regulation

HHT miR-27a Plasma Up qRT-PCR Fei et al., 2018
miR-205 Down

HHT with PAVM miR-210 Plasma Up Microarray, Zhang et al., 2013

gqRT-PCR

PAVM miR-7e, miR-10a and Plasma Down Microarray Zhang et al., 2013
miR-193a-5p

PAVM miR-34a, miR-210, miR-214, Plasma Up Microarray Zhang et al,, 2013
miR-486-3p and miR-486-5p

BAVM miR-7-5p, miR-199a-5p and ~ Whole blood Up NGS, qRT-PCR  Chen ef al, 2018
miR-200b-3p

Hemangioma (before propranolol CI19MC Plasma Up gqRT-PCR Strub ef al.,, 2016

treatment) miRNA cluster Down

Hemangioma (after propranolol

treatment)

Hemangioma miR-187-3p Plasma Down qRT-PCR Liu et al, 2019

Hemangioma miR-126 Urine Up qRT-PCR Pavlidis et al., 2018

Abbreviations: miR, MicroRNA; HHT, Hereditary hemorrhagic telangiectasia; PAVM, Pulmonary arteriovenous malformation; BAVM, Brain arteriovenous
malformation; qQRT-PCR, real-time reverse transcription-PCR; NGS, Next-generation sequencing; C19MC miRNA cluster, miR-517a-3p, miR-517¢-3p, miR-
518b, miR-519a-3p, and miR-520¢-3p.
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